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ABSTRACT 

Magnetic nanoparticles combining with DNA lead to the design of various nano-hybrid structures that 

have unique magnetic properties and biological diversities. These structures are used in such purposes, 

drug delivery, compose efficient DNA sensors, diagnose and cure diseases. Therefore it is very 

important to understand DNA-magnetic nanoparticles interaction properties. 

Aim of my project is to provide magnetic nanoparticles combine with DNA, determine magneto-optic 

properties of the magnetic fluid due to its polarization and identify the differences between single-

stranded and double-stranded DNA on magnetic liquid measurements. Provide the DNA to be soluble 

inside the magnetic liquid without precipitation, oleic acid and ethanol are added and the pH is 

balanced. The observation was, the liquid without DNA formed chained structure under magnetic field 

and amount of the light passing through differed due to the polarization.  

Magneto-optic properties of double-stranded, single-stranded and without DNA liquid samples due to 

polarization were examined. On double-stranded DNA - magnetic liquid structure, as a result of 

magnetic nanoparticles combining to DNA, as the amount of the DNA is higher the change according 

to the polarization is observed to decrease. On single stranded, the formation of chain structure was 

quite less, therefore the change due to the polarization was already decreased. As a consequence on 

single- stranded, the formation of chain structure is blocked. As a result of the differences on the light 

transmission, with the experimental setup prepared the double-stranded and the single- stranded DNA 

including magnetic liquids were separated. Also, with the improvement of the experimental setup, a 

basic and portable prototype is developed. Addition to improved prototype, matching results with the 

previous experiments done with the experimental setup were observed. 

The magneto-optic properties for the magnetic liquids containing double-spiral and single-stranded 

DNA were not researched before. Besides the homogenous DNA magnetic liquid structure obtained 

by several workouts in this study and support the uniqueness and originality of the study as well. 

Key words: Double-stranded DNA, single stranded DNA, magnetic liquid, light transmission 
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1.PURPOSE

In light of the aforementioned studies, I have developed the hypothesis that DNA molecules magnetic 

fluid combination may show different magneto optic properties for the single stranded, double 

stranded DNA molecules. I aimed to analyze the optic properties related to polarization under the 

magnetic field with the experimental apparatus of the magnetic fluid that contains DNA. 

In line with this objective, I aimed to; 

· Create the experimental set up where the measurements will be conducted,

· Ensure the homogeneous combination of magnetic fluid with DNA molecules and their

production so that they do not damage the DNA,

· Obtain a single stranded DNA molecule from a double stranded DNA,

· Examine the optic properties of double and single-stranded DNA molecules added inside the

magnetic fluid under a magnetic field and determine the differences between these.

2. INTRODUCTION

Optic, electronic, magnetic and thermal behaviors of nanostructures vary depending on their macro 

dimensions. Due to these variations, recently nanoparticles are being used to produce more beneficial, 

new materials. Nanotubes, nano thin films, nanocrystals and similar materials are being administered 

in different areas of research such as medicine, pharmaceuticals and electronics.  

Among nanoparticles, magnetic nanoparticles attract attention due to their properties such as 

biocompatibility, low toxicity and their reaction to the magnetic field. Structures, dimensions, shapes 

and surface properties of magnetic nanoparticles may be controlled with appropriate chemical 

methods.  Moreover, different functional chemical groups have been added onto their surfaces to 

ensure that they acquire new properties. Magnetic nanoparticles have a wide area of impact due to the 

potential applications in magnetic resonance display, data storage and pharmaceutical distribution. 

Moreover, magnetic nanoparticles are being used as magnetic resonance and fluorescent image for 

cancer cells. 

For the design of nanostructures, the use of DNA molecules have attracted significant attention over 

the recent years. As the size of magnetic nanoparticles (approximately 10nm) is compatible with the 

protein molecules inside the cell, magnetic nanoparticles can interact with DNA. Moreover, the 

addition of different functional groups onto their surfaces determine the characteristic of interaction of 

magnetic nanoparticles with biomolecules and their binding properties with the DNA. The binding of 

magnetic nanoparticles with biological molecules and particularly DNA ensures the design of a variety 

of nanohybrid structures which feature magnetic properties and biological selectiveness.  These 

structures are used for carrying the drug to a certain region inside the live being, forming highly 

sensitive and selective DNA sensors, diagnosing genetic diseases, determining viruses that cause 

infection, diagnosing epidemics and their prevention and control and for identification purposes in 

criminal cases (Tuan and Hai, 2009; Pershina et al., 2014; Tiwari et al., 2015).   

2.1 Polarization of Light 

An ordinary beam of light consists of a large number of waves emitted by  the atoms of the light 

source. Each atom produces a wave having some particular orientation of the electric field vector, 

corresponding to the direction of atomic vibration. The direction of polarization of each individual 

wave is defined to be the direction in which the electric field is vibrating. Because all directions of 

vibration from a wave source are possible, the resultant electromagnetic wave is a superposition of 

waves vibrating in many different directions. The result is an unpolarized light beam, represented in 

Figure 1. The direction of wave propagation in this figure is perpendicular to the page. The arrows 

show a few possible directions of the electric field vectors for the individual waves making up the 

resultant beam. At any given point and at some instant of time, all these individual electric field 

vectors add to give one resultant electric field vector (Serway, 2000; Ozansoy, 2008). 
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Figure 1. Unpolarized light 

If the resultant electric field vibrates in the same direction at all times at a particular point as shown in 

Figure 2, a wave is said to be linearly polarized or plane polarized.  In Figure 2, the plane of 

polarization is the xy plane and propagation direction is the x direction (Serway, 2000; Hecht, 2002). 

Figure 2. Linearly polarized light (Ozansoy, 2008) 

2.2. Magnetite (Fe3O4) 

Magnetite  (Fe3O4) s magnetic iron oxide in general. During the 1500s B.C., it is the first magnetic 

structure discovered.  Fe3O4 nanostructures are formed as a result of oxidation of iron and its 

passivation (reducing surface reactivity) (Can, 2005). 

Due to the high saturation magnetism value, iron is an indispensable structure in several 

technological fields. The most important disadvantage encountered in the technological 

administration of iron at the nanodimension is the high reactivity level. When it is found in water or 

air, it can be oxidized in an expedited manner losing its ferromagnetic characteristic and turns into an 

antiferromagnetic structure. This is encountered as a factor preventing the use of iron in those 

environments containing high levels of oxygen or that are aquaeous. Therefore, there are various 

studies that aim to reduce iron's surface reactivity and to ensure it stays for long-terms in the system 

used as stable. The most important of these studies keep them inside different element matrices and 

coat them with polymer or the studies which turn them into a stable ferrimagnetic structure which is 

the net magnetism value of the structure that was oxidized or keeping it as ferromagnetic (Can, 2005). 

Magnetites (Fe3O4) show different magnetic properties depending on the sizes of the nanoparticles. 

When the particle size is reduced below 100 nanometers, magnetite particles turn into a single area of 

impact and coercivity becomes maximum. When particle size is less than 20 nanometers, magnetite 

nanoparticles become superparamagnetic (Ling and Hyeon, 2015) . 

For biomedical applications, particles have biocompatibility, high magnetic saturation and surface 

interaction functions. These surfaces can be modified with organic polymer, inorganic substances 

(such as gold) or oxide surfaces (silicon or aluminum) (Gupta A. and Gupta M., 2004). Coating 

protects magnetic nanoparticle against biological environment and flocculation inside the magnetic 

field.  

Superparamagnetism 

Superparamagnetism is a type of magnetism that occurs in small ferromagnetic or ferrimagnetic 

nanoparticles. This implies sizes around a few nanometers to a couple of tenth of nanometers, 

depending on the material. Additionally, these nanoparticles are single-domain particles. In a simple 

approximation, the total magnetic moment of the nanoparticle can be regarded as one giant magnetic 

moment, composed of all the individual magnetic moments of the atoms which form the nanoparticle. 

Normally, any ferromagnetic or ferrimagnetic material can behave paramagnetically. This is from a 
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certain temperature on and upwards, the so called Curie temperature  !. However, superparamagnetic 

behaviour is observed below the Cure temperature and thus has to be explained differently (Benz, 

2012).  

2.3. Magnetic Fluid (Ferrofluid) 

The homogeneous fluid obtained by the dissolution of magnetic nanoparticles inside an appropriate 

solvent is called a magnetic fluid (ferrofluid). Magnetic fluid can dissolve homogeneously inside the 

fluid without precipitation when there is no magnetic field. However when magnetic field is applied, 

particles are temporarily magnetized and they are lined up to form a chain in the direction of the 

applied field (Figure 3). When the magnetic field is removed, they turn back to the former liquid 

status.The sensitivity of the structure towards the magnetic field ensures that the magnetic field 

control is performed to control optic properties (Gupta A. and Gupta M., 2004; Zhao et al., 2014; 

Umut, 2012). 

Figure 3. Micro structure of magnetic fluid under the magnetic field values as a) H=45 Oe b) H=180 Oe c) H= 225 Oe 

(Zhao et al., 2014)  

Surface active substances are used to form surface tension in nanoparticles; oleic acid, 

tetramethylammonium hydroxide, citric acid and soy lesitin can be given as an example for surface 

active substances. These structures are coated onto nanoparticles to prevent their random movement 

(Brownian) collectively and becoming heavier, therefore nanoparticles do not precipitate inside the 

fluid and may stay in suspension (Figure 4) (Güden, 2013). 

Figure 4. Components of magnetic liquid (Küçükdermenci, 2012) 

2.3.1. Forces Affecting Particles in Magnetic Fluids 

The most important problem encountered while preparing nanofluids is ensuring the stability of the 

magnetic nano fluid after synthesis. The stability of the nanofluid is performed by balancing energy 

types corresponding to certain pushing and pulling forces. 

 ! =  "#$$ +  "#%& +  ' (Equation 1) 

 ' ,It is the potential energy arising from the bearing fluid and generally it contributes only slightly to 

the potential energy in total. Here they are the potential energy levels of  "#$$ pulling and  "#%& 

pushing forces. These energies are the mass pulling energy, Van der Waals pulling energy, dipolar 

interaction energy and stearic pushing energy (Küçükdermenci, 2012; Umut, 2012). 

While the mass attraction forces particles to be precipitated inside the fluid directly, dipolar 

interaction energy tries to make the particles come together to coagulate. In Van der Waals 

interactions, again particles come together by pulling each other forming dipoles instantaneously with 

the waves in the distribution of electrical loads and they are inclined to form groups. When the 
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surface of the particles are coated with surface-active substances to prevent particles from coming 

extremely close to each other and combining with each other, an effective push occurs between the 

particles at very short distances. In order to ensure the stability of the nanofluid, total energy should 

be smaller than the heat energy which determines the random movement of the particles inside the 

fluid (Umut, 2012).  

2.3.2. Forces Affecting Particles in Magnetic Fields 

In those cases when there is no magnetic field, particles are randomly dispersed inside the fluid due to 

their superparamagnetic properties and they are considered as veisotropic materials. Together with 

magnetic field, structures similar to chain in the direction of field start to come together. When the 

magnetic field is increased, more nanoparticles contribute to the length of the chain and form longer 

chains.  

When the magnetic field is applied, in order to prevent the particles from coming together, the 

pushing (electrostatic and steric) and pulling Van der Waals and dipole-dipole) interactions between 

the particles have to be used to ensure the balance between the thermal energy.  If the number of 

nanoparticles inside the magnetic field is 10
23 

on average per cubic meter, the collisions between the 

particles become more frequent.  Some of the particles stay adhered to each other after the collision 

and cause the formation of particle clusters and they destroy particle homogeneity.  These 

adherences may be prevented by using coating materials (Küçükdermenci, 2012). 

Figure 5. Reprenstative demonstration of magnetic nanoparticles which carry  ! and  "  dipol moments (Huke and Lücke, 
2004) . 

Magnetic fluid may be described as a system comprised of particles which have  !magnetic moment

up to # = 1,2, � ,$(Figure 5). The interaction energy of particles with external magnetic field H; 

%!
& = '()* ++-! . /++- = '() / = '()0/%  (Equation 2) 

equation is used (Huke and Lücke, 2004).In this equation  ++-!, magnetic moment 3 = | ++-!|4, /++- is 

the magnetic field that is being applied. With the administration of the magnetic field, particles which 

have spherical symmetry lose their homogeneity in terms of shape (Küçükdermenci, 2012).  In order 
to prevent this situation, thermal energy has to be bigger than magnetic energy.  

56

57
8 9 1 :

;<>

?@&A5
9 1     (Equation 3) 

In this formula, kBBoltzmann coefficient, T absolute temperature, V spherical particle's volume, H 

magnetic field, M is the intensity of the magnetisation. 

Nanoparticles inside the magnetic fluid are constantly pulled down under the gravitation effects. 

However, they remain as dispersed inside the fluid with thermal shaking. The ratio between the 

gravitational energy and magnetic field energy points to homogeneity.  Gravitational energy is 

described as the following: 

%!
B = CDE FE %E G (Equation 4) 

Here Δρ refers to the density of the fluid, g refers to gravitational acceleration, V is the volume of the 

spherical particle, L refers to the length of the cell where the magnetic fluid is located. If the 
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gravitational energy is smaller than magnetic energy, the homogeneity between the particles is only 

related to the magnetic field and gravitation does not have any impact (Küçükdermenci, 2012). 

 !" !# $ 1 % &'.(.)
*+,- $ 1        (Equation 5) 

Magnetic particles interact with each other in pairs through dipole-dipole interaction. Dipole 

interactions are the interactions that the magnetic nanoparticle enters into with another particle 

through the magnetic field that it induces around it.  The high magnetic moment value for each 

nanoparticle and its impact in the long-term is the most important among the interactions between the 

particles.  

Two magnetic dipoles at a distance of /023 from each other 4566660 and 4766660’s interaction energy;

8239:: = *+
;<>!?@ A46602. 46603 B CD46602. /023EF46603 . /023GH   (Equation 6) 

is given with this equation (Zhao et al., 2014). In this equation IJ is the magnetic permeability

coefficient of the space. Maximum attraction, 4566660 and 4766660 dipoles are formed when they are lined up

and looking at each other. Therefore, magnetic particles in the external magnetic field are inclined to 

create a straight line (Mamusa, 2014).   

If we presume that the particles which form a chain structure in the magnetic field direction are in 

contact with the closest neighboring particles then it can be written as 

8K2LMK2L = BNO O P!.P
>!?@3Q2RS2QS     (Equation 7) 

the total dipole interaction energy (Avgın and Huber, 2014; Yaman 2015). In this equation 42, i. is
the particle's dipole moment and is given with the equality of 42 = <

T U2V.W. Here M refers to

magnetization;U2, particle's diameter;/23, refers to the distance between the centers of the particles. If

i and j particles are the closest neighbors; 

/23 = D:!R:?E
X  (Equation 8) 

then it is found with the equality. If the particles are neighbors which are farther away; 

/23 = D:!R:?E
X Y U2RS YZY U3M2     (Equation 9) 

then it is written as. Together with the magnetic field being applied, in order to separate to articles 

which are stuck to each other or to prevent other particles from forming clusters, the thermal energy 

has to be larger than the dipole-dipole contact energy (Avgın and Huber, 2014). 

WanderWals attraction energy between the spheres; 

8239[:\D/23E = B ]
T ^ X

_`R;_ Y X
F_RXG` Y ln _`R;_

F_RXG`a     (Equation 10) 

is given with this equation (Hucke and Lücke, 2004; Zhao et al., 2004). Here A refers to Hamaker 

coefficient (ferrite particlesb 10−19J) andc = Xd
: = X>!?

: B N. D refers to the diameter of the particles; s

refers to the distance of the particles from one surface to another; rij refers to the distance between the 

centers.  

The steric pushing between the chemical surface agents is described as follows (Hucke and Lücke, 

2004): 

8239def>D/23E = <:ghij` kmop
X qN B _RX

e ln rSReSRs`
t B S

eu 999v w c w Nx    (Equation 11) 

In this equation, Dcore refers to the diameter of the magnetic particles, ξ  refers to the surface density of 

the coating material and δ refers to the thickness of the coating material, 

x = Xy9
z{|}~        (Equation 12) 
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is given with this equation. For magnetic particles at steric balance, it equals to the sum of the Wan der 

Waals energy between the particles and the steric pushing energy between the chemical surface agents 

(10th and 11th equations). 

 ! =  "#$ +  %&'(  (Equation 13) 

For magnetic particles at electrostatic balance, in order to obtain total potential, the "Debye interaction 

energy" is used for the loaded spheres in the ionic solution. 

 ! =  "#$ +  #')*' (Equation 14) 

, -.,
#')*'/0-.1 =

2344
5

678(9:
;<>(9:<#?@A3BCDE   (Equation 15)

Here λD signifies Debye length, ε refers to the dielectric coefficient of the bearing liquid, Qeff is the 

active load of the particles. Electrostatic balance is the result of the particle interactions arising from 

the distribution of the loads inside the system. Balance is reached with Coulomb repulsive force. Steric 

and electrostatic balance situations are shown in Figure 6 (Hucke and Lücke, 2004; Küçükdermenci, 
2012). 

Figure 6. Equilibrium types, (a) Steric equilibrium (b) Electrostatic equilibrium (Küçükdermenci, 2012 ) 

2.4 Birefringence and Linear Dichroism 

When the magnetic field is applied to the magnetic fluids, the nanoparticles inside the fluid start to go 

towards the magnetic field. This assymmetric structure forms the optical anisothropy (Yaman, 2015). 

Optical anisotropy reveals both dichroism and double refraction effects. 

If the dispersion direction of the light is vertical to the magnetic field being applied, then the 

magnetic fluid has a different refractive index for parallel and vertical polarized light beams. This is 

called briefringence. If the magnetic fluid shows a different absorption property for the parallel and 

vertical polarized light, then this is called linear dichroism. When applied to the magnetic field, these 

two impacts are always observed together in the magnetic fluid (Pu et al., 2009). 

The difference between the absorption spectrums of parallel and vertical polarized light passing 

through the magnetic fluid gives us the linear dichroism spectrum (Figure 7).  

Figure 7. Linear Dichroism Spectrum 

2.5. Structure of DNA 

Deoxyribonucleic acid takes its name from ribose and called DNA. DNA is responsible for 

transferring genetic code and managing in cell. DNA is a organic molecule that consists of 

nucleotides. Nucleotides consist of nitrogenous bases, ribose and phosphate group and nucleotides are 

connected to each other with hyrogen bonds. Nucleotides have phosphodiester bonds and are 

connected to each other one under the other. (Figure 8).(www.biologycorner.com). 
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Figure 8. Structure of DNA molecule (www.biologycorner.com)  Figure 9. Chemical structure of DNA molecule 

(https://askabiologist.asu.edu) 

Sucrose and phosphate are frameworks of DNA molecule. Sucrose of DNA is deoxyribose and 

contains 5 carbons. Deoxyriboses are connected with each other by the help of phosphodiester bonds 

and these bonds are between third carbon of one deoxyribose and fifth carbon the others. Since 

phosphodiester bonds are asymmetric, DNA molecule has spiral structure.. Asymmetric carbons of 

DNA named 5'(five prime)and 3'(three prime). Five prime carries the phosphate group and three prime 

carries the hydroxyl group. (Figure 9)(https://tr.wikipedia.org/wiki/DNA). 

2.6. DNA and Magnetic Nanoparticle interaction and previous studies 

Nowadays, biocompatible materials comprised of the combination of DNA and magnetic 

nanoparticles attract particular attention with regard to their design. The administration of these 

systems are extremely important for the development of areas such as nano-electronic, biomedical 

diagnosis and treatment (development of sensitive biosensors and effective pharmaceuticals). The 

combination of magnetic nanoparticles with biological molecules and especially nucleic acids allows 

the development of various nanobiohybrid systems which have unique magnetic properties and 

biological selectivity (Pershina et al., 2014; Tiwari et al., 2015).    

A nucleic acid molecule can be bound onto magnetic nanoparticles directly(Figure 10). However the 

formation of the chemical bonds between nucleic acid molecules and nanoparticles and the indistrict 

interaction between these are prevented by coating the surface of magnetic nanoparticles and/or 

biomolecules. The modification of nanoparticles prevent them from forming clusters and ensure that 

the magnetic nanoparticle's surface acquires hydrophilic properties and protect them from oxidation. 

The coating of magnetic nanoparticles play an important role in binding more with biological 

molecules (Pershina et al., 2014). 

 (a)           (b)                                  (c) 

Figure 10. Interaction of magnetic nanoparticles and DNA molecule. (Pershina et al., 2014); a) Electrostatic interaction b) 

Magnetic nanoparticles-DNA formation c) Electrosatatic interaction of surface coated magnetic nanoparticles with DNA 

molecule  

The surface of magnetic nanoparticles can be coated with organic and inorganic compounds. In order 

to create a nucleic acid magnetic nanoparticle combination, synthetic and natural polymers 

(polyethyleneimine (PEI),poly(ethyleneglycol) (PEG),cationiclipids, dextrans) can be used. These 

polymers interact with the organic/inorganic coating applied on the surface of magnetic nanoparticles 

and/or the surface of unmodified magnetic nanoparticles (Pershina et al., 2014; Tiwari et al., 2015 ). 
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The surface modification of nanoparticles can be made with organic molecules with have a low 

molecular weight (Tetramethylammonium, pyrrolidone, b-mer-captoethylamine, hemin etc.) Magnetic 

nanoparticles carry various functional groups (azide, amino, carboxyl, sulfhydryl) on their surfaces. 

These groups ensure covalent immobilization of the nucleic acid molecules in the next step. For the 

effective immobilization of nucleic acid molecules, the surface of magnetic nanoparticles are 

frequently coated with gold or silica (Pershina et al., 2014). Figure 11 shows the examples of the 

bonds formed between magnetic nanoparticles and certain functional groups. 

Figure 11. Covalent bonding of modified nucleic acid with functional groups on the modified surfa ce of  MNPs in(1)azide-

alkyne cycloaddition reaction, ( 2 )  amide bond, ( 3 ) use of SPDP,( 4 ) glutaralde Hyde, (5) MBS, (6) cross-link ing, phosph 

or amidate bond, (7) interactions o f sulfonyl group with gold coating (Pershina et al., 2014). 

The study conducted by Byrne et al. (2004) examined the Fe3O4 nanoparticles synthesized with the co-

precipitation inside a solvent containing a single strand denature and double helix herring DNA and it 

was observed that the nanoparticles were bonded to the DNA molecule with the formation of Fe-O-P 

bonds. At the same time, it was shown that the interaction of nanoparticles with double helix DNA 

was accompanied with the cross bonds formed by phosphate groups and the bonds formed between 

nanoparticles and single strand DNA are more effective than double helix DNA (Figure 12) (Byrne et 

al., 2004). 

Figure 12. Representative TEM images of denatured Ringa fish-DNA–magnetite nanocomposites (a) without and (b) with 

subjection to a magnetic field of 7 T; (c) double-stranded  Ringa fish -DNA–magnetite nanocomposites without and (d) with 

subjection to a magnetic field of 7 T (Byrne et al., 2004). 

Biomolecules are generally analyzed inside an aqueous buffer solution. pH condition, salt 

concentration and the buffer's temperature should not be that different from physiological values. 

Increasing the length of the DNA molecule and increasing the number of phosphate groups causes an 

increase in potential binding points and ensures a stronger bond formation with the surface of 

magnetic nanoparticles. 

2.6.1. Biomedical Applications of Magnetic Nanoparticles-DNA Interaction 

There are several biomedical applications based on magnetic nanoparticles–DNA interaction (Tiwari 

et al., 2015). 
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Electrochemical DNA sensor is a promising technique for simple, fast, on-site virus detection. 

However, the low sensitivity is still a challenge for this method. In a study by Tuan and Hai (2009)   

shows to improve the sensitivity by magnetic enrichment of the DNA concentration before measuring 

DNA concentration by the DNA sensor. The surface of the MNPs was coated with the DNA probe as 

seen in Figure 13. The obtained solution was determined by the electrochemical DNA sensor. The 

results showed that the DNA enrichment process by magnetic nanoparticles improved the sensitivity 

of the electrochemical DNA sensor to about 200 times, which can be used for on site virus detection 

(Tuan and Hai, 2009). 

Figure 13. Schematic illustration of the functionalization of magnetic nanoparticles(Tuan and Hai, 2009). 

Composites based on MNPs used as transfecting agents improve the efficiency of transfection under 

the action of alternating magnetic field (magnetofection). 

The technique is based on the coupling of genetic material to magnetic nano- (and in some cases, 

micro-) particles. In the case of in vitro magnetic nanoparticlebased transfection, the particle/DNA 

complex (normally in suspension) is introduced into the cell culture where the field gradient produced 

by rare earth magnets (or electromagnets) placed below the cell culture increases sedimentation of the 

complex and increases the speed of transfection (Figure 14a). 

     (a)                                                                                   (b) 

Figure 14. Schematic representation of magnetic nanoparticle-mediated gene delivery a) in vitro, b) in vivvo 

(Dobson, 2006). 

In vivo, magnetic fields focused over the target site have the potential to not only enhance transfection 

but also target the therapeutic gene to a specific organ or site within the body (Figure 14b). Generally, 

particles carrying the therapeutic gene are injected intravenously and strong, high-gradient external 

magnets are used to capture the particles as they flow through the blood. (Dobson, 2006). 

Nucleic acid  MNPs nanocomposites are developed as components of drug delivery systems with 

controlled drug release. A possible design for the preparation of such a composite is as follows.188 

Iron oxide nanoparticles are encapsulated in mesoporous silica matrix; single-stranded DNA 

molecules are immobilized on the silica surface and then hybridized with complementary molecules 

attached to the MNPs. Heating of nanoparticles by alternating magnetic field causes denaturation of 

DNA-duplex. As a result, pores on the silica surface are opened and fluorescein (used as model drug 

in that study) is released. On cooling to 208C complementary oligonucleotides are hybridized with 

each other and pores are blocked by nanoparticles (Figure 15). 
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Figure 15. Reversible magnetic nanogates drive drug release from magnetic mesoporous silica particles through DNA 

hybridization/dehybridization. (Hernandez et al., 2011) 

3. METHOD

I aimed to analyze the magneto-optic properties related to polarization under the magnetic field of the 

magnetic fluid that contains DNA in this study. For this purpose, in order to learn how the DNA can 

be obtained, the banana's DNA was extracted. Magnetic nanoparticles were synthesized and magnetic 

fluid was formed. In order to take the measurements, the experiment apparatus was set up and 

magnetic fluid's measurements were made. In order to ensure the combination of double helix DNA 

with the magnetic fluid, trials were performed with different surface coating materials and as a result, 

the pH of the magnetic fluid was made suitable for the dissolution of inside the fluid without any 

damage to the DNA. In order to take measurements with the single stranded DNA, double helix DNA 

was denatured and a single stranded DNA was obtained. 

Magneto-optic features of the magnetic fluid samples which do not contain DNA, contain double helix 

DNA and single stranded DNA are examined under the magnetic field and they were compared to 

each other.  The processes and details of the studies carried out in the following sections are presented.    

3.1. Extracting DNA from the Banana 

Materials; 1 banana, 25 ml shampoo, 1.5 g of salt, Ethyl alcohol,  distilled water, strainer. 

One banana, 200 ml of water and 25 ml of shampoo were emptied into a beaker, a tea spoon of (1.5 g) 

of(sil) salt was added. In its structure in order to destroy the cell membrane that contains 

phospholipide and the membrane of the cell nucleus and to extract the DNA, shampoo was used. Salt 

ensures that DNA chain is kept together. The mixture obtained was mixed until it becomes a slurry 

and the bananas inside were crushed. This mixture was strained and it was divided into large pieces. 

The mixture that was strained was taken into a container and 10 ml ethyl alcohol was added to the 

mixture slowly and it was observed that DNA came up (Figure 16). 

Figure 16. Extracting the banana DNA  

It was learned in practice how DNA can be obtained from fruits. However, as the DNA obtained is not 

pure, in order to obtain accurate results, the Herring fish sperm DNA that was prepared was used in 

the experiments. 
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3.2. Synthesis of magnetic nanoparticles and Formation of Magnetic Fluid 

Chemical Substances Used in the Synthesis 

Iron(III) chloride (FeCl3.6H2O),  Iron(II) Chloride (FeCl2.4H2O),  Hydrochloric acid(HCl),%26 

ammonium,  tetramethylammoniumhydroxide(TMA), distilled water,  silver nitrate (AgNO3), 

dextrose, gold (III) chloride(HAuCl4.3H2O) 

Synthesis of Fe 3O4 Magnetic Nanoparticles 

"Co-precipitation" method was used for the syntesis of magnetic nanoparticles. During production, 

FeCl3.6H2O (2.703gr, 0.01mol) and FeCl2.4H2O (0,3976gr, 0.02mol) solutions were prepared in 

separate containers so that the initial molar ratios are 1:2 (Wei et al., 2012). The solutions prepared 

were mixed in 1 lt of distilled water at ambient temperature for half an hour. In order for Fe
+2

 ion not 

to turn into Fe
+3 

ion, it was mixed at 400 rpm in the mechanix mixer and at the same time, nitrogen gas 

was given to the environment and alcali solutions (Ammonium) were added until the pH value reaches 

10 (Figure 17)(Gnanaprakash et al., 2007). 

Figure 17.   Synthesizing magnetic nanoparticles 

15 minutes after the chemical reaction, the residual substances formed as a result of the reaction were 

washed 3 times with 5% ammonium solution and with the help of a magnet. The reason why we wash 

it with 5% ammonium solution is to prevent the surface load densities of the particles and therefore 

prevent the formation of clusters. Afterwards, it was washed 3 times with distilled water in order to 

purify the particles from ammonium. While washing, magnetic particles were precipitated at the 

bottom and the fluid that remains on the top was emptied. This way, larger magnetic nanoparticles 

were separated.  

Part of the solution that was prepared was left inside the distilled water as magnetic fluid and in order 

to avoid particle aggregation, they were coated with tetramethylammoniumhydroxide (TMA). (Figure 

17). Some were dried in the oven and they were preserved as Fe3 O4nanoparticles to be used 

afterwards. 

Surface Coating Procedure of Magnetic Nanoparticles

Tetramethylammoniumhydroxide (TMA) was used as the surface coating material.  Magnet was 

placed under 20 ml of magnetic fluid inside the beaker to precipitate the magnetic particles at the 

bottom and the water that remained on the top was thrown away. 2 ml TMA was added onto magnetic 

particles and they were mixed well. 15 ml distilled water was added onto the mixture and TMA coated 

magnetic fluid was obtained. 

Performance of(Sil) Centrifuge Procedure 

In order to separate the samples prepared from the larger particles, centrifuge procedure was 

performed at Ege University's Nuclear Sciences Institute. Samples prepared were placed in the 

centrifuge machine and it was operated for 10 minutes at 7000 rpm. The residue that remains at the 

top, does not dissolve and cause the formation of a sediment was thrown.     

Determining Particle Sizes 
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In order to determine the size of the nanoparticles after the centrifuge procedure, Dynamic Light 

Scattering Spectrometer (DLS) was used (Figure 18). According to measurement results, as it can be 

seen in Figure 19, the magnetic fluid that we prepared contains nanoparticles between 10 nm and 40 

nm and the fluid's particle size is 16 nm on average. 

Figure 18. DLS measurement device Figure 19.  Particle size distribution of magnetic fluid

3.3. Examining the Changes in the Magnetic Fluid Depending on Polarization 

Devices that are used:

ü Wide- spectrum light source (300nm-1000nm), 

ü Glan-Thompson Linear polarizer(350-2300 nm), 

ü Fiber optic cable,   

ü Two lenses with focus length are 100 and 500nm,  

ü “Ocean optics” spectrometer, 

ü Kepco Power Supply BOP–20-5M (20V-50A voltage and current values), 

ü GMW Model 5403 Electromagnet to apply magnetic field, 

ü LakeShore Model 455 DSP Gaussmetre to measure the magnetic field. 

Experimental Set up 

In order to analyze the changes in the magnetic fluid due to polarization, the experiment set up seen in 

Figure 20 was installed.   The unpolarized light given with fiber cable was placed in a linear polarizer 

and it was polarized at the desired angle. Polarized angle was sent onto the fluid to be measured by 

focusing two lenses. Different magnetic field values were applied on the fluid with the help of an 

electromagnet and the amounts of light transmitted through the fluid were measured at 500nm-100nm 

wavelength depending on the polarization direction and magnetic field values 

Figure 20. Schema of experimental set up 

Light intensity(Ιo) decreases after it gets through the sample(Ι). In this situation, transmission and 

absorbsion of light; 

Transmission= (I/I ) (Equation 16) 

 Absorbsion = log!(I /I)!=". #. $      (Equation 17) 
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are found with these equations. In this equation  , molar absorbency refers to coefficient C refers to 

the concentration of the solution and l refers to the light's route inside the solution. The route of the 

light inside the solution and molar absorbency coefficient was kept fixed throughout the experiment 

and the absorption value may be considered directly proportional to the concentration of the solution.  

Throughout the experiment, in order to obtain fluids at different concentrations, the fluid's absorption 

values at the beginning were taken as a basis. Magnetic fluids with absorption values of 2 and 3 that 

we use in the experiments in Figure 21 are observed. For magnetic fluids at different concentration 

levels, when the magnetic field is zero, the amount of light that is transmitted (100%) is taken as a 

reference and the amounts of light that is transmitted through the fluid were measured depending on 

different magnetic field values and polarization direction. 

Figure 21. Magnetic liquid samples which absorbance values are 2 and 3 respectively. 

For the magnetic fluid with an absorption value of 2, changes seen in the amount of light transmitted 

for the vertically polarized light to the magnetic field and parallel polarized to the magnetic field are 

presented in Figure 22. As a magnetic field is applied to the magnetic fluid, the particles are lined up 

to form a chain structure in the direction of the magnetic field. This structure has a characteristic 

similar to wire grid polarizer. The formation of a chain structure also affects the amount of light 

transmitted. According to this, if the light's polarization direction is vertical (P=90) to the magnetic 

field applied, then as it can be seen in Figure 22, as the magnetic field increases, the chain structure is 

reinforced and the number of particles preventing the transfer of light is reduced and as a result, an 

increase will be observed in the amount of light transmitted. If the direction of the polarization is 

parallel to the magnetic field (P=0), then in that case as the magnetic field increases, the chain 

structure formed is in the same direction with polarization, the particles will prevent the transmission 

of the light and the amount of light transmitted is reduced. The difference between the amounts of 

light transmitted in connection with polarization is named as linear dichroism. 
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Figure 22. Transmission spectrum of magnetic liquid which absorbance value is 2,  for different magnetic field values in 

perpendicular and parallel polarization to magnetic field.  

For the magnetic fluid with an absorption value of 2.5 as provided, changes seen in the amount of light 

transmitted for the vertically polarized light to the magnetic field and parallel polarized to the 

magnetic field are presented in Figure 23. The increase in the absorption value demonstrates that the 

concentration of the magnetic fluid also increases. As the density of nanoparticles in the fluid 
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increases, the chain structure formed is reinforced. In that case, the impact of liner dichroism is 

observed to increase compared to the fluid with absorption value 2. 
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Figure 23. Transmission spectrum of magnetic liquid which absorbance value is 2.5,  for different magnetic field values in 

perpendicular and parallel polarization to magnetic field. 

For the magnetic fluid with absorption value 3, the impact of linear dichroism is presented in Figure 

24. As the concentration levels(sil) of magnetic fluid increase, the impact of linear dichroism is seen to

increase compared to the magnetic fluids with absorption value 2 and 3.
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Figure 24. Transmission spectrum of magnetic liquid which absorbance value is 3,  for different magnetic field values in 

perpendicular and parallel polarization to magnetic field. 

As the absorption value increases and the chain structure is reinforced, the transmission of light in the 

polarization parallel to the magnetic field is reduced in all three graphics.  For the polarization vertical 

to the magnetic field, an increase is observed in the transmission of light. For all of these three 

absorption values, the changes in the transmission of light are drawn in Figure 25 at 550 nm 

wavelength and 200 Gauss fixed magnetic field. From this graph, the amounts of increase and 

decrease in the transmission of light based on absorption values and at different polarization levels are 

clearly seen.  
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Figure 25.   Transmission of magnetic fluid changing with absorbsion for perpendicular and parallel polarizations to 

magnetic field, at 550nm wavelength and under 200G magnetic field. 
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3.4. Combining Magnetic Liquid With DNA 

Devices and Materials that are used:

Ø Double- stranded DNA of fish sperm (Ringa)  

Ø Phosphate buffer (pH:7,4) 

Ø APTES(3-aminopropyl triethoxysilane), Tetramethylammonium(TMA) 

Ø Polarization Measurement Experimental Setup  

Ø Precision balance  

Ø Micropipette, Magnetic Stirrer, Mechanic Stirrer, Ultrasonic Bath  

3.4.1.Trials for Preparing DNA-Magnetic Fluid Mixture 

After the changes in the magnetic fluid depending on polarization are examined, in order to analyze 

the changes in the combination of magnetic fluid and DNA based on polarization, DNA - magnetic 

fluid mixture preparation studies were conducted. In order to ensure the binding of the DNA to the 

magnetic fluid, different coating materials of nanoparticles explained in Section 2.6 were used to 

select surface coating with TMA from the situations where they are bound to DNA and nanoparticles 

were coated with TMA. 

In order to dissolve the fish sperm DNA collected in powder form and to establish the medium where 

it can stay for long-term without being spoiled, research studies were carried out and it was found that 

a buffer solution whose pH value is 7.5 could be used. 5ml powder DNA was added to 10 mg 

phosphate buffer. It was mixed in the magnetic mixer until it is dissolved.    

1ml was collected from the 5ml DNA solution prepared and it was combined with 4 ml TMA coated 

magnetic fluid. In order to analyze the changes in the mixture obtained due to polarization, the same 

experiment apparatus was used. However, when the DNA-magnetic fluid mixture was applied to the 

magnetic field or when the mixture is left to wait for a while, it was observed that there was 

precipitation at the bottom of the liquid as in Figure 26. Therefore, healthy measurement results could 

not be obtained. DNA concentration was reduced and increased and retrials were performed but 

precipitation was observed again.  

Figure 26.  Precipitation observed in TMA coated magnetic liquid- DNA mixture 

Studies on the binding of APTES coated magnetic nanoparticles with DNA (Tiwari et al., 2015; Tuan 

and Hai, 2009; Cao et al., 2009) were taken as a basis and magnetic nanoparticles were coated with 

APTES. APTES coating procedure was performed with the study conducted by Cao et al., (2009) 

taken into account. 300 mg Fe3O4, 4ml distilled water and 600 ml ethanol were mixed in ultrasonic 

bath for 2 hours and it was ensured that magnetic nanoparticles are dissolved inside the fluid. With the 

help of a microstraw, 120 ml APTES was added to the mixture and it was mixed in the mechanical 

mixer for 7 hours. Magnet was placed underneath the mixture obtained at the end of 7 hours and the 

large particles that were not coated were ensured to separate from the fluid. Nanoparticles coated were 

again dissolved in ethanol. This precipitation and coating procedure was repeated for 5 times. As a 

result of APTES coating, the brown colored fluid seen in Figure 27 was obtained. However, it was 

seen that the particles are precipitated after a while. The amount of Fe3O4 and the amount of APTES 

used were changed and different trials were performed. However, each time APTES coated magnetic 

nanoparticles were observed to have precipitated.  As APTES coated particles cannot be ensured to 

stay in the fluid without precipitation, measurements could not be taken by a combination with DNA 

and it was decided to use TMA as surface coating. 
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Figure 27. Process of APTES coating and obtained APTES coated magnetic liquid 

3.4.2 Obtaining DNA-Magnetic Fluid Mixture that does not precipitate with the Solution 

Methods Produced 

As a result of the trials and the literature review carried out, it was found that the reason for the 

precipitation of DNA-magnetic fluid mixtures formed might have been due to the quick spoiling in the 

DNA's high pH values and precipitation and the precipitation problem was overcome with the method 

we have found.  

While the pH level of the DNA solution is 7.4, then the pH level of the magnetic fluid is 

approximately 10. As it was thought that the DNA and magnetic fluid mixture precipitated due to the 

high pH value, then a certain amount of acid was added to the mixture and it was tried to pull the pH 

level to 7. First of all, a drop of acetic acid was taken with a microstraw and diluted with water and 

added to the mixture. However, as the acetic acid is a strong acid, it was seen with the pH meter that 

the pH level of the mixture dropped extremely.  

Instead of the acetic acid, oleic acid which is a fatty acid was tried. As oleic acid does not dissolve in 

the magnetic fluid, it was seen that it formed a cluster on the mixture. First of all, oleic acid was 

dissolved with ethyl alcohol in a separate container. Then oleic acid ethanol mixture was combined 

with magnetic fluid and mixed and the homogeneous mixture seen in Figure 28 was obtained. 

Mixture's pH was determined to be within the 6-7 interval with pH meter. Oleic acid added to the 

mixture, ethanol and magnetic fluid were tried in different amounts and the best results were obtained 

with the following amounts;  

3.7 ml ethyl alcohol and 1 ml oleic acid were mixed in a container and added into the magnetic fluid 

comprised of 8 ml TMA coated magnetic nanoparticles. Mixture's pH was determined to be around 7. 

In order to check whether the powder DNA was dissolved in the mixture, 3mg DNA was added to the 

mixture and mixed and it was seen that the DNA dissolved inside the mixture. 

   (a)                                            (b)                                             (c) 

Figure 28. a) Obtaning pH adjusted magnetic liquid with oleic acid and ethanol b) Stirring preapered reference magnetic 

liquid which,  added DNA, with mechanical stirring c) Reference liquid and double stranded DNA- magnetic liquid mixture 

3.4.3. Obtaining a single stranded DNA molecule from a double helix DNA 

In order to make measurements with a single stranded DNA molecule, single stranded DNA was 

obtained from a double helix DNA. Single and double stranded DNA molecules were analyzed to see 

whether they can be distinguished with the measurement system that we have formed. 

In order to obtain the single stranded DNA, 20 mg DNA was dissolved in the reference fluid and the 

mixture was left to wait for 15 minutes at 95  and it was ensured that the strands were separated from 

each other. At the end of 15 minutes, the mixture that was heated was removed and left to wait in iced 

water for 5 minutes and the change in the transmission of light related to polarization inside the liquid 

containing a single stranded DNA molecule was examined.  
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4. RESULTS

After a homogeneous DNA-magnetic liquid mixture was obtained, magnetic liquid mixture that does

not contain DNA as a reference liquid was examined for the changes related to polarization of the light

transmission both parallel and vertical to the magnetic field. 3 ml was taken from the DNA-magnetic

fluid mixture obtained and the experiments were performed.
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Figure 29. a)Transmission spectrum of reference liquid, which contains oleic acid and ethanol, under different magnetic field 

values for perpendicular and parallel polarizations to magnetic field b) measurements of reference liquid that does not contain 

olec acid and ethanol given Fig 22. 

As a result of the peak of oleic acid and ethyl alcohol to the magnetic fluid in Figure 29(a), it was seen 

that magnetic linear dichroism features related to the wave length changed.  Particularly, the hill value 

formed at 543 nm reveals this difference. At the same time, reduction was observed in the optic 

transmission independent of the polarization after 200 G magnetic field value as seen in Figure 29(b) 

in the first reference liquid which does not contain oleic acid and alcohol. This situation may be 

explained with the result of the interactions between chain structures formed and the formation of 

clusters after 200 G value. In short, the obstacle placed in front of the light increases the formation 

(shadow effect). This negative impact was removed in the magnetic fluid which contains oleic acid 

and alcohol. This way, higher magnetic field values were used while working. 
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Figure 30. Transmission spectrum of magnetic liquid that contains 15mg DNA under different magnetic field values for 

perpendicular and parallel polarizations to magnetic field. 

Figure 30 reveals the changes related to polarization of the transmission of light for the mixture 

containing 15mg DNA. Transmission of light changes depending on polarization in the DNA magnetic 

fluid mixture. When 15 mg DNA was added to the mixture, while the peak value in vertical 

polarization in the magnetic field shifted to 555nm, in the parallel polarization to the magnetic field, as 

the magnetic field increased it shifted from 555nm to 560nm. The reason for this may be explained 

with the interactions between the chains. The structure of the chains formed and distances between 

them form the changes related to wavelength in the transmission of light. Together with oleic acid, the 

presence of DNA affects the chain formation mechanism of the magnetic nanoparticles in the 

Investigation of Polarization dependent Magneto-Optical Properties of DNA-Magnetic ...

23



structure. As the DNA amount increases, the interaction between the magnetic nanoparticles is 

reduced. Magnetic nanoparticles bonded to the DNA are accompanied with the particles which do not 

bind. In our opinion, magnetic nanoparticles not bound with DNA form the magnetic chain structure 

and reveal the impacts related to polarization and nanoparticles related to DNA inhibit the formation 

of chains. We tried the accuracy of our opinion by increasing DNA amount.

In Figure 31, 0mg, 5mg, 10mg, 15mg and 20mg DNA were mixed in 3ml magnetic fluid mixture 

respectively and the fluid prepared were observed to change depending on polarization of the 

transmission of light in 300 Gauss fixed magnetic field. In the case when the polarization is vertical to 

the magnetic field and therefore the chain structure, then the DNA amount increases while the light 

transmission is reduced because the DNA amount that does not bind to nanoparticles. In other words, 

the difference in light transmission under the same magnetic field was shown to decrease depending 

on the amount of DNA.  
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Figure 31. Transmission spectrum of magnetic liquid that contains various quantity of DNA under 300G magnetic field and 

for perpendicular and parallel polarizations to magnetic field. 

In order to determine the amount of DNA in the mixture, the DNA amount change graph was drawn 

for the samples' absorption values.  As it can be seen in the Figure 32, a linear graphic is formed. In 

that case, the DNA amounts of the samples, the DNA amount of which are unknown, may be 

determined with the measurement system that we form. 
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Figure 32. Absorbsion change depending quantity of DNA 

After the change in the transmission of light related to polarization of the samples with and without 

DNA was examined, the single stranded DNA's light transmission change related to polarization 

which is very important in the diagnosis of some of the diseases was examined and it was analyzed 

whether it can be distinguished with the measurement system that we formed with a single stranded 

and double stranded DNA.  

The changes in the transmission of light in different magnetic field values are presented in Figure 33 

for the single stranded DNA at P=0 and P=90 polarization values. The changes in the transmission of 

light by a single stranded DNA has different features than the double stranded DNA.  
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At P=0 and P= 90 polarization levels, as the magnetic field increases, the transmission of light also 

increases. Single stranded DNA is much thinner compared to the double stranded version and the open 

ends that bonds are more in quantity. For this reason, more bonds are formed with magnetic 

nanoparticles.  This situation causes the formation of interaction between magnetic nanoparticles 

differently under the magnetic field. The transmission of light increases without being dependent on 

polarization. This situation shows that the formation of chain structure is considerably reduced. 

Clusters occurred with the interaction between magnetic nanoparticles reducing the shadow effect and 

this way, the transmission of light is increased. 
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Figure 33. Transmission spectrum of magnetic liquid that contains 20mg single- stranded DNA under differenet magnetic 

values a) P=90, b) P=0 polarization  

In order to compare the change in the transmission of light of single stranded samples, double stranded 

samples and samples which do not contain DNA molecules as a result of polarization, magnetic fluids 

which contain 20 mg single - 20 mg double stranded DNA in each and fluid samples which do not 

contain DNA were shown on the same graphic under 100 Gauss fixed magnetic field (Figure 34). 

Magnetic particles bind with the double stranded DNA less than the single stranded because it has a 

helix structure. Changes related to polarization in double stranded DNA-magnetic fluid mixture show 

that the chain structure is formed in the mixture. Transmission of light related to polarization is lower 

compared to the fluid which does not contain DNA. Changes related to polarization is considerably 

low in the single stranded version. This situation shows that the transmission of light related to 

polarization in the chain structure formation of the single stranded mixture is prevented. This result 

may be explained with the prevention of the chain structure and reduction of the interaction between 

the magnetic particles in the single stranded structure which we explained before. According to us, the 

interaction between magnetic particles in the single stranded mixture mostly causes clusters.     
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Figure 34.  Transmission spectrum of magnetic liquid that are without DNA, 20mg double- stranded DNA and single- 

stranded DNA under 100G magnetic field. a) P= 90 polarization, b) P=0 polarization 

4.1. User-Friendly, Portable and Low Cost Prototype Building for DNA-Magnetic Fluid 

Measurement 

The following changes have been made to the experiment set up where we performed our 

measurements to simplify the experiment set up used and to obtain a portable and low cost 

measurement system: 
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· Instead of the spectrometer, the spectrometer that we formed and 3 photodiodes were used.

· Transmission of light was observed as voltage changes in LAbJack device.

· Instead of electromagnets connected to an adjustable current source, 2 of the 500 turns coils

were used to create a magnetic field and the power source was used to give the current to the

coils.  The proper magnetic field's value formed between the coils was determined with the

Gaussmeter.

In order to form our own spectrometer, a very old and unused spectrometer shown in Figure 35 was 

opened and the part where there is a small box inside containing light spectrum was removed. The 

lamp that the light was sent to was removed with the platform it is connected to and it was fixed on the 

front part of the coils used to apply the magnetic field. Polarizer was added in front of the light and the 

polarizer's direction was changed to obtain polarized light vertical to the magnetic field and parallel to 

the magnetic field. The place where the visible area light spectrum was formed inside the box that we 

will use as a spectrometer was determined.  Three photo diodes were placed in this region next to each 

other so that one corresponds to green (550 nm), one corresponds to red (650 nm) and one to infrared 

(IR) region (750nm) and each photo diode was connected to the LabJack device to measure the 

voltage (Figure 35). A simple circuit was prepared to turn the current connected to the intensity of the 

light on the photo diode into voltage with a serially connected resistance. Therefore, with the help of 

these photodiodes, transmission of light was observed as voltage changes in LabJack device. After the 

photodiode connections are made, the box was reversed and the light given was fixed so that it passes 

through the slit. The gap between the coils was prepared as a place where the sample with which the 

measurement will be performed with the help of a piece of wood will be placed. 

Figure 35. Placing photodiots in the box and making visible light spectrum on photodiots 

The prototype prepared is seen in Figure 36 and the diagram of the phototype is presented in Figure 

37. Reference fluid comprised of oleic acid, ethanol and magnetic nanoparticles was used to take the

measurements. The section under the box that we use as a spectrometer and the holes were closed and

it was prevented from receiving light from the external environment. Measurements were taken in the

dark. Polarized light vertical and parallel to the magnetic field was sent onto the sample and voltage

measurements was taken when magnetic field is absent(V ). These values represent 100% light

transmission in the experiments that we performed using spectrometer. Afterwards, magnetic field was

increased and the same measurements were repeated for 100 G, 200G, 300G and 400

G(V!"#$%&"!"'(). Measurements were taken for 33 seconds with 2ms intervals using the LAbJack 

device for each photodiode and the mean value for all of the measurements taken for each photodiode 

were calculated. The results of the measurement are presented in Table 1. The table presents the mean 

values calculated. 

)V*+#'," = 100 × -V!"#$%&"!"'(/V . (Equation 18) 

Equation 18 was used to find the change from the value where the magnetic field was zero as the 

magnetic field increased over %. 

Figure 36. Perspective from above and in profile of composed prototype 
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Figure 37. Schema of prototype 

Table 1. Magnetic liquid datas change with perpendicular and parallel polarizations under magnetic field, that measured with 

composed prototype 

Magnetic 

Field 
(Gauss) 

Polarization 

 Degree 

Vmesurement (Volt) 

Photodiode-1 
(550nm) 

% 

Transmission 

Vmesurement 

(Volt) 

Photodiode 
-2

(650 nm) 

% 

Transmission 

Vmesurement 

(Volt)

Photodiode 
-3

(750 nm) 

% 

Transmission 

0 
P=0 0,053383 100 0,09501 100 0,151811 100 

P=90 0,041778 100 0,055287 100 0,066787 100 

100 
P=0 0,05086 95,27 0,092608 97,47 0,148796 98,01 

P=90 0,043316 103,68 0,057183 103,42 0,068496 102,55 

200 
P=0 0,048224 90,33 0,088422 93,06 0,143166 94,30 

P=90 0,043949 105,19 0,057986 104,88 0,069311 103,77 

300 
P=0 0,046613 86,11 0,085697 90,19 0,139386 91,81 

P=90 0,044027 105,38 0,058068 105,02 0,069356 103,84 

400 
P=0 0,045281 84,82 0,083357 87,73 0,13604 89,61 

P=90 0,043628 104,42 0,057535 104,06 0,068787 102,99 
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Figure 38.  Transmission spectrum of tested reference liquid with prototype under different magnetic values for 

perpendicular and parallel polarizations 

The changes in the transmission of light in different magnetic field values are presented in Figure 38 

for vertical and parallel polarization to the magnetic field in %. When the magnetic field is not applied 

and the transmission of light reference value is accepted as (100%), as the magnetic field increases, it 

is observed that light transmission decreases at P=0 polarization and increases at P=90 polarization. 

Only for P=90, a deviation was observed at 400 Gauss value resulting from experimental error. These 

results match with the change graph related to polarization prepared for the transmission of light that 

we obtained through the measurements performed with the Spectrometer.  In order to compare the 

measurements taken with the simplified prototype to the measurements obtained with the 

spectrometer, 550 nm wavelength was selected as an example and the results of the measurement are 

presented in Figure 39 on the same graph. As it can be seen in Figure 39, measurement results are 

compatible with each other and the prototype formed works accurately. 
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Figure 39. Comparing measurements that are taken with spectrometer and prototype. 

The experiment apparatus was simplified with the prototype produced, its costs were lowered and it 

has been turned into a portable version. The measurements taken with the reference fluid is compatible 

with the experiment apparatus taken with the spectrometer therefore this prototype is suitable for the 

measurement of double- and single-stranded DNA-magnetic fluid mixture.   

5. RESULTS AND DISCUSSION

In our project, magnetic nanoparticles were synthesized using the coprecipitation method and 

magnetic fluid was obtained. In order to obtain the measurements, the appropriate experimental set up 

was prepared. In order to turn the magnetic fluid DNA mixture into a homogeneous liquid that does 

not precipitate, various surface coating chemicals and methods were tried and in the end, oleic acid 

and ethanol were added inside the liquid and it was turned into liquid homogeneous with pH 

adjustment. The magnetic fluid obtained was examined for the change in polarization of the mixture of 

single and double stranded DNA and magnetic fluid. 

Ø When the reference fluid obtained is examined for the change in the transmission of light 

related to polarization for different magnetic field values, it is seen that the magnetic liquid 

forms a chain structure under themagnetic field and for this reason, it is seen that it treats 

vertical and parallel polarization to the magnetic field differently. In other words linear 

dichroism effect is shown. As the magnetic field increases, the chain structure is reinforced 

and the impact of linear dichroism is determined to increase.  

Ø When DNA is added to the reference fluid, it is seen that the effects related to polarization in 

the transmission of light is reduced. Together with the nanoparticles in the fluid, the presence 

of DNA affects the chain formation mechanism of the magnetic nanoparticles. As the DNA 

amount increases, the interaction between the magnetic nanoparticles decreases. Magnetic 

nanoparticles not bound with DNA form the chain structure and reflect the effects related to 

polarization and nanoparticles bonded to DNA inhibit the formation of chains. Moreover, as 

DNA is added to the magnetic liquid, the wavelengths where the transmission of light is 

maximum shift as the magnetic field increases. This may be explained with the interactions 

between the chains. The structure of the chains formed and distances between them form the 

changes related to wavelength in the transmission of light. 

Ø Along with the measurements made with double helix DNA; single stranded DNA which is 

very important for the diagnosis of certain diseases, was examined to show the changes in the 

transmission of light under the magnetic field and related to polarization with the help of the 

same experiment apparatus and it was found out that it shows different features from the 

double helix DNA. In the sample which contains single stranded DNA, the transmission of 

light increases regardless of polarization. This situation shows that the formation of chain 

structure is considerably reduced. Clusters occurred with the interaction between magnetic 

nanoparticles reducing the shadow effect and this way, the transmission of light is increased. 

Ø When the single stranded, double stranded DNA containing samples and the samples that do 

not contain DNA molecule are compared, it is revealed that the changes based on polarization 

in the double helix DNA-magnetic fluid structure show the formation of a chain structure. 

However, transmission of light related to polarization is lower compared to the fluid which 
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does not contain DNA. Changes related to polarization is considerably low in the single 

stranded version. This result may be explained with the prevention of the chain structure and 

single-stranded DNA-magnetic fluid mixture and reduction of the interaction between the 

magnetic particles in the single stranded structure and the prevention of a chain structure 

formation. 

Finally, simplifying the experimental set up by turning it into a portable format was materialized 

through the production of a prototype which makes the same measurements by reducing costs and 

with this prototype, magnetic fluid measurements were performed again and it was seen that they were 

compatible with the previous measurements.  

For magnetic fluids containing double and single stranded DNA molecule, magneto optic features 

related to polarization were not researched previously. Moreover, the homogeneous DNA magnetic 

fluid structure obtained was revealed as a result of different trials performed in this project and they 

support the originality of the project. 

As the magnetic fluid samples which contain double-stranded, single-stranded DNA or does not 

contain any DNA at all showed varying changes related to polarization under the magnetic field; the 

experimental set up that we designed can be easily distinguished. DNA-magnetic nanoparticle 

structures are applied in fields such as DNA sensors, diagnosis and treatment of epidemic diseases and 

pharmaceutical transportation and the magneto optic measurement results that we obtained for single-

stranded, double-stranded DNA magnetic fluid mixtures are therefore particularly important. These 

results that we obtained will contribute to the development of studies with regard to the use of DNA 

magnetic fluid mixture as DNA sensor or biosensor.  
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Abstract 

Dipterocarpus Alatus (Thai:ยางนา, Yang Na ) is a tree found in Thailand and other Southeast Asian
countries. The seeds have two wings and rotate as they fall. High-speed video analysis was used to determine 
the terminal velocity and spin frequency as a function of the mass of a seed. Values of wing velocity, lift force, 
and drag force were then determined. It was found that as the mass of the seed increased, terminal velocity, 
frequency, and lift force also increased. It was shown that 80-95% of the retarding force generated during the 
fall was from lift and that the coefficient of lift for the seed used was approximately 1.5.  

Keywords: Dipterocarpus Alatus, seed, mass, terminal velocity, lift force, coefficient of lift 

I. INTRODUCTION
!
A Dipterocarpus Alatus seed has two wings that act
like airfoils, rotating the seed as it falls. From the
rotation, a stable leading-edge vortex is generated,
creating a lift that slows the descent1. It has been
shown that this slowed descent increases seed
dispersion2.

There have been qualitative studies on the 
kinematics of one-winged rotating seeds, including 
research on how maple seeds generate lift1 and 
transition into helical motion2. However, there has 
been little quantitative research on the aerodynamic 
lift generated by single winged seeds and even less 

research conducted on two-winged seeds. This 
paper investigates the effect of Dipterocarpus 
Alatus seed mass on the terminal velocity, 
frequency of spin, and lift generated. 

During the descent of the seed, two forces oppose 
the force of gravity: the drag and the lift generated 
by the wings. At terminal velocity the force of 
gravity equals the drag and lift combined.  This can 
be modeled as, 

!! = !
!!!!!!!!

! + !
!!!!!!!!

!              (1) 

where AW is the effective cross sectional area of the 
wing, AB is the cross sectional area of the body of 
the seed, ! is air density, CL is coefficient of lift, CD 
is the coefficient of drag, vw is the effective wing 
velocity, and vt is the terminal velocity3,4. Since the 
wings are angled, it is expected that with a greater 
terminal velocity, the wings will spin faster, 
increasing the velocity at the wing. Furthermore 
since the coefficient of lift increases as wing 
velocity increases5, it is possible that as terminal 
velocity increases, the lift generated will increase as 
well. The Caldwell and Fales report concerns a rigid 
airfoil moving at high speed and may not apply to 
this seed with flexible airfoils moving at low speeds 
but when the seed weight, increases, it is expected 
that lift and terminal velocity will increase.  

!
Figure 1. The Dipterocarpus Alatus 
seed selected for this investigation. 
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II. METHODS

The Dipterocarpus Alatus seed (Figure 1) was 
filmed as it fell from a height of approximately 2.9 
m. As shown in Figure 2, a ruler was set up next to
the drop zone to act as as a scale. A camera
recording at 1000 fps was used to record the
descent. After 3 trials of dropping the seed at its
original mass, 3.70 ± 0.01 g, the inside of the seed
was drilled out as much as possible then filled with
different amounts of lead to vary the mass. The hole
was drilled on the side and covered with tape to
minimize any change in the aerodynamic profile of
the seed. Three trials were conducted with masses
ranging from 3.19 g to 4.99 g.

From the recorded video, terminal velocity was 
determined for the last 30 cm of the seed’s descent, 
and spin frequency of the seed during its descent 
was determined. 

The effective cross-sectional area of the wing was 
determined by comparing the mass of a full sheet of 
A4 paper with the mass of a printed 1:1 ratio top 
view cut-out photo of the seed. The seed had 
varying horizontal drift during its fall, resulting in 
different landing distances from the camera. To 
compensate for trials in which the seed did not drop 
next to the ruler, distance adjustments were made 
using similar triangles, to determine the terminal 
velocity. 

III. RESULTS AND DISCUSSION

The relationship between weight and terminal 
velocity squared is shown in Figure 3. Although the 
variability is high, a positive linear trend between 
weight and terminal velocity squared is strongly 
suggested. 

Interestingly, although the seed is spinning and 
generating lift, the descent follows a pattern similar 
to an object that does not generate lift. This implies 

that there may be a relationship between terminal 
velocity and wing velocity.  This will be shown in 
Figure 5. 

The relationship between the weight of the seed and 
the frequency of rotation squared is shown in Figure 
4 (below). The graph shows a positive linear trend, 
which reflects the initial expectation that as terminal 
velocity increases the spin frequency will increase 
as well. From this, along with Figure 3, a positive 
correlation is expected between terminal velocity 
and frequency. This is shown in Figure 5. 

In Figure 4, it is interesting to note that for 0.036 N, 
which was the original weight, the data point lies 
above the general linear trend, as highlighted by the 
red circle. It is possible that the weight 
modification, which involved drilling the seed and 
loading the hole with lead pellets, affected the 
weight distribution of the seed, changing the way 

!
Figure 3. A positive linear correlation between seed 
weight and terminal velocity is evident.!!

!
Figure 2. The experimental set up. 
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the seed spun as it fell and resulting in a lower spin 
frequency compared to the original seed. 

Figure 5 shows a clear positive correlation between 
terminal velocity and frequency. A linear fit was 
used to model the relationship, however, the large 
variation of the data from the linear fit indicates that 
the relationship between terminal velocity and 
frequency may not be linear.  

Since calculating an exact value of lift or drag was 
not possible with the data available, a range of 
minimum and maximum estimated drag and lift was 
calculated. An estimate of the seed’s coefficient of 
drag was made by characterizing the shape of the 

seed between two extreme shapes, a cone and a 
cube. A minimum coefficient of drag of 0.5 (cone) 
and a maximum of 1.0 (cube) were assumed. By 
subtracting the possible drag forces from the 
weight, the possible range of lift forces was 
determined. 

The possible maximum and minimum lift, along 
with drag force, for each weight is shown in Figure 
6. Since this graph shows only the average values,
refer to the appendix for values for each trial. The
graph shows that 80-95% of the retarding force
when the seed reached terminal velocity is the lift
generated from the wings. Figure 6 also shows that
as weight increases, the lift generated increases as
well most likely due to the increased spin
frequency.

To calculate the coefficient of lift, first an 
estimation of the effective surface area of the lift 
generating part of the wings was made. For this 
seed, this was estimated as between 2 and 7 cm 
from the center of the seed as shown in Figure 7. 
The average wing velocity squared was calculated 
using the following formula, 

!"#$%&'(!!"#$%&' = !!!!!!!!"!.!"
!.!"
!.!"!!.!"     (2) 

where f is the spin frequency and r is the distance 
from the seed’s center in meters. Using the velocity 
squared and the minimum and maximum lift shown 
in figure 6, the possible minimum and maximum 
values for coefficient of lift were calculated. 

!
Figure 5. The spin frequency and terminal velocity of the 
seed have a positive correlation.

!
Figure 6 The major component of the retarding force 
is lift. 

Figure 4 The spin frequency depends linearly on the 
weight of the seed. Data for the original seed is circled in 
red. 
!
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The relationship between wing velocity and 
maximum and minimum coefficient of lift is shown 
in figure 8. It can be seen that as wing velocity 
increases, the coefficient of lift increases. The data 
points circled in red for the unmodified original 
seed deviate from the general trend. This dip in the 
trend is most likely due to the higher frequency, 
seen in Figure 4. A higher spin frequency means 
increased wing velocity, which would decrease the 
calculated value of coefficient of lift. 

This result is in agreement with Caldwell and Fales’ 
wind tunnel study5, which showed that coefficient 
of lift increases with wing velocity until Mach 1.  
This is interesting, given that the conditions here are 
very different from their study, as they tested fixed 

airfoils at high wind speeds, and a flexible wing at 
low speeds is studied here.  

Only a small range of weight was used in this 
investigation as the seed’s spinning became 
unstable when the seed became too light or too 
heavy. Because of this, the data has a limited range. 
Nonetheless, general trends and correlations can be 
concluded. It seems that the seed has an optimized 
mass distribution that yields stable descent. Figures 
4 and 8 show that the modified seed behaved a little 
differently from the original seed. This suggests that 
the stability of the spinning motion may have been 
affected by the drilling of the seed, which changed 
the mass distribution. It is likely that the seed has 
evolved with an optimized mass distribution for a 
stable descent, which may be more advantageous 
for a wider dispersal. 

For further research, measurements on the drag 
force on seeds of Dipterocarpus Alatus in fixed and 
spinning conditions in a wind tunnel would greatly 
improve the accuracy of the calculation of lift 
provided by the wings of the seed. Also a further 
study using different seed specimens of the same 
species or different species of two-winged seeds 
could further shed light on this topic. 

IV. CONCLUSION

A proportional relationship was found between the 
weight of the seed and its terminal velocity squared. 
The weight and frequency of spin squared also had 
a positive linear relationship, which suggested a 
linear relationship between terminal velocity and 
frequency. Although a clear relationship could not 
be established due to the small range of weights 
tested, a positive correlation between terminal 
velocity and frequency is suggested.  

As the weight increased, the aerodynamic lift force 
generated by the spinning wings  increased. Most of 
the retarding force, about 80-95% was provided by 
the lift force. Using this, the coefficient of lift was 
estimated to be between 1.3 and 1.6. 

!
Figure 8 As wing velocity increases, the coefficient of 
lift also increases. Data for the original seed is circled in 
red. 
!

!
Figure 7 Estimated effective radii of 
the lift-generating part of the wings. 
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APPENDIX 

Mass (g) Weight (N) Frequency (s-1) Terminal Velocity (ms-1) 
T1 T2 T3 T1 T2 T3 

3.19 0.0313 14.8 14.6 14.7 1.54 1.48 1.51 
3.61 0.0354 15.1 15.2 15.2 1.67 1.67 1.77 
3.70 0.0363 15.7 15.8 15.8 1.60 1.57 1.86 
3.90 0.0383 15.7 15.8 15.5 1.71 1.60 1.72 
4.57 0.0448 16.6 16.5 16.6 1.73 1.81 1.87 
4.99 0.0490 16.9 16.5 17.1 1.96 1.71 1.92 

Table 1. Mass, Weight, Frequency, and Terminal Velocity3.70g was the original mass 

Weight (N) Maximum Drag  (N) Minimum Drag  (N) 
T1 T2 T3 T1 T2 T3 

0.0313 0.00370 0.00343 0.00355 0.00184 0.00172 0.00178 
0.0354 0.00434 0.00437 0.00488 0.00217 0.00219 0.00244 
0.0363 0.00398 0.00386 0.00541 0.00199 0.00193 0.00270 
0.0383 0.00456 0.00397 0.00459 0.00228 0.00198 0.00229 
0.0448 0.00465 0.00513 0.00547 0.00233 0.00257 0.00274 
0.0490 0.00599 0.00456 0.00575 0.00250 0.00228 0.00288 

Table 2. Weight and Maximum and Minimum Drag 

Weight (N) Maximum Lift (N) Minimum Lift (N) 
T1 T2 T3 T1 T2 T3 

0.0313 0.0294 0.0296 0.0295 0.0272 0.0276 0.0274 
0.0354 0.0332 0.0332 0.0330 0.0307 0.0306 0.0302 
0.0363 0.0343 0.0344 0.0336 0.0321 0.0321 0.0304 
0.0383 0.0360 0.0363 0.0360 0.0332 0.0340 0.0333 
0.0448 0.0425 0.0423 0.0421 0.0397 0.0393 0.0390 
0.0490 0.0460 0.0467 0.0461 0.0425 0.0441 0.0427 

Table 3. Weight and Maximum and Minimum Lift 

Weight (N) Max. Coefficient of Lift Min. Coefficient of Lift 
T1 T2 T3 T1 T2 T3 

0.0313 1.27 1.32 1.30 1.17 1.23 1.20 
0.0354 1.38 1.37 1.34 1.27 1.26 1.23 
0.0363 1.32 1.30 1.27 1.24 1.21 1.15 
0.0383 1.39 1.38 1.41 1.28 1.29 1.31 
0.0448 1.47 1.47 1.44 1.37 1.37 1.34 
0.0490 1.51 1.62 1.49 1.40 1.53 1.38 

Table 4. Weight and Maximum and Minimum Coefficient of Lift 

!
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Dynamics, prediction and preventing the phenomenon of “frost heave” at the design and 

building stages in regions of permafrost 

David Ackerman, Religious High School “Amit”, Beer Sheva, Israel. 

The Ilan Ramon Youth Physics Center at the Ben Gurion University of the Negev, Beer Sheva, Israel. 

Abstract 

On the basis of generalized model for the secondary frost heave in freezing fine-grained soils the asymptotic 

solution is obtained and described briefly. In contrast to the model of Fowler & Krantz (1994) we consider the 

distribution of the moisture within the frozen fringe by approximation of the experimental data for the 

equilibrium unfrozen water content. This distribution is the result of the complicated interaction between water, 

ice and the mineral skeleton during the freezing process. The Clapeyron relation, which is used in the work of 

Fowler & Krantz, estimates only the drop in initial freezing temperature and does not define the connection with 

the external temperature gradient ÑT, which is responsible for the frost heave process. We also present several

main results on the frost heave and frost penetration depth and experimental verification of the generalized model 

and asymptotic solution, which is very important for the prediction of the phenomenon. The some ways of the 

preventing frost heave discuss in this study. In this connection it is very important to study the pile foundations, 

which are widely used in permafrost regions. This aspect is considered in the paper. Moreover, it is derived and 

discussed the tangential frost heave forces, in particular adfreezing strengths, which are depend on the soil 

temperature and are result of the impact of the moving soil on the foundations. The calculation of the strengths 

through depth of soil is also presented. In this respect the analytical solution of the Boundary Value Problem for 

the temperature distribution in periodic boundary condition on the soil surface is obtained by means of the 

superposition methods in field of complex variable functions. It is also considered the example of calculations for 

real area of the permafrost in Canada. For this purpose on the basis of the field experimental data the main 

characteristics of the permafrost are obtained and the modelling of the soil surface temperature changes in annual 

period are presented. Using the criterion of the foundation stability against frost heave and tangential forces, 

respectively, the length of piles was calculated for different effective load on pile. 

The analysis of the models and results, which are in agreement with experimental data, make it possible to use 

this study at the stages of engineering design and construction in permafrost regions.   

Keywords: Permafrost; Frost heave; Tangential frost heave forces; Adfreezing strength; Piles’ 

foundations; Effective load on pile; Stability of foundation.  

1. Introduction

The effects of the harsh climate found in regions such as Canada, The United States and North-East 

Asia on civil engineering structures cannot be neglected by designers and contractors. For example, in 

the Province of Quebec (Canada), with freezing indices ranging from 800 to over 2000 degree-days, 

frost penetrates to depths greater than 1.5m and frost action mainly develops in frost-susceptible soils, 

leading to ice lens formation, surface heave, and eventual distress of structures (Konrad, 2005). 

Nevertheless, it should be noted that frost action in the soils is often ignored. The moisture in fine-

grained loamy soils, clays and silts, subjected to slow-moving freezing front, may cause unfrozen 

moisture movement toward the freezing front, and induce an accumulation of ice (Ershov, 1979a; 

Danielian et al., 1983; Nakano 1992; Bronfenbrener and Korin, 1997). In this case, the soil promotes 

the formation of ice lenses during the freezing processes, leading to frost heaving i.e. the upwards 

displacement of the soil surface and, as a consequence, causes the deformations and damage in the 

foundations of constructions. In general there are three necessary conditions for frost heave to occur: 

(1) frost-susceptible soil, (2) availability of water, and (3) freezing temperatures, or more specifically,

thermal conditions that will cause freezing front propagation slow enough to allow water transport.

Elimination of any one of these factors will eliminate frost heave for all practical purposes.
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In this respect the understanding the phenomenon and the development of predictive tools will allow 

for the anticipation of the adverse consequences of frost heaving on structures and preventing these 

consequences at the design stage.  

The scientific investigation of frost heave goes back to the 1920s. Studies of soil freezing were 

performed by Taber (1929, 1930).  They showed that the increase in volume is not only due to the 

different densities of water and ice, but mainly due to a water migration process from the unfrozen part 

of the soil towards the freezing front. These experiments demonstrated the phenomenon of frost heave. 

It is known that in soils such as silt, clay and loam, only a portion of the water (pore water) will 

freeze at the freezing point, and some liquid water will remain at sub-freezing temperatures. This 

equilibrium unfrozen moisture content depends on the specific surface of the soil (Anderson and Tice, 

1973; Fukuda et al., 1997; Michalowski and Zhu, 2006). The lowering of the water freezing 

temperature in porous media is a result of the very complicated energetic interactions of the active 

mineral surface with free and bound water. In this respect the equilibrium unfrozen water content 

distribution, which can be determined experimentally, reflects the total effect of these interactions 

during the crystallization process and ice formation. (Ershov, 1979a, b; Danielian et al., 1983; 

Michalowski, 1993; Bronfenbrener and Korin, 2002; Bittelli et al., 2004; Michalowski and Zhu, 

2006).  

An approach for the prediction of segregation potential using the frost heave response was carried 

out by Konrad (2005). This approach was based on frost heave characteristics of fine-grained soils. 

It is also necessary to pay attention on the O’Neill and Miller (1985) model. A mathematical 

description of this model is often called the rigid ice model for secondary frost heave. According to 

this model, the pore ice and ice lenses are treated as one body and heave rate is related to the ice 

velocity, which, in this case, will be independent of spatial coordinates and only a function of time, i.e. 

)(
s

t
i

vv = .

The secondary frost heave theory, based on a thermal regelation mechanism, which causes the 

movement of soil particles by a process of melting and refreezing under a temperature gradient and 

was first modeled by Gilpin (1979) and discussed in the context of interfacial premelting by Worster 

& Wettlaufer (1999). In accordance with Gilpin's concept, the conditions for frost heave rate can be 

written as T
si

Ñ-=- lvv , where  l  is an empirical constant.  

The generalized secondary frost heave model is presented in the work of Fowler & Krantz (1994). 

Although the authors' comment that their “Generalized model can predict the frost heave behavior of 

different soils and agree with the results of qualitative observations”, their study suffers from a 

common fault of a lack of qualitative comparison with the calculations of other authors and 

experimental verification. 

Another important aspect of the problem should be noted. In the studies of O’Neill K. (1983), 

0O'Neill and Miller (1985), Fowler, Noon (1993), Fowler & Krantz (1994) and Noon (1996) it is 

assumed that the distribution of temperature in the frozen fringe is given by a generalization of the 

Clapeyron relation, accounting for the effect of both pore pressure and capillary suction at the freezing 

temperature. However, it is well known that the Clapeyron relation estimates the reduction of the 

initial freezing temperature of water in the porous media and does not characterize the temperature 

distribution in the frozen fringe. In general the frozen fringe (freezing zone) is defined from the 

solution of the boundary movement problem (see for example Danielian, Yanitcky, 1983; Fasano,  

Primicerio, 1984; Bronfenbrener, Korin,1999; Bronfenbrener, 2009, 2012). The moisture in this zone 

is characterized by the redistribution of the unfrozen water content in a relatively wide temperature 

interval. From experimental investigations on the equilibrium unfrozen water content, this interval is 

approximately -0.3 to -14.0
 o

C. In this context we note (for example) that the moisture at the lens

Dynamics, prediction and preventing the phenomenon of frost heave at the design ...
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formation front 
l

W  in the study of Fowler & Krantz (1994, p.1666) is equal to 0.2. From experimental 

distributions (see Fig.1.1A) this moisture conforms (approximately) to the temperature -1.4
 o

C and -

6.6
 o

C for the silt and clay, respectively, and it is not in agreement with the temperature distribution

based on the Clapeyron relation. 

Fig.1.1. Equilibrium unfrozen water content: A – experimental data (Ershov, 1979a, b; Bittelli et al., 

2004; Bronfenbrener and Korin, 2002), B – dimensionless approximation. 

In our opinion the utilization of an equilibrium unfrozen water content ( )
eq

W T for finding the 

experimental moisture distribution, allows to obtain the gradient of the moisture at the front of most 

recent ice lens formation and, as a consequence, to estimate the water permeation flux. It is very 

important to recognize that the distribution of the equilibrium unfrozen water content is controlled by 

the external (given) gradient TÑ  and in this manner bound up with it.  

In an effort to develop a frost heave model which takes into account the basic features of the 

phenomenon, but which excludes strange parameters, and more importantly which can be further 

developed into an operational model for solving practical problems was considered in study by D. 

Sheng et al. (1995). In this study is considered the investigated computational behaviour of the model. 

The authors give some comparison of their results with experimental studies. It should be emphasized 

that the model also uses the generalization of the Clapeyron relation for the description of the 

temperature distribution within frozen fringe. In addition it is necessary to note that not all computed 

results by this model are in agreement with experiments (see for example tables 3, 4 of this study).  

In this respect it is very important to develop the models for the prediction of frost heave phenomenon 

in order to apply of the results to practical problems – engineering approach, in particular at the stages 

of design and constructions in the regions of permafrost. It is clear that in this way the asymptotic 

models (essential for the long period) for the prediction and preventing the frost heave would be useful. 

In this respect the results of the asymptotic solution in comparison with experimental data for the 

practical problem and some ways of the preventing frost heave discuss in present study. In this 

connection it is very interesting and important to study the pile foundations, which are widely used in 

permafrost regions. This aspect of engineering approach is also considered in the paper. Moreover, it is 

derived and discussed the tangential frost heave forces, in particular adfreezing strengths, which are 

depend on the soil temperature and are result of the impact of the moving soil on the foundations. The 

calculation of the strengths through depth of soil is also presented. In this connection the analytical 

solution of the Boundary Value Problem for the temperature distribution in periodic boundary condition 

on the soil surface is obtained. It is also considered the example of calculations for real area of the 

permafrost in Canada. For this purpose, on the basis of the field experimental data the main 

characteristics of the permafrost are obtained and the modelling of the soil surface temperature changes 

in annual period are presented. Using the criterion of the foundation stability against frost heave and 
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tangential forces, respectively, the very important characteristic for the stability of piles’ foundation – 

length of piles, was calculated for different effective load on pile. The analysis of the models and 

results, which are in agreement with experimental data, make it possible to use this study at the stages 

of engineering design and building in permafrost regions for estimation and preventing the frost heave 

effect on the constructions.  

2. Asymptotic solution for the long time – engineering approach

We shall now proceed to obtain the asymptotic solution. It should be noted that this solution is 

interesting in engineering. In particular, it is very important that the solution for the long time can be 

applied in engineering practical problems at the design and construction stages for the estimation of 

the thermal behaviour at the base of the freezing front position, when the frost penetration tends to 

have a constant depth and rate of frost heave becomes constant. 

For obtaining the long time solution, we write the system of equations with respect to the freezing 

phase front (frost penetration) 
f

z  and frost heave coordinate
s

z  (see Fig.2.1), which was obtained by 

means of simplification of the developed generalized model for the frost heave in following form: 

f

s f f b

d z A B

d t z z z z
= - +

- -
,  (2.1) 

s

s f

d z C

d t z z
=

-
,  (2.2) 

where the constants A, B are defined by following relationships: 

1

1

l

b

l

S te
A k

P e W

S te
B

P e W

b

q

üæ ö
= - ×ç ÷ ï
è ø ï

ý
ï= ×
ïþ

1
b

üæ ö
b ×ç ÷bb ï

. (2.3) 

Fig.2.1. Schematic description of model system: cross-section of soil undergoing a frost heave. 

The value C depends on Miller’s or Gilpin’s model and is calculated according to the model of 

thermal regelation process as 

s
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- for “Rigid ice model” of Miller

( ) ( )1 1
R

l

C
W

b
b

d f
= =

é ù- - -ë û

b
, (2.4) 

- for Gilpin’s model

( ) ( )

( ) ( )

1

1 1

l

G

l

W
C

W

lb b d f
b

d f

+ - × -
= =

é ù- - -ë û

(b b d f(1b b d fb b (1
, (2.5) 

with dimensionless parameter 

f s
T T

P e
l

l
b

a

-
= ×

and the following convective ( Pe ) and phase transition ( Ste  ) criteria of the problem: 

ar

00
,

)( HU
Pe

L

TTC
Ste

w

sfp

=
-

= . (2.6) 

The other main parameters are: 

( )
( )

0 0 m in

2

0

1

1
l l

ll

a W W
f P p

Wa

b b
q

¥

+ -
é ù= - - × ×ë û

-
b b é ùf P= -b bb b é ùé ùf Pé ùé ùf P , (2.7) 

( )
l

l

u n fr f s

k L S te

P eg k T T

g s
b = ×

-
, (2.8) 

0

l

l

W
k k

g

f

æ ö
= ç ÷

è ø
 , (2.9) 

We note that system of equations (2.1) – (2.2) is presented in following dimensionless variables
1
:

0

0

0 0 0

s

s

0 0 0

, , ,

v v
, v , v

i

i

Hz t
z t t

H t U

U
U

U U U

ü
= = = ï

ï
ý
ï= = =
ïþ

, (2.10) 

in which 
bs

zzH -=
00

 is a length scale and 
0s

z  is the initial coordinate of the soil surface. We note 

that in laboratory experiments 0=
b

z  and 
0s

z are the bottom and top of the sample, respectively, so 

that 
0

H  is the height of the sample. Since the frost penetration depth (freezing front coordinate) 
f

z

occurs between coordinates 
b

z  and
0s

z , the value 
0

H is also a representative length scale for the 

conduction process. For the freezing front propagation velocity
f f

V dz dt= , ice velocity 
i

v  and, 

consequently, for the frost heave rate v
s s

d z d t= we define the velocity scale
0

U , which also 

characterizes the time scale
0

t . As a scale for both the capillary suction and the other pressure variables 

we take s  which is the characteristic value of the cryostatic suction; for example sff = ,

s
ww

pp =  etc. 

1
For convenience, in following the line over values has been dropped with the understanding that the appropriate values 

have dimensionless form. 
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 It is the physical concept of the freezing processes in porous media under constant temperatures at 

the external boundaries (in our case at 
s
z and at

b
z ), that when temperature distribution achieves a 

steady state, which occurs over the long time, the freezing front position remains constant and the 

freezing front velocity approaches zero. Hence, introducing into consideration the initial soil surface 

coordinate
0s

z , from Eq. (2.1) we obtain: 

( ) ( ) ( ) ( )0 0 0 0

0

s s f s f s b s

A B

z z z z z z z z

- + =
- - - - - -

.  (2. 11) 

The last equation can be rewritten in following form: 

( )
( ) ( )0 00

0

0

0

1
s f s bs s

s f

s f

A B

z z z zz z
z z

z z

- - =
æ ö - - --

- +ç ÷ç ÷-è ø

.  (2. 12) 

During long times (Fig.2.2) ( ) ( )0 0
1

s s s f
z z z z- - 1  or 1

s f
h h 1 and hence Eq.(2. 12) is 

transformed to the following equation: 

( ) ( ) ( )0 0 0

0

s f s f s b

A B

z z z z z z

- - =
- - - -

.  (2.13) 

Fig.2.2. Schematic model for asymptotic solution (long time analysis).

We recall that all equations have a dimensionless form, therefore
0s f f

z z h- = , where 
0f f

h h H= is 

a dimensionless value of the front propagation and
0

1
s b
z z- = . 

Solving Eq.(2.13) with respect to 
f
h  and dropping the line over 

f
h  with the understanding that it has 

a dimensionless form, we obtain the value of the front propagation for long times, that is:  

f

A
h

A B
¥
=

+
.  (2.14) 

Analogously, the transformation of equation (2.2) when taking into account that 

( ) ( )0 0
1

s s s f
z z z z- - 1 leads to following differential equation: 

s

f

dh C

d t h
= .  (2.15) 

b
z
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The integration of the last equation gives the limiting dependence (for long times) of the frost heave 

on time: 

( )s

A B
h t C t con s t

A
¥

+
= × +  (2.16) 

Equations (2.14) and (2.16) are supposed to mean that beginning from the time t t>t t , where tt  is 

sufficiently large, the following functions take place: 

( )

( ) ( )

lim
f f

t

s s

t t

A
h t h

A B

A B
h t h t C t co n s t

A

¥
® ¥

¥

>

ü
= = ï+ ï

ý
+

ï= = × +
ïþ

) (s s)
t t

h t h t) (¥
h t(

.  (2.17) 

For the illustration of the results in Fig.2.3 we compare the frost heave ( )s
h t  and freezing front 

propagation ( )f
h t  computed using generalized model with appropriate profiles by using the 

asymptotic solutions. 

Fig.2.3.Comparison between asymptotic solution for the long time and solution obtained on the basis 

of the system of equations (2.1)-(2.2): A – frost heave; B – freezing front propagation. 

The calculations are carried out on the basis of the data borrowed from the study of Noon (1996). A 

variant of silt freezing under temperature behaviour is considered, which is characterized by 

0 .5
s
T C= - ° and 1 .0

b
T C= ° . The present variant corresponds to 0 .2 5 6P e S te = and to overburden 

pressure 30P kPa= . Height of the sample 
0

0 .1 5 3H m=  and the scale of the velocity is assumed to be

8

0
10U m s

-
= . In this manner, the time scale is 7

0
1 .5 10t s= × . The comparison for the long times is 

presented in Fig. (2.3A). It follows from the graph that the solution, based on the system of equations 

(2.1) – (2.2), as well as the asymptotic solution (2.16) have the same slope 0 .2 7 4
s s
z Vº = 0 .
s s
z Vº =z Vz V  and are 

distinguished by the constant, that is reflected in solution (2.16). It is very important for an 

engineering estimation that the asymptotic solution gives the heave rate with sufficiently high 

accuracy. 

Figure 2.3B plots the freezing front propagation obtained by realization of the model presented. For 

the long term we give several points corresponding to the asymptotic solution (2.14). The points in the 

graph are characterized by error bars corresponding to 3.5%. It can be seen that the discrepancy does 

not exceed this percent.  

According to asymptotic solution for the frost heave in Fig.2.4 we present the heave rate, which is 

obtained in dimensionless coordinates from realization of the general model. As would be expected, 
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the heave rate approaches the asymptotical solution 0 .274
s
V

¥
= , which is in agreement with Eq.(2.16) 

from which ( )s s
V h C A B A

¥
= = × +(V h C A(V h C AC A(  is a slope of the function ( )s

h t (see also Fig.2.3A). 

Fig.2.4. Heave rate as function of the time (the distribution corresponds to solution in Fig.2.3). 

For verification we present the comparison of the asymptotic solution for the long time, which allows 

predicting of the frost heave dynamics, with experimental investigations. As an example, we consider the 

experiment by Penner and Ueda (1977), which is described in the study of Sheng et al. (1995). In this 

experiment for the silt soil sample of height 
0

9 .8 2H cm=  and initial moisture 
0

3 8 %W =  the freezing 

process was studied. The porosity of the considered soil was equal to 0 .4f =  with density

3
1680

s
kg mr = . The mean hydraulic conductivity of the soil was 8

0
10k m s

-
= and the overburden 

pressure in the experiment was hold 4 9P kP a= . The temperatures at the cold and warm boundaries were 

constant and equal to 1 .8
s
T C= - °  and 1 .9

b
T C= ° , respectively. For the modeling as the scale of the 

pressures and suction function ( )f W was chosen the value 1 ba rs = and as a characteristic scale for rate 

of the frost was taken 8

0
10 /U m s

-
= . For the obtaining of the moisture 

l
W at the boundary of lowest ice 

lens 
l
z (Fig.2.1) it can be used the total pressure balance in the form (Fowler & Krantz, 1994):  

)()1( WfppP
we

c-++= , (2.18) 

in which P  and 
e
p  are the overburden pressure and the effective stress exerted by the soil grains 

when they are in contact, respectively; )(Wc  is the stress partition function which can be represented 

as 

r
W

÷÷
ø

ö
çç
è

æ
=

f
c ,  (2.19)

where 1.2r = is an empirical constant. 

Since in the course of ice lens formation soil particles will readily separate, in this case the effective 

stress 0=
e
p . This fact can be considered as a criterion for the new ice lens formation, and therefore 

from the Eq. (2.18) after simple transformation we obtain the mathematical description of the criterion 

for initiating a new ice lens as 

)()](1[ WfWpP
w

c-=-  (2.20) 

It is known that the character of the water pressure distribution shows that within the permeation 

boundary layer ¥
» pp

w
. In this case the value of the moisture, corresponding to pressure 

l w l
p p
l w l
p p
l w ll w l

 at 
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the boundary of lowest ice lens, is
l

WW » . Hence, the criterion for new ice lens formation can be 

written as follows: 

ll
fpP )1( c-=-

¥ ,  (2.21) 

 where )(
ll

Wcc = and )(
ll

Wff = . 

The graphic solution of the equation (2.21) for the obtaining the moisture 
l

W at the boundary 
l
z is 

presented in Fig. 2.5. 

Fig.2.5. Calculation of the moisture 
l

W using the suction function and Eq.(2.22). 

The calculation results according to the asymptotic solution are listed in Table 2.1.  

Table 2.1. Calculation results according to asymptotic solution 

l
W

1.0 0.0152 0.0093 0.231 0.0183 0.2887 

( )
f
h cm ( )

f
z cm

4.8561 7.5008 0.3895 3.198 10
-2

4.305 4.515 

We note that the calculated heave rate by asymptotic solution ( )s s
V h C A B A

¥
= = × +(V h C A(V h C AC A(  (Table 2.1) in a 

good agreement with experimental value 2
3.15 10

s
V cm hour

-
= ×  (see table 3, experiment No. 9 in study by 

Sheng et al., 1995). The relative error does not exceed 1.5%. For graphical illustration in Fig.2.6 we present 

the time-dependent function of frost heave rate, obtained from general model, in comparison with asymptotic 

solution and experimental value. It can be seen that all results are in a good agreement. 

Fig.2.6. Comparison between asymptotic solution, generalized model and experiment by Penner and 

Ueda (1977) 

k S te P e
lb bb

A B C ( )s
V cm hour
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Thus, the results of comparison indicate that the presented model of asymptotic solution can 

satisfactorily reproduce the frost heaving process associated with freezing and can be used for 

engineering problems as predictor for studied phenomenon at the design and construction stages. 

3. Preventing frost heave at the stages of design and construction

As was mention in Introduction the large soil heaves (frost heave) are a result of ice segregation and 

ice lenses which form under the following conditions: 

- frost-susceptible soils;

- soil water;

- freezing temperatures in the soil.

Elimination of any one of these factors will eliminate frost heave for all practical purposes. 

It is known from the studies (see for example Michalowski and Zhu, 2006; Fowler and Noon, 1993) 

and engineering practices that the decreasing of the water migration leads to the decreasing of the frost 

heave rate. In this connection one of the steps for this purpose is to make a good drainage in order to 

remove the water from the construction aria so as to decrease the moisture migration flux. In our 

model the moisture flux U defines by Darcy’s law  

( )zgp
g

k

ww

w

h r
r

+Ñ-=U

 with hydraulic conductivity ( )0h
k k W

g
f= , where 

0
k  and g  are constant, depending on the type of 

soils. It is follows from Darcy’s law that the reduction of the 
0
k  leads to the decreasing of the moisture 

flux. In this respect in Fig.3.1 we plot the dynamics of the frost heave for the different coefficients
0
k . 

The calculations are made on the basis of the data, presented by Noon (1996). 

Fig.3.1. Dynamics and changes of the heave rate, depending on the hydraulic conductivity:

A – dynamics of the frost heave for different coefficients 
0
k (general model); B – frost heave rate as a 

function of coefficient 
0
k (asymptotic solution). 

It can be seen from the graphs that with the decreasing of coefficient 
0
k that conforms to decrease of 

the migration process, the values of the frost heave as a function of time decrease (Fig. 3.1A). 
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According to the asymptotic solution, obtained by means of Eq. (2.16) the Figure 3.1B describes the 

rate of the frost heave as function of coefficient
0
k . As was expected, this dependence is linear. This 

result follows from calculation of the coefficient C  by equations (2.4) or (2.5) and also from 

calculation of the parameters (2.7), (2.8) which depend on 
l
k  and, as consequence, on 

0
k (see formula 

2.9). For preventing the effect of the frost heave on the relative small buildings as cottages, small 

garages and closed small parking, in Canada, Alaska and North America the soils in construction 

areas are changed by granular (non-susceptible) soils. In addition for these buildings it is used the 

shallow foundations or foundations on the short piles (Fig. 3.2).      

Fig.3.2. Schematic description of building on the short piles: the technology of preventing effect of 

the frost heave (bottom of footing is below the active layer, in permafrost)  

In this technology the frost heave is avoided by extending bottom of short piles below the frost line 

(active layer) in permafrost. Some times in order to reduce frost penetration depth it is commonly 

used the thermal insulation that leads to stability of the construction. 

It should be emphasized that the soil temperature in regions of permafrost is determined by heat 

exchange between soil surface and air. The temperature of air (environmental temperature) ( )
en v
T t

varies in annual period 
0
t according to periodical function with winter 

env
T

- and summer 
env
T

+

temperature amplitudes, respectively. Duration of the winter period is 
* 0

2t t>  (Fig.3.3). 

Fig.3.3. Schematic description of the environmental (air) temperature in annual period in regions of 

permafrost.  

48

David Ackerman, ISRAEL



In accordance with environment temperature the soil surface temperature is also varied in periodic 

form. It should be noted that in variation during annual period of the temperature in soil (Fig.3.4), in 

active layer and in part of permafrost up to depth of zero annual amplitudes – ZAA the tangential 

forces (adfreezing forces – strength) effecting on the foundation of engineering constructions and 

therefore causing damage.    

Fig.3.4. The characteristics of the temperature behaviour in regions of permafrost. 

In Fig.3.4 T
- and T

+ are temperature amplitudes on the soil surface in winter and summer period, 

respectively; 
0

( ) / 2T T T
+ -

= +  is mean yearly surface temperature (temperature of permafrost); 
f
y is

maximal thawing depth (value of the active layer); ZAA is depth, at which (where) the temperature 

during all year is not changed. The red and blue curves are distributions of maximal and minimal 

temperatures through depth in the course of year. 

 It is important to emphasize on several characteristic regularities of permafrost (see for example 

Ershov and Williams, 2004; Terry Mc. Fadden, 2001; Kudryavtsev, 1981). In general, existence of 

permafrost is possible only if amount of heat incoming into the soil is less of the heat outgoing from 

the soil, namely – the existence of soil freezing process. In addition, in regions with permafrost winter 

period (with negative temperatures of the air) much greater then summer period with positive air 

temperatures. 

The balance of the heat (cold) in dependence on periodical exchanges of the environmental (air) 

temperature in the course of the year and, as a consequence, the surface temperature, determines the 

main characteristics for each region of permafrost. In other words the temperature 
0
T at depth of ZAA 

- 
0

H , value of active layer (depth of frost penetration or maximum of thawing) – 
f
h together with 

thermal and physical soil properties are main characteristics for regions of permafrost. 

The temperature field is symmetrical with respect to the temperature 
0
T at each depth of soil up to 

0
H (ZAA). Such distributions of the soil temperature are a consequence of periodic changes at the soil 

surface in the course of the years. 
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4. Temperature behaviour of permafrost, adfreezing strengths in piles and building’s stability

against frost heave 

It should be noted that the prediction of the frost heave and frost penetration is a very important 

problem at the stages design and construction the piles foundations of buildings which are widely used 

in cold regions, in particular in arias of permafrost. The upward tangential force (adfreezing strength) 

exerted on pile surface is the result of frost heaving of soil which is adfrozen to the pile (Fig.4.1). 

Fig.4.1.Schematic description of construction on the piles foundation: protecting permafrost 

technology. 

It should be also emphasized that even small displacement of a pile in frozen soil can destroy the 

adfreezing bond between a pile and the soil and therefore causes the deformations in the basis of 

foundation and, consequently, in the building as a whole. For example we note, that according to 

studies which are described by Andersland and Anderson (1978, p.338) “Generally, the adfreeze bond 

of normal-length pile is broken after only 3 mm displacement”.  

The strength and deformation behaviour of piles is significantly affected by the temperature of the 

surrounding soil. It is well known that decreases in the temperature of a frozen soil result in an 

increase of the strength. A summary of the variation of adfreezing bond strength with changes in 

temperature and effect of temperature on the deformation of piles in frozen soils are presented in study 

of Weaver and Morgenstern (1981). From the other side, for the protection of permafrost it is applied 

the building technology with ventilated space between construction basis and soil surface (Fig.4.1). 

It is clear, that in stages of design and construction from the functional purpose of building and, as a 

consequence, bearing capacity, according to the adfreezing strength distribution along pile, it should 

be chosen the form, material of piles and their length.     

Thus, the modelling and prediction of the adfreezing strengths gives a possibility to choose the main 

characteristics of the pile foundations so that to provide the building stability. There are numbers 

models for the calculation of the adfreezing strengths (Khrustalev and Pustovoit.1998; Biggar and 

Sego, 1993; Jianming et al., 1998 and so on). The analysis of experimental results and approaches to 

calculation showed that the model, descripted in the book by Khrustalev and Pustovoit (1998) is more 

simple but accurate, and, that is very important, marks for the technology of building on the 
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permafrost. According to their model the tangential force – adfreezing strength ( )kP at can be 

calculated as follows: 

1 0
( , )b T y t bt = - , (4.1) 

where for the silt and loamy soils  ( )
0 .5

1 0
1 3 3 , 3 1b kP a C b kP a

-
= × ° = and for sandy soils

( )
0 .5

1 0
1 7 3 , 4 2b kP a C b kP a

-
= × ° = .

In Fig.4.2 we present as an example the tangential adfreezing strength depending on the temperature 

for different types of soil. 

Fig.4.2. Effect of temperature on the tangential forces (general calculation). 

It can be seen from the graph that with decreasing temperature the adfreezing strength in loamy soils 

is increased and in interval of the temperatures ( )1 0 0C T C- ° £ £ °  reaches the maximum 0 .5 MPa .

For example, if this value of adfreezing strength is taken into consideration, the bearing capacity of the 

pile should be at least 0 .5 MPa . For the stability of the building the material and dimensions of pile 

must be chosen on the basis of this value. 

For the prediction of foundation state in real conditions and to obtain the tangential forces effecting 

on the piles for the period of building the exploitation, the distribution of the temperature ( ),T y t

trough depth of soil should be found. This distribution we obtain from the solution, which satisfies the 

following differential equation 
2

2

T T

t y
a

¶ ¶
=

¶ ¶
(4.2) 

 with periodic boundary condition at the soil surface (Fig.4.1): 

for 0y =  ( ) ( )0

0 1
0, co sT t T T tw= + , (4.3) 

for y ® ¥
0

T T= . (4.4) 

In equation (4.2) and conditions (4.3), (4.4) a is thermal diffusivity of freezing soil, 
0
t , 

0
2 tw p=

are annual period (year) and frequency in annual period, respectively. 

 For the solution we use the principle of superposition: 

( ) 0 1
, ( , ) ( , )T y t u y t u y t= + , (4.5) 
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 in which the functions 
0
u and 

1
u  satisfy the following differential equations: 

2

0 0

2

u u

t y
a

¶ ¶
=

¶ ¶
(4.6) 

      and  
2

1 1

2

u u

t y
a

¶ ¶
=

¶ ¶
. (4.7) 

According to superposition principle the boundary conditions for each function can be described as 

( )

( )

0 0

0 0

0 , ,

,
y

u t T

lim u y t T
® ¥

ì =
ï
í

=
ïî

(4.8) 

( ) ( )0

1 1
0, co su t T tw= . (4.9) 

It is clear that the functions ( )0
,u y t and ( )1

,u y t are bounded as y ® ¥ . 

Obviously, that the ( )0 0
,u y t T= is solution of the problem (4.6), (4.8). 

It is known (Khrustalev and Pustovoit, 1988) that the piles stability and, as a consequence, stability 

of building depends on the resistance of piles to tangential forces (adfreezing strength) arising 

between pile and permafrost. Therefore, before solving the problem, we turn to system of coordinates 

f
z y h= - , associated with phase front 

f
h (see Fig.4.3)    

Fig.4.3. The system coordinates, associated with phase front. 

It is clear, in new system the solution for function 
0
u keeps also the same form 

( )0 0
,u z t T= . (4.10)  

   In new system the equation for function ( )1
,u z t gives the form 

2

1 1

2

u u

t z
a

¶ ¶
=

¶ ¶
(4.11) 

with following condition at the boundary 0z = (Fig.4.3): 
52

David Ackerman, ISRAEL



u
1 ( 0, t ) = T

1 co s (w t ) . (4.12) 

We will find the solution for the function ( )1
,u y t in the following form

( ) ( ) ( ){ }1
, R eu z t U z exp i tw= , (4.13) 

where ( )U z is the function of z , i  is the imaginary unit, { }R e z}z is real part of the complex number

zz .  

Substituting (4.13) into equation (4.11), we obtain the differential equation for function ( )U z

( ) ( ) ( ) ( )
1

0U z exp i t i U z exp i tw w w
a

¢¢ - =

or 

( ) ( ) 0 , 0U z ki U z zw¢¢ - × = < < ¥ (4.14) 

with 1k a= . 

The function ( )U z is restricted within the range of 0 z< < ¥ and it is possible to prove that the value of

this function at the boundary 0z =  equal to the temperature
1
T , namely ( ) 1

0U T=  (see Appendix A).

The general solution of Eq. (4.14) can be written in following form: 

( ) ( ) ( )1 2
U z c exp k i z c e xp k i zw w= - × + × . (4.15) 

Restriction of the function ( )U z gives  
2

0c =  and condition at the boundary 0z = leads to

( )1 1
0c U T= = . Therefore the solution of the Eq.(4.14) can be written as

( ) ( )1
U z T exp k i zw= - × . (4.16) 

It will be readily seen that 

( ) ( )

2

21
1 1

2 2

k
k i k i i

w
w w

æ ö
= + = +ç ÷ç ÷

è ø

. (4.17) 

Using the equality (4.17), the solution (4.16) takes the final form: 

( ) ( )1
1

2

k
U z T exp i z

wæ ö
= - +ç ÷ç ÷

è ø

(4.18) 

and in addition according to the equations (4.5), (4.10) and (4.13) we obtain the solution of the 

problem for the temperature ( ),T z t :

( ) ( )0 1

0 1

, R e 1
2

R e
2 2

k
T z t T T exp i z i t

k k
T T exp z exp z t i

w
w

w w
w

ì üæ öï ï
= + - + + =ç ÷í ýç ÷

ï ïè øî þ

ì üæ öæ ö æ öï ï
= + - - +ç ÷ç ÷ ç ÷í ýç ÷ ç ÷ç ÷

è ø è øï ïè øî þ
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Replacing the real part of the complex number according to its definition and introducing the following 

notations 

0
2

k
m

t

w p

a
= = , (4.19) 

we obtain the solution in following form: 

( ) ( ) ( )0 1
, co sT z t T T exp m z t m zw= + - - . (4.20) 

We remember that in the problem the temperature 
0

0T <  is the temperature at the depth of 
0

H  at 

which the temperature is not varied throughout the year and 
1
T is in general the amplitude of 

temperature variation in annual period. 

For the winter season 
*

0 t t£ £  the amplitude 
1 0
T T= - (Fig.4.3) and then the solution (4.20) can be 

written in the final form: 

( ) ( ) ( )0
, 1 co sT z t T exp m z t m zwé ù= - - -ë û . (4.21) 

We also remind that in the solution
0

2 tw p= , ( )0
m tp a= and a  are the frequency of the soil

temperature in annual period, parameter and thermal diffusivity of permafrost, respectively. 

The calculation and analysis of the thermal behaviour, distributions (with depth) of the adfreezing 

strength in piles foundations and, as consequence the building stability we give on the basis of real 

conditions. For this purpose we consider the construction area in region of permafrost in Canada. It is 

clear that the thermal state of the soil in building area can be different from region state. Therefore, 

during the design and construction stages the measurements of the necessary parameters, their 

treatment and analysis are carried out. This is essential in order to obtain and to estimate the data for 

the construction. 

As an example in Fig.4.4 we give the results of monitoring for the soil surface temperature in region 

of permafrost in Canada (Osterkamp, Burn, 2002). 

Fig.4.4. The variation of the soil surface temperature in annual period. 

From the graph of monitoring and analysis of the study the main characteristics for considered 

region are: 

- temperatures minimal (in Winter) and maximal (in Summer) of the soil surface are

- 2 0T C
-
= - ° and 1 5T C

+
= ° , respectively;
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- winter period (with negative temperature) is 
*

0 .6t = (in part of year unit);

- the maximal depth of the thawing front – active layer is 2 .5
f
h m=  .  

It follows from this information that the temperature of permafrost at the depth 
0

H  of Zero Annual 

Amplitudes equal to ( )0
2 2 .5T T T C

- +
= + = - ° . In accordance with this data in Fig.4.5A the changes

of the soil surface temperature in annual period, which are obtained by means of our modelling, are 

presented.  

Fig.4.4. Changes in the temperature: A – at the soil surface in annual period; B – at the front in 

winter season. 

The changes of the temperature at the phase front in winter season (beginning from the maximal 

depth of the thawing) in coordinates system associated with phase front (see Fig.4.3), in which was 

obtained the solution (4.21), we plot in Fig.4.5B. 

As a result from the calculation, based on the solution (4.21) and information discussed above, in 

Fig.4.6 we present the temperature distributions in permafrost at various times of the winter period. 

Fig.4.6. Temperature distribution in the permafrost in winter period. 

As was expected, the temperature distributions are symmetric with regard to the temperature 

0
2 .5T C= - °  which confirms the permafrost regularities (see section 3). It is necessary to note that in 
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this figure we also give the envelope curves, related to the maximal (right hand-side) and minimal (left 

hand-side) temperatures in winter period. According to the temperature distributions ( ),T z t it is

possible to evaluate (see formula 4.1) the tangential forces (adfreezing strengths) ( ),z tt , exerted on the 

pile’s surface (Fig.4.1) that causes the tension in piles, their deformation and, as consequence, the 

destruction of the foundation. In this respect it is very important at the design and construction stages to 

calculate the adfreezing strengths and to select the material and dimensions of piles so as to provide 

bearing capacity which develop their support in building stability.  

As an example we plot in Fig.4.7 the distribution of the adfreezing strength along the length of 

concrete pile in frozen loamy soil. For the calculation we took in consideration the distribution of the 

temperature corresponding to the minimal temperature – left envelope curve (also in Fig.4.7). As was 

mention above, in this case the tangential forces are maximal. 

Fig.4.7. The temperature and adfreezing strength distributions along the length of ten-meter pile in 

permafrost. 

It can be seen from the graphs that for the minimal temperature 5T C= - ° (at the front when 0z = ) the 

adfreezing strength is maximal and equal to 0 .2 6 6 M Pat = . 

It should be noted that for the stability of building on the pile foundation (the main technology of 

construction in permafrost regions) the choice of piles’ dimensions (especially length of piles) 

depending on adfreezing strength and effective load on pile is a very important problem. For this 

purpose at the stages of design and construction, the “Standard” for building in the permafrost regions is 

used. The “Standard” which was developed in the United State of America, by Cold Regions Research 

and Engineering Laboratory (CRREL) (Linnel and Lobacz, 1980), and is the requirement of Technical 

Manual TM 5-852-4/AFM 88-19  “Artic and Subarctic Construction Foundation for Structures” (1983).     

 According to the TM-5 method, the stability of the foundation against frost heave can be found using 

the following equation: 

1

1
( )

h f p
Q Q Q

F s
= + , (4.22) 

where 

h f h f h f
Q At= × (4.23) 

h f
t is adfreezing strength mobilized between frozen soil and pile by frost heave in the active layer,

which according to TM-5 should be assumed equal to 3 0 0 kP a for the steel piles; for concrete and wood 

piles it should be equal to 2 0 0 kP a ;  

h f
A  is the surface area of pile in the active layer; 
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Fs is factor of safety, equal 3.9;  

1
Q   is the effective load on pile; 

 
p

Q  is the adfreezing bound capacity mobilized between permafrost below the active layer and the pile 

in length l  (see Fig.4.1). 

In general the adfreezing bound capacity is calculated as following integral: 

( )
l

p

A

Q z dAt= ò , (4.24) 

where 
l
A is lateral area of pile’s part in length l  which is found in permafrost. 

The integral (6.24) can be also written in the form: 

( )
0

l

p
Q z d lg t= ò . (4.25) 

The parameter g depends on pile’s form. For the square pile 4 ag = ( a is the side of cross section) and 

for the circular pile 2 rg p= , where r  is radius of pile. 

Thus, in order to obtain the pile’s length it is necessary to solve the Eq.(4.22) with respect to l and to 

find the length of pile 
f

l h+ with addition of height of ventilation space (Fig.4.1). 

It is clear that the solution of the Eq.(4.22) can be obtained only by numerical methods. Nevertheless 

in accordance with “Standard” it is assumed to calculate the integral (4.25) for maximum ( )zt , i.e. for

( ){ }m a x
z

m a x zt t= . In this case the integral (4.25) can be represented in the following form

m a x m a x

0

l

p
Q d l lg t gt= = ×ò (4.26) 

and therefore the value l can be obtained from the solution of Eq. (4.22), which is transformed to the 

linear equation. 

 It is necessary to note that dimension of the values
h f

Q ,  
1

Q  and 
p

Q  is kN . 

As an example we give the variant of calculation and choosing the piles in construction on the 

permafrost. The variant is based on the following data (Fig.4.1). We consider the thermal behaviour and 

distribution of the adfreezing strength which described above (Figs. 4.4, 4.6, 4.7). The height of the 

ventilated space (Fig.4.1) is 1 .0 m and the active layer for the considered region is 2 .5
f
h m= . It is used 

for the building the square concrete piles with cross section area
2

3 2 3 2 cm´ . The effective load on pile 

is
1

2 0 0Q kN= . According to “Standard” the adfreezing strength between piles and soil in active layer is 

taken 200
hf

kPat = and from the calculation (see Fig.4.7)
m a x

2 6 6 .4 kP at = . The factor of safety equal to

3.9Fs = . On the basis of this data we obtain: 

( )2 0 0 2 .5 0 .3 2 4 6 4 0
h f

Q kN= × × × = , 

4 0 .3 2 2 6 6 .4 3 4 0 .9 9 ( )
m a x

kNg t× = × × = .

Thus, we obtain the following equation with respect to l : 

( )
1

6 4 0 2 0 0 3 4 0 .9 9
3 .9

l= + × ,
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the solution of which is l = 7 .3 2 m and length of pile is 

0
7 .3 2 2 .5 1 .0 1 0 .8 2 1 1 ( )l m= + + = » . 

For the comparison we consider variant with effective load on pile
1

3 0 0Q kN= . As could be expected 

in this case the value 6 .4 4l m= and length of pile is shorter, i.e. 
0

9 .9 4 1 0l m= » . This result 

corresponds to the physical process: the growth of overburden pressure 
1

Q on the pile reduces the effect 

of the tangential forces on the pile and, as a consequence, decreases the frost heave. 

Thus, the developed models, described in this study, give a possibility in the design stages to estimate 

the thermal behaviour in the permafrost and to choose the piles foundation for the constructions in the 

cold regions.     

5. Conclusions

1. Based on the generalized model of the secondary frost heave, the asymptotic model for the long

time is presented. The cryostatic suction effect that causes an increase in upward water

permeation, ice-lens growth during freezing, and, as a consequence, the increase in soil heave,

has been considered as the main mechanism of moisture transfer.

2. In contrast to the models of other authors (e.g. Fowler & Krantz, 1994) we recognize the need to

determine the distribution of the moisture within the frozen fringe by approximation of

experimental data. The equilibrium unfrozen water content reflects the complicated interactions

between water, ice and mineral skeleton during the freezing process. The generalization of the

Clapeyron relation, which is used in the work cited above, estimates just the drop in initial

freezing temperature and does not give a connection with external temperature gradient which is

responsible for the frost heave process.

3. It is very important that the solution has been obtained in the form of characteristic criteria Peclet

( Pe ) and Stefan ( Ste ). This approach allows obtaining the more general solution as well as to

analyze the frost heave and propagation of the freezing front as dependent on the convective and

phase transition components of the problem.

4. It is very important that the asymptotic solution for the long time can be applied as engineering

approach to practical problems at the design and construction stages. In this respect it was

compared the results obtained by asymptotic solution with experimental data and it is found a

good agreement between them. On the basis of this consideration the engineering method for the

estimation of very impartment engineering parameters – the frost heave rate and frost penetration

depth is presented.

5. The some ways of the preventing frost heave we discuss.  In this connection on the basis of

asymptotic solution the effect of the water migration on the frost heave and its rate is analyzed. It

is shown that decreasing of the water migration leads to the decreasing of the frost heave rate.

Therefore one of the steps for this purpose is to make a good drainage in order to remove the

water from the construction aria so as to decrease the moisture migration flux. In addition for the

buildings on the shallow foundations or foundations on the short piles the frost heave can be

avoided by extending bottom of short piles below the frost line (active layer) in permafrost. Some

times in order to reduce frost penetration depth it is commonly can be used the thermal insulation

that leads to stability of the construction.

6. It is derived and discussed the tangential frost heave forces, in particular adfreezing strengths, which are

result of the impact of the moving soil on the foundations. The model and calculation of the strengths,

depending on the temperature distributions in permafrost, through depth of soil is also presented. In this

respect the analytical solution of the Boundary Value Problem for the temperature distribution in periodic
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boundary condition on the soil surface is obtained by means of the superposition methods in field of 

complex variable functions. It is also considered the example of calculations for real area of the permafrost 

in Canada. For this purpose on the basis of the field experimental data the main characteristics of the 

permafrost are obtained and the modelling of the soil surface temperature changes in annual period are 

presented. Using the criterion of the foundation stability against frost heave and tangential forces, 

respectively, the length of piles was calculated for different effective load on pile. 

7. The theoretical concepts and the results obtained from the modeling presented are in agreement

with appropriate experimental investigations. The present models and solutions predict the

temperature behaviour of permafrost and consequently the adfreezing strengths distributions

satisfactorily reflect the regularities of the studied process. The utilization of these models for the

calculation of the main parameters of piles’ foundation makes it possible to apply the results of

this study for the estimation of the piles’ foundations stability in construction at the regions of

permafrost.
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Appendix A 

The condition for function ( )U z at the boundary 0z = .

First of all we consider and prove the following Lemma on “Zero sum of complex exponentials”. 

Lemma: If, for two complex constants ,a b , we have 

( ) ( ) 0a exp i t b exp i tw w× + × - = (A1) 

for all times t in some open interval, then 0a b= = .  

Proof: Differentiation of the equality (A1) in time t gives 

( ) ( )( ) 0i a exp i t b exp i tw w w× - × - =

or 

( ) ( ) 0a exp i t b exp i tw w× - × - =  . (A2) 

Adding (A1) and (A2), we obtain 

( )2 0a exp i tw× =  .

Since ( )exp i tw is never zero ( ( ) 1exp i tw = ), then 0a = .

It follows from equality (A1) that 

( ) 0b exp i tw× - =

and hence 0b =
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Now it is possible to represent the solution (4.13) in the following form: 

( ) ( ) ( ){ } ( ) ( ) ( ) ( ){ }*

1

1
, R e

2
u z t U z exp i t U z exp i t U z exp i tw w w= = + - , (A3) 

where ( )U z
* is conjugate to ( )U z .

Substituting the solution (A.3) in this form to the condition (4.12) and taking in consideration the 

Euler’s formulae, we obtain: 

( ) ( ) ( ) ( ){ } ( ) ( )( )* 1
1

0 0
2 2

T
U exp i t U exp i t exp i t exp i tw w w w+ - = + - . (A.4) 

The transformation of the equality (A.4) gives 

( ){ } ( ) ( ){ } ( )*

1

1 1
0 0 1 0

2 2
U T exp i t U exp i tw w- + - - = . (A.5) 

Applying the Lemma to the last equality yields 

( ) 1
0U T= (A.6)   
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Abstract 

On the basis of generalized model for the secondary frost heave in freezing fine-grained soils the asymptotic 

solution is obtained and described briefly. In contrast to the model of Fowler & Krantz (1994) we consider the 

distribution of the moisture within the frozen fringe by approximation of the experimental data for the 

equilibrium unfrozen water content. This distribution is the result of the complicated interaction between water, 

ice and the mineral skeleton during the freezing process. The Clapeyron relation, which is used in the work of 

Fowler & Krantz, estimates only the drop in initial freezing temperature and does not define the connection with 

the external temperature gradient ÑT, which is responsible for the frost heave process. We also present several

main results on the frost heave and frost penetration depth and experimental verification of the generalized model 

and asymptotic solution, which is very important for the prediction of the phenomenon. The some ways of the 

preventing frost heave discuss in this study. In this connection it is very important to study the pile foundations, 

which are widely used in permafrost regions. This aspect is considered in the paper. Moreover, it is derived and 

discussed the tangential frost heave forces, in particular adfreezing strengths, which are depend on the soil 

temperature and are result of the impact of the moving soil on the foundations. The calculation of the strengths 

through depth of soil is also presented. In this respect the analytical solution of the Boundary Value Problem for 

the temperature distribution in periodic boundary condition on the soil surface is obtained by means of the 

superposition methods in field of complex variable functions. It is also considered the example of calculations for 

real area of the permafrost in Canada. For this purpose on the basis of the field experimental data the main 

characteristics of the permafrost are obtained and the modelling of the soil surface temperature changes in annual 

period are presented. Using the criterion of the foundation stability against frost heave and tangential forces, 

respectively, the length of piles was calculated for different effective load on pile. 

The analysis of the models and results, which are in agreement with experimental data, make it possible to use 

this study at the stages of engineering design and construction in permafrost regions.   

Keywords: Permafrost; Frost heave; Tangential frost heave forces; Adfreezing strength; Piles’ 

foundations; Effective load on pile; Stability of foundation.  

1. Introduction

The effects of the harsh climate found in regions such as Canada, The United States and North-East 

Asia on civil engineering structures cannot be neglected by designers and contractors. For example, in 

the Province of Quebec (Canada), with freezing indices ranging from 800 to over 2000 degree-days, 

frost penetrates to depths greater than 1.5m and frost action mainly develops in frost-susceptible soils, 

leading to ice lens formation, surface heave, and eventual distress of structures (Konrad, 2005). 

Nevertheless, it should be noted that frost action in the soils is often ignored. The moisture in fine-

grained loamy soils, clays and silts, subjected to slow-moving freezing front, may cause unfrozen 

moisture movement toward the freezing front, and induce an accumulation of ice (Ershov, 1979a; 

Danielian et al., 1983; Nakano 1992; Bronfenbrener and Korin, 1997). In this case, the soil promotes 

the formation of ice lenses during the freezing processes, leading to frost heaving i.e. the upwards 

displacement of the soil surface and, as a consequence, causes the deformations and damage in the 

foundations of constructions. In general there are three necessary conditions for frost heave to occur: 

(1) frost-susceptible soil, (2) availability of water, and (3) freezing temperatures, or more specifically,

thermal conditions that will cause freezing front propagation slow enough to allow water transport.

Elimination of any one of these factors will eliminate frost heave for all practical purposes.

64



In this respect the understanding the phenomenon and the development of predictive tools will allow 

for the anticipation of the adverse consequences of frost heaving on structures and preventing these 

consequences at the design stage.  

The scientific investigation of frost heave goes back to the 1920s. Studies of soil freezing were 

performed by Taber (1929, 1930).  They showed that the increase in volume is not only due to the 

different densities of water and ice, but mainly due to a water migration process from the unfrozen part 

of the soil towards the freezing front. These experiments demonstrated the phenomenon of frost heave. 

It is known that in soils such as silt, clay and loam, only a portion of the water (pore water) will 

freeze at the freezing point, and some liquid water will remain at sub-freezing temperatures. This 

equilibrium unfrozen moisture content depends on the specific surface of the soil (Anderson and Tice, 

1973; Fukuda et al., 1997; Michalowski and Zhu, 2006). The lowering of the water freezing 

temperature in porous media is a result of the very complicated energetic interactions of the active 

mineral surface with free and bound water. In this respect the equilibrium unfrozen water content 

distribution, which can be determined experimentally, reflects the total effect of these interactions 

during the crystallization process and ice formation. (Ershov, 1979a, b; Danielian et al., 1983; 

Michalowski, 1993; Bronfenbrener and Korin, 2002; Bittelli et al., 2004; Michalowski and Zhu, 

2006).  

An approach for the prediction of segregation potential using the frost heave response was carried 

out by Konrad (2005). This approach was based on frost heave characteristics of fine-grained soils. 

It is also necessary to pay attention on the O’Neill and Miller (1985) model. A mathematical 

description of this model is often called the rigid ice model for secondary frost heave. According to 

this model, the pore ice and ice lenses are treated as one body and heave rate is related to the ice 

velocity, which, in this case, will be independent of spatial coordinates and only a function of time, i.e. 

)(
s

t
i

vv = .

The secondary frost heave theory, based on a thermal regelation mechanism, which causes the 

movement of soil particles by a process of melting and refreezing under a temperature gradient and 

was first modeled by Gilpin (1979) and discussed in the context of interfacial premelting by Worster 

& Wettlaufer (1999). In accordance with Gilpin's concept, the conditions for frost heave rate can be 

written as T
si

Ñ-=- lvv , where  l  is an empirical constant.  

The generalized secondary frost heave model is presented in the work of Fowler & Krantz (1994). 

Although the authors' comment that their “Generalized model can predict the frost heave behavior of 

different soils and agree with the results of qualitative observations”, their study suffers from a 

common fault of a lack of qualitative comparison with the calculations of other authors and 

experimental verification. 

Another important aspect of the problem should be noted. In the studies of O’Neill K. (1983), 

0O'Neill and Miller (1985), Fowler, Noon (1993), Fowler & Krantz (1994) and Noon (1996) it is 

assumed that the distribution of temperature in the frozen fringe is given by a generalization of the 

Clapeyron relation, accounting for the effect of both pore pressure and capillary suction at the freezing 

temperature. However, it is well known that the Clapeyron relation estimates the reduction of the 

initial freezing temperature of water in the porous media and does not characterize the temperature 

distribution in the frozen fringe. In general the frozen fringe (freezing zone) is defined from the 

solution of the boundary movement problem (see for example Danielian, Yanitcky, 1983; Fasano,  

Primicerio, 1984; Bronfenbrener, Korin,1999; Bronfenbrener, 2009, 2012). The moisture in this zone 

is characterized by the redistribution of the unfrozen water content in a relatively wide temperature 

interval. From experimental investigations on the equilibrium unfrozen water content, this interval is 

approximately -0.3 to -14.0
 o

C. In this context we note (for example) that the moisture at the lens
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formation front 
l

W  in the study of Fowler & Krantz (1994, p.1666) is equal to 0.2. From experimental 

distributions (see Fig.1.1A) this moisture conforms (approximately) to the temperature -1.4
 o

C and -

6.6
 o

C for the silt and clay, respectively, and it is not in agreement with the temperature distribution

based on the Clapeyron relation. 

Fig.1.1. Equilibrium unfrozen water content: A – experimental data (Ershov, 1979a, b; Bittelli et al., 

2004; Bronfenbrener and Korin, 2002), B – dimensionless approximation. 

In our opinion the utilization of an equilibrium unfrozen water content ( )
eq

W T for finding the 

experimental moisture distribution, allows to obtain the gradient of the moisture at the front of most 

recent ice lens formation and, as a consequence, to estimate the water permeation flux. It is very 

important to recognize that the distribution of the equilibrium unfrozen water content is controlled by 

the external (given) gradient TÑ  and in this manner bound up with it.  

In an effort to develop a frost heave model which takes into account the basic features of the 

phenomenon, but which excludes strange parameters, and more importantly which can be further 

developed into an operational model for solving practical problems was considered in study by D. 

Sheng et al. (1995). In this study is considered the investigated computational behaviour of the model. 

The authors give some comparison of their results with experimental studies. It should be emphasized 

that the model also uses the generalization of the Clapeyron relation for the description of the 

temperature distribution within frozen fringe. In addition it is necessary to note that not all computed 

results by this model are in agreement with experiments (see for example tables 3, 4 of this study).  

In this respect it is very important to develop the models for the prediction of frost heave phenomenon 

in order to apply of the results to practical problems – engineering approach, in particular at the stages 

of design and constructions in the regions of permafrost. It is clear that in this way the asymptotic 

models (essential for the long period) for the prediction and preventing the frost heave would be useful. 

In this respect the results of the asymptotic solution in comparison with experimental data for the 

practical problem and some ways of the preventing frost heave discuss in present study. In this 

connection it is very interesting and important to study the pile foundations, which are widely used in 

permafrost regions. This aspect of engineering approach is also considered in the paper. Moreover, it is 

derived and discussed the tangential frost heave forces, in particular adfreezing strengths, which are 

depend on the soil temperature and are result of the impact of the moving soil on the foundations. The 

calculation of the strengths through depth of soil is also presented. In this connection the analytical 

solution of the Boundary Value Problem for the temperature distribution in periodic boundary condition 

on the soil surface is obtained. It is also considered the example of calculations for real area of the 

permafrost in Canada. For this purpose, on the basis of the field experimental data the main 

characteristics of the permafrost are obtained and the modelling of the soil surface temperature changes 

in annual period are presented. Using the criterion of the foundation stability against frost heave and 
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tangential forces, respectively, the very important characteristic for the stability of piles’ foundation – 

length of piles, was calculated for different effective load on pile. The analysis of the models and 

results, which are in agreement with experimental data, make it possible to use this study at the stages 

of engineering design and building in permafrost regions for estimation and preventing the frost heave 

effect on the constructions.  

2. Asymptotic solution for the long time – engineering approach

We shall now proceed to obtain the asymptotic solution. It should be noted that this solution is 

interesting in engineering. In particular, it is very important that the solution for the long time can be 

applied in engineering practical problems at the design and construction stages for the estimation of 

the thermal behaviour at the base of the freezing front position, when the frost penetration tends to 

have a constant depth and rate of frost heave becomes constant. 

For obtaining the long time solution, we write the system of equations with respect to the freezing 

phase front (frost penetration) 
f

z  and frost heave coordinate
s

z  (see Fig.2.1), which was obtained by 

means of simplification of the developed generalized model for the frost heave in following form: 

f

s f f b

d z A B

d t z z z z
= - +

- -
,  (2.1) 

s

s f

d z C

d t z z
=

-
,  (2.2) 

where the constants A, B are defined by following relationships: 

1

1

l

b

l

S te
A k

P e W

S te
B

P e W

b

q

üæ ö
= - ×ç ÷ ï
è ø ï

ý
ï= ×
ïþ

1
b

üæ ö
b ×ç ÷bb ï

. (2.3) 

Fig.2.1. Schematic description of model system: cross-section of soil undergoing a frost heave. 

The value C depends on Miller’s or Gilpin’s model and is calculated according to the model of 

thermal regelation process as 

s
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- for “Rigid ice model” of Miller

( ) ( )1 1
R

l

C
W

b
b

d f
= =

é ù- - -ë û

b
, (2.4) 

- for Gilpin’s model

( ) ( )

( ) ( )

1

1 1

l

G

l

W
C

W

lb b d f
b

d f

+ - × -
= =

é ù- - -ë û

(b b d f(1b b d fb b (1
, (2.5) 

with dimensionless parameter 

f s
T T

P e
l

l
b

a

-
= ×

and the following convective ( Pe ) and phase transition ( Ste  ) criteria of the problem: 

ar

00
,

)( HU
Pe

L

TTC
Ste

w

sfp

=
-

= . (2.6) 

The other main parameters are: 

( )
( )

0 0 m in

2

0

1

1
l l

ll

a W W
f P p

Wa

b b
q

¥

+ -
é ù= - - × ×ë û

-
b b é ùf P= -b bb b é ùé ùf Pé ùé ùf P , (2.7) 

( )
l

l

u n fr f s

k L S te

P eg k T T

g s
b = ×

-
, (2.8) 

0

l

l

W
k k

g

f

æ ö
= ç ÷

è ø
 , (2.9) 

We note that system of equations (2.1) – (2.2) is presented in following dimensionless variables
1
:

0

0

0 0 0

s

s

0 0 0

, , ,

v v
, v , v

i

i

Hz t
z t t

H t U

U
U

U U U

ü
= = = ï

ï
ý
ï= = =
ïþ

, (2.10) 

in which 
bs

zzH -=
00

 is a length scale and 
0s

z  is the initial coordinate of the soil surface. We note 

that in laboratory experiments 0=
b

z  and 
0s

z are the bottom and top of the sample, respectively, so 

that 
0

H  is the height of the sample. Since the frost penetration depth (freezing front coordinate) 
f

z

occurs between coordinates 
b

z  and
0s

z , the value 
0

H is also a representative length scale for the 

conduction process. For the freezing front propagation velocity
f f

V dz dt= , ice velocity 
i

v  and, 

consequently, for the frost heave rate v
s s

d z d t= we define the velocity scale
0

U , which also 

characterizes the time scale
0

t . As a scale for both the capillary suction and the other pressure variables 

we take s  which is the characteristic value of the cryostatic suction; for example sff = ,

s
ww

pp =  etc. 

1
For convenience, in following the line over values has been dropped with the understanding that the appropriate values 

have dimensionless form. 
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 It is the physical concept of the freezing processes in porous media under constant temperatures at 

the external boundaries (in our case at 
s
z and at

b
z ), that when temperature distribution achieves a 

steady state, which occurs over the long time, the freezing front position remains constant and the 

freezing front velocity approaches zero. Hence, introducing into consideration the initial soil surface 

coordinate
0s

z , from Eq. (2.1) we obtain: 

( ) ( ) ( ) ( )0 0 0 0

0

s s f s f s b s

A B

z z z z z z z z

- + =
- - - - - -

.  (2. 11) 

The last equation can be rewritten in following form: 

( )
( ) ( )0 00

0

0

0

1
s f s bs s

s f

s f

A B

z z z zz z
z z

z z

- - =
æ ö - - --

- +ç ÷ç ÷-è ø

.  (2. 12) 

During long times (Fig.2.2) ( ) ( )0 0
1

s s s f
z z z z- - 1  or 1

s f
h h 1 and hence Eq.(2. 12) is 

transformed to the following equation: 

( ) ( ) ( )0 0 0

0

s f s f s b

A B

z z z z z z

- - =
- - - -

.  (2.13) 

Fig.2.2. Schematic model for asymptotic solution (long time analysis).

We recall that all equations have a dimensionless form, therefore
0s f f

z z h- = , where 
0f f

h h H= is 

a dimensionless value of the front propagation and
0

1
s b
z z- = . 

Solving Eq.(2.13) with respect to 
f
h  and dropping the line over 

f
h  with the understanding that it has 

a dimensionless form, we obtain the value of the front propagation for long times, that is:  

f

A
h

A B
¥
=

+
.  (2.14) 

Analogously, the transformation of equation (2.2) when taking into account that 

( ) ( )0 0
1

s s s f
z z z z- - 1 leads to following differential equation: 

s

f

dh C

d t h
= .  (2.15) 
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The integration of the last equation gives the limiting dependence (for long times) of the frost heave 

on time: 

( )s

A B
h t C t con s t

A
¥

+
= × +  (2.16) 

Equations (2.14) and (2.16) are supposed to mean that beginning from the time t t>t t , where tt  is 

sufficiently large, the following functions take place: 

( )

( ) ( )

lim
f f

t

s s

t t

A
h t h

A B

A B
h t h t C t co n s t

A

¥
® ¥

¥

>

ü
= = ï+ ï

ý
+

ï= = × +
ïþ

) (s s)
t t

h t h t) (¥
h t(

.  (2.17) 

For the illustration of the results in Fig.2.3 we compare the frost heave ( )s
h t  and freezing front 

propagation ( )f
h t  computed using generalized model with appropriate profiles by using the 

asymptotic solutions. 

Fig.2.3.Comparison between asymptotic solution for the long time and solution obtained on the basis 

of the system of equations (2.1)-(2.2): A – frost heave; B – freezing front propagation. 

The calculations are carried out on the basis of the data borrowed from the study of Noon (1996). A 

variant of silt freezing under temperature behaviour is considered, which is characterized by 

0 .5
s
T C= - ° and 1 .0

b
T C= ° . The present variant corresponds to 0 .2 5 6P e S te = and to overburden 

pressure 30P kPa= . Height of the sample 
0

0 .1 5 3H m=  and the scale of the velocity is assumed to be

8

0
10U m s

-
= . In this manner, the time scale is 7

0
1 .5 10t s= × . The comparison for the long times is 

presented in Fig. (2.3A). It follows from the graph that the solution, based on the system of equations 

(2.1) – (2.2), as well as the asymptotic solution (2.16) have the same slope 0 .2 7 4
s s
z Vº = 0 .
s s
z Vº =z Vz V  and are 

distinguished by the constant, that is reflected in solution (2.16). It is very important for an 

engineering estimation that the asymptotic solution gives the heave rate with sufficiently high 

accuracy. 

Figure 2.3B plots the freezing front propagation obtained by realization of the model presented. For 

the long term we give several points corresponding to the asymptotic solution (2.14). The points in the 

graph are characterized by error bars corresponding to 3.5%. It can be seen that the discrepancy does 

not exceed this percent.  

According to asymptotic solution for the frost heave in Fig.2.4 we present the heave rate, which is 

obtained in dimensionless coordinates from realization of the general model. As would be expected, 
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the heave rate approaches the asymptotical solution 0 .274
s
V

¥
= , which is in agreement with Eq.(2.16) 

from which ( )s s
V h C A B A

¥
= = × +(V h C A(V h C AC A(  is a slope of the function ( )s

h t (see also Fig.2.3A). 

Fig.2.4. Heave rate as function of the time (the distribution corresponds to solution in Fig.2.3). 

For verification we present the comparison of the asymptotic solution for the long time, which allows 

predicting of the frost heave dynamics, with experimental investigations. As an example, we consider the 

experiment by Penner and Ueda (1977), which is described in the study of Sheng et al. (1995). In this 

experiment for the silt soil sample of height 
0

9 .8 2H cm=  and initial moisture 
0

3 8 %W =  the freezing 

process was studied. The porosity of the considered soil was equal to 0 .4f =  with density

3
1680

s
kg mr = . The mean hydraulic conductivity of the soil was 8

0
10k m s

-
= and the overburden 

pressure in the experiment was hold 4 9P kP a= . The temperatures at the cold and warm boundaries were 

constant and equal to 1 .8
s
T C= - °  and 1 .9

b
T C= ° , respectively. For the modeling as the scale of the 

pressures and suction function ( )f W was chosen the value 1 ba rs = and as a characteristic scale for rate 

of the frost was taken 8

0
10 /U m s

-
= . For the obtaining of the moisture 

l
W at the boundary of lowest ice 

lens 
l
z (Fig.2.1) it can be used the total pressure balance in the form (Fowler & Krantz, 1994):  

)()1( WfppP
we

c-++= , (2.18) 

in which P  and 
e
p  are the overburden pressure and the effective stress exerted by the soil grains 

when they are in contact, respectively; )(Wc  is the stress partition function which can be represented 

as 

r
W

÷÷
ø

ö
çç
è

æ
=

f
c ,  (2.19)

where 1.2r = is an empirical constant. 

Since in the course of ice lens formation soil particles will readily separate, in this case the effective 

stress 0=
e
p . This fact can be considered as a criterion for the new ice lens formation, and therefore 

from the Eq. (2.18) after simple transformation we obtain the mathematical description of the criterion 

for initiating a new ice lens as 

)()](1[ WfWpP
w

c-=-  (2.20) 

It is known that the character of the water pressure distribution shows that within the permeation 

boundary layer ¥
» pp

w
. In this case the value of the moisture, corresponding to pressure 

l w l
p p
l w l
p p
l w ll w l

 at 
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the boundary of lowest ice lens, is
l

WW » . Hence, the criterion for new ice lens formation can be 

written as follows: 

ll
fpP )1( c-=-

¥ ,  (2.21) 

 where )(
ll

Wcc = and )(
ll

Wff = . 

The graphic solution of the equation (2.21) for the obtaining the moisture 
l

W at the boundary 
l
z is 

presented in Fig. 2.5. 

Fig.2.5. Calculation of the moisture 
l

W using the suction function and Eq.(2.22). 

The calculation results according to the asymptotic solution are listed in Table 2.1.  

Table 2.1. Calculation results according to asymptotic solution 

l
W

1.0 0.0152 0.0093 0.231 0.0183 0.2887 

( )
f
h cm ( )

f
z cm

4.8561 7.5008 0.3895 3.198 10
-2

4.305 4.515 

We note that the calculated heave rate by asymptotic solution ( )s s
V h C A B A

¥
= = × +(V h C A(V h C AC A(  (Table 2.1) in a 

good agreement with experimental value 2
3.15 10

s
V cm hour

-
= ×  (see table 3, experiment No. 9 in study by 

Sheng et al., 1995). The relative error does not exceed 1.5%. For graphical illustration in Fig.2.6 we present 

the time-dependent function of frost heave rate, obtained from general model, in comparison with asymptotic 

solution and experimental value. It can be seen that all results are in a good agreement. 

Fig.2.6. Comparison between asymptotic solution, generalized model and experiment by Penner and 

Ueda (1977) 

k S te P e
lb bb

A B C ( )s
V cm hour
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Thus, the results of comparison indicate that the presented model of asymptotic solution can 

satisfactorily reproduce the frost heaving process associated with freezing and can be used for 

engineering problems as predictor for studied phenomenon at the design and construction stages. 

3. Preventing frost heave at the stages of design and construction

As was mention in Introduction the large soil heaves (frost heave) are a result of ice segregation and 

ice lenses which form under the following conditions: 

- frost-susceptible soils;

- soil water;

- freezing temperatures in the soil.

Elimination of any one of these factors will eliminate frost heave for all practical purposes. 

It is known from the studies (see for example Michalowski and Zhu, 2006; Fowler and Noon, 1993) 

and engineering practices that the decreasing of the water migration leads to the decreasing of the frost 

heave rate. In this connection one of the steps for this purpose is to make a good drainage in order to 

remove the water from the construction aria so as to decrease the moisture migration flux. In our 

model the moisture flux U defines by Darcy’s law  

( )zgp
g

k

ww

w

h r
r

+Ñ-=U

 with hydraulic conductivity ( )0h
k k W

g
f= , where 

0
k  and g  are constant, depending on the type of 

soils. It is follows from Darcy’s law that the reduction of the 
0
k  leads to the decreasing of the moisture 

flux. In this respect in Fig.3.1 we plot the dynamics of the frost heave for the different coefficients
0
k . 

The calculations are made on the basis of the data, presented by Noon (1996). 

Fig.3.1. Dynamics and changes of the heave rate, depending on the hydraulic conductivity:

A – dynamics of the frost heave for different coefficients 
0
k (general model); B – frost heave rate as a 

function of coefficient 
0
k (asymptotic solution). 

It can be seen from the graphs that with the decreasing of coefficient 
0
k that conforms to decrease of 

the migration process, the values of the frost heave as a function of time decrease (Fig. 3.1A). 
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According to the asymptotic solution, obtained by means of Eq. (2.16) the Figure 3.1B describes the 

rate of the frost heave as function of coefficient
0
k . As was expected, this dependence is linear. This 

result follows from calculation of the coefficient C  by equations (2.4) or (2.5) and also from 

calculation of the parameters (2.7), (2.8) which depend on 
l
k  and, as consequence, on 

0
k (see formula 

2.9). For preventing the effect of the frost heave on the relative small buildings as cottages, small 

garages and closed small parking, in Canada, Alaska and North America the soils in construction 

areas are changed by granular (non-susceptible) soils. In addition for these buildings it is used the 

shallow foundations or foundations on the short piles (Fig. 3.2).      

Fig.3.2. Schematic description of building on the short piles: the technology of preventing effect of 

the frost heave (bottom of footing is below the active layer, in permafrost)  

In this technology the frost heave is avoided by extending bottom of short piles below the frost line 

(active layer) in permafrost. Some times in order to reduce frost penetration depth it is commonly 

used the thermal insulation that leads to stability of the construction. 

It should be emphasized that the soil temperature in regions of permafrost is determined by heat 

exchange between soil surface and air. The temperature of air (environmental temperature) ( )
en v
T t

varies in annual period 
0
t according to periodical function with winter 

env
T

- and summer 
env
T

+

temperature amplitudes, respectively. Duration of the winter period is 
* 0

2t t>  (Fig.3.3). 

Fig.3.3. Schematic description of the environmental (air) temperature in annual period in regions of 

permafrost.  
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In accordance with environment temperature the soil surface temperature is also varied in periodic 

form. It should be noted that in variation during annual period of the temperature in soil (Fig.3.4), in 

active layer and in part of permafrost up to depth of zero annual amplitudes – ZAA the tangential 

forces (adfreezing forces – strength) effecting on the foundation of engineering constructions and 

therefore causing damage.    

Fig.3.4. The characteristics of the temperature behaviour in regions of permafrost. 

In Fig.3.4 T
- and T

+ are temperature amplitudes on the soil surface in winter and summer period, 

respectively; 
0

( ) / 2T T T
+ -

= +  is mean yearly surface temperature (temperature of permafrost); 
f
y is

maximal thawing depth (value of the active layer); ZAA is depth, at which (where) the temperature 

during all year is not changed. The red and blue curves are distributions of maximal and minimal 

temperatures through depth in the course of year. 

 It is important to emphasize on several characteristic regularities of permafrost (see for example 

Ershov and Williams, 2004; Terry Mc. Fadden, 2001; Kudryavtsev, 1981). In general, existence of 

permafrost is possible only if amount of heat incoming into the soil is less of the heat outgoing from 

the soil, namely – the existence of soil freezing process. In addition, in regions with permafrost winter 

period (with negative temperatures of the air) much greater then summer period with positive air 

temperatures. 

The balance of the heat (cold) in dependence on periodical exchanges of the environmental (air) 

temperature in the course of the year and, as a consequence, the surface temperature, determines the 

main characteristics for each region of permafrost. In other words the temperature 
0
T at depth of ZAA 

- 
0

H , value of active layer (depth of frost penetration or maximum of thawing) – 
f
h together with 

thermal and physical soil properties are main characteristics for regions of permafrost. 

The temperature field is symmetrical with respect to the temperature 
0
T at each depth of soil up to 

0
H (ZAA). Such distributions of the soil temperature are a consequence of periodic changes at the soil 

surface in the course of the years. 
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4. Temperature behaviour of permafrost, adfreezing strengths in piles and building’s stability

against frost heave 

It should be noted that the prediction of the frost heave and frost penetration is a very important 

problem at the stages design and construction the piles foundations of buildings which are widely used 

in cold regions, in particular in arias of permafrost. The upward tangential force (adfreezing strength) 

exerted on pile surface is the result of frost heaving of soil which is adfrozen to the pile (Fig.4.1). 

Fig.4.1.Schematic description of construction on the piles foundation: protecting permafrost 

technology. 

It should be also emphasized that even small displacement of a pile in frozen soil can destroy the 

adfreezing bond between a pile and the soil and therefore causes the deformations in the basis of 

foundation and, consequently, in the building as a whole. For example we note, that according to 

studies which are described by Andersland and Anderson (1978, p.338) “Generally, the adfreeze bond 

of normal-length pile is broken after only 3 mm displacement”.  

The strength and deformation behaviour of piles is significantly affected by the temperature of the 

surrounding soil. It is well known that decreases in the temperature of a frozen soil result in an 

increase of the strength. A summary of the variation of adfreezing bond strength with changes in 

temperature and effect of temperature on the deformation of piles in frozen soils are presented in study 

of Weaver and Morgenstern (1981). From the other side, for the protection of permafrost it is applied 

the building technology with ventilated space between construction basis and soil surface (Fig.4.1). 

It is clear, that in stages of design and construction from the functional purpose of building and, as a 

consequence, bearing capacity, according to the adfreezing strength distribution along pile, it should 

be chosen the form, material of piles and their length.     

Thus, the modelling and prediction of the adfreezing strengths gives a possibility to choose the main 

characteristics of the pile foundations so that to provide the building stability. There are numbers 

models for the calculation of the adfreezing strengths (Khrustalev and Pustovoit.1998; Biggar and 

Sego, 1993; Jianming et al., 1998 and so on). The analysis of experimental results and approaches to 

calculation showed that the model, descripted in the book by Khrustalev and Pustovoit (1998) is more 

simple but accurate, and, that is very important, marks for the technology of building on the 

David Ackerman, ISRAEL

76



permafrost. According to their model the tangential force – adfreezing strength ( )kP at can be 

calculated as follows: 

1 0
( , )b T y t bt = - , (4.1) 

where for the silt and loamy soils  ( )
0 .5

1 0
1 3 3 , 3 1b kP a C b kP a

-
= × ° = and for sandy soils

( )
0 .5

1 0
1 7 3 , 4 2b kP a C b kP a

-
= × ° = .

In Fig.4.2 we present as an example the tangential adfreezing strength depending on the temperature 

for different types of soil. 

Fig.4.2. Effect of temperature on the tangential forces (general calculation). 

It can be seen from the graph that with decreasing temperature the adfreezing strength in loamy soils 

is increased and in interval of the temperatures ( )1 0 0C T C- ° £ £ °  reaches the maximum 0 .5 MPa .

For example, if this value of adfreezing strength is taken into consideration, the bearing capacity of the 

pile should be at least 0 .5 MPa . For the stability of the building the material and dimensions of pile 

must be chosen on the basis of this value. 

For the prediction of foundation state in real conditions and to obtain the tangential forces effecting 

on the piles for the period of building the exploitation, the distribution of the temperature ( ),T y t

trough depth of soil should be found. This distribution we obtain from the solution, which satisfies the 

following differential equation 
2

2

T T

t y
a

¶ ¶
=

¶ ¶
(4.2) 

 with periodic boundary condition at the soil surface (Fig.4.1): 

for 0y =  ( ) ( )0

0 1
0, co sT t T T tw= + , (4.3) 

for y ® ¥
0

T T= . (4.4) 

In equation (4.2) and conditions (4.3), (4.4) a is thermal diffusivity of freezing soil, 
0
t , 

0
2 tw p=

are annual period (year) and frequency in annual period, respectively. 

 For the solution we use the principle of superposition: 

( ) 0 1
, ( , ) ( , )T y t u y t u y t= + , (4.5) 
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 in which the functions 
0
u and 

1
u  satisfy the following differential equations: 

2

0 0

2

u u

t y
a

¶ ¶
=

¶ ¶
(4.6) 

      and  
2

1 1

2

u u

t y
a

¶ ¶
=

¶ ¶
. (4.7) 

According to superposition principle the boundary conditions for each function can be described as 

( )

( )

0 0

0 0

0 , ,

,
y

u t T

lim u y t T
® ¥

ì =
ï
í

=
ïî

(4.8) 

( ) ( )0

1 1
0, co su t T tw= . (4.9) 

It is clear that the functions ( )0
,u y t and ( )1

,u y t are bounded as y ® ¥ . 

Obviously, that the ( )0 0
,u y t T= is solution of the problem (4.6), (4.8). 

It is known (Khrustalev and Pustovoit, 1988) that the piles stability and, as a consequence, stability 

of building depends on the resistance of piles to tangential forces (adfreezing strength) arising 

between pile and permafrost. Therefore, before solving the problem, we turn to system of coordinates 

f
z y h= - , associated with phase front 

f
h (see Fig.4.3)    

Fig.4.3. The system coordinates, associated with phase front. 

It is clear, in new system the solution for function 
0
u keeps also the same form 

( )0 0
,u z t T= . (4.10)  

   In new system the equation for function ( )1
,u z t gives the form 

2

1 1

2

u u

t z
a

¶ ¶
=

¶ ¶
(4.11) 

with following condition at the boundary 0z = (Fig.4.3): 
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u
1 ( 0, t ) = T

1 co s (w t ) . (4.12) 

We will find the solution for the function ( )1
,u y t in the following form

( ) ( ) ( ){ }1
, R eu z t U z exp i tw= , (4.13) 

where ( )U z is the function of z , i  is the imaginary unit, { }R e z}z is real part of the complex number

zz .  

Substituting (4.13) into equation (4.11), we obtain the differential equation for function ( )U z

( ) ( ) ( ) ( )
1

0U z exp i t i U z exp i tw w w
a

¢¢ - =

or 

( ) ( ) 0 , 0U z ki U z zw¢¢ - × = < < ¥ (4.14) 

with 1k a= . 

The function ( )U z is restricted within the range of 0 z< < ¥ and it is possible to prove that the value of

this function at the boundary 0z =  equal to the temperature
1
T , namely ( ) 1

0U T=  (see Appendix A).

The general solution of Eq. (4.14) can be written in following form: 

( ) ( ) ( )1 2
U z c exp k i z c e xp k i zw w= - × + × . (4.15) 

Restriction of the function ( )U z gives  
2

0c =  and condition at the boundary 0z = leads to

( )1 1
0c U T= = . Therefore the solution of the Eq.(4.14) can be written as

( ) ( )1
U z T exp k i zw= - × . (4.16) 

It will be readily seen that 

( ) ( )

2

21
1 1

2 2

k
k i k i i

w
w w

æ ö
= + = +ç ÷ç ÷

è ø

. (4.17) 

Using the equality (4.17), the solution (4.16) takes the final form: 

( ) ( )1
1

2

k
U z T exp i z

wæ ö
= - +ç ÷ç ÷

è ø

(4.18) 

and in addition according to the equations (4.5), (4.10) and (4.13) we obtain the solution of the 

problem for the temperature ( ),T z t :

( ) ( )0 1

0 1

, R e 1
2

R e
2 2

k
T z t T T exp i z i t

k k
T T exp z exp z t i

w
w

w w
w

ì üæ öï ï
= + - + + =ç ÷í ýç ÷

ï ïè øî þ

ì üæ öæ ö æ öï ï
= + - - +ç ÷ç ÷ ç ÷í ýç ÷ ç ÷ç ÷

è ø è øï ïè øî þ
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Replacing the real part of the complex number according to its definition and introducing the following 

notations 

0
2

k
m

t

w p

a
= = , (4.19) 

we obtain the solution in following form: 

( ) ( ) ( )0 1
, co sT z t T T exp m z t m zw= + - - . (4.20) 

We remember that in the problem the temperature 
0

0T <  is the temperature at the depth of 
0

H  at 

which the temperature is not varied throughout the year and 
1
T is in general the amplitude of 

temperature variation in annual period. 

For the winter season 
*

0 t t£ £  the amplitude 
1 0
T T= - (Fig.4.3) and then the solution (4.20) can be 

written in the final form: 

( ) ( ) ( )0
, 1 co sT z t T exp m z t m zwé ù= - - -ë û . (4.21) 

We also remind that in the solution
0

2 tw p= , ( )0
m tp a= and a  are the frequency of the soil

temperature in annual period, parameter and thermal diffusivity of permafrost, respectively. 

The calculation and analysis of the thermal behaviour, distributions (with depth) of the adfreezing 

strength in piles foundations and, as consequence the building stability we give on the basis of real 

conditions. For this purpose we consider the construction area in region of permafrost in Canada. It is 

clear that the thermal state of the soil in building area can be different from region state. Therefore, 

during the design and construction stages the measurements of the necessary parameters, their 

treatment and analysis are carried out. This is essential in order to obtain and to estimate the data for 

the construction. 

As an example in Fig.4.4 we give the results of monitoring for the soil surface temperature in region 

of permafrost in Canada (Osterkamp, Burn, 2002). 

Fig.4.4. The variation of the soil surface temperature in annual period. 

From the graph of monitoring and analysis of the study the main characteristics for considered 

region are: 

- temperatures minimal (in Winter) and maximal (in Summer) of the soil surface are

- 2 0T C
-
= - ° and 1 5T C

+
= ° , respectively;
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- winter period (with negative temperature) is 
*

0 .6t = (in part of year unit);

- the maximal depth of the thawing front – active layer is 2 .5
f
h m=  .  

It follows from this information that the temperature of permafrost at the depth 
0

H  of Zero Annual 

Amplitudes equal to ( )0
2 2 .5T T T C

- +
= + = - ° . In accordance with this data in Fig.4.5A the changes

of the soil surface temperature in annual period, which are obtained by means of our modelling, are 

presented.  

Fig.4.4. Changes in the temperature: A – at the soil surface in annual period; B – at the front in 

winter season. 

The changes of the temperature at the phase front in winter season (beginning from the maximal 

depth of the thawing) in coordinates system associated with phase front (see Fig.4.3), in which was 

obtained the solution (4.21), we plot in Fig.4.5B. 

As a result from the calculation, based on the solution (4.21) and information discussed above, in 

Fig.4.6 we present the temperature distributions in permafrost at various times of the winter period. 

Fig.4.6. Temperature distribution in the permafrost in winter period. 

As was expected, the temperature distributions are symmetric with regard to the temperature 

0
2 .5T C= - °  which confirms the permafrost regularities (see section 3). It is necessary to note that in 
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this figure we also give the envelope curves, related to the maximal (right hand-side) and minimal (left 

hand-side) temperatures in winter period. According to the temperature distributions ( ),T z t it is

possible to evaluate (see formula 4.1) the tangential forces (adfreezing strengths) ( ),z tt , exerted on the 

pile’s surface (Fig.4.1) that causes the tension in piles, their deformation and, as consequence, the 

destruction of the foundation. In this respect it is very important at the design and construction stages to 

calculate the adfreezing strengths and to select the material and dimensions of piles so as to provide 

bearing capacity which develop their support in building stability.  

As an example we plot in Fig.4.7 the distribution of the adfreezing strength along the length of 

concrete pile in frozen loamy soil. For the calculation we took in consideration the distribution of the 

temperature corresponding to the minimal temperature – left envelope curve (also in Fig.4.7). As was 

mention above, in this case the tangential forces are maximal. 

Fig.4.7. The temperature and adfreezing strength distributions along the length of ten-meter pile in 

permafrost. 

It can be seen from the graphs that for the minimal temperature 5T C= - ° (at the front when 0z = ) the 

adfreezing strength is maximal and equal to 0 .2 6 6 M Pat = . 

It should be noted that for the stability of building on the pile foundation (the main technology of 

construction in permafrost regions) the choice of piles’ dimensions (especially length of piles) 

depending on adfreezing strength and effective load on pile is a very important problem. For this 

purpose at the stages of design and construction, the “Standard” for building in the permafrost regions is 

used. The “Standard” which was developed in the United State of America, by Cold Regions Research 

and Engineering Laboratory (CRREL) (Linnel and Lobacz, 1980), and is the requirement of Technical 

Manual TM 5-852-4/AFM 88-19  “Artic and Subarctic Construction Foundation for Structures” (1983).     

 According to the TM-5 method, the stability of the foundation against frost heave can be found using 

the following equation: 

1

1
( )

h f p
Q Q Q

F s
= + , (4.22) 

where 

h f h f h f
Q At= × (4.23) 

h f
t is adfreezing strength mobilized between frozen soil and pile by frost heave in the active layer,

which according to TM-5 should be assumed equal to 3 0 0 kP a for the steel piles; for concrete and wood 

piles it should be equal to 2 0 0 kP a ;  

h f
A  is the surface area of pile in the active layer; 
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Fs is factor of safety, equal 3.9;  

1
Q   is the effective load on pile; 

 
p

Q  is the adfreezing bound capacity mobilized between permafrost below the active layer and the pile 

in length l  (see Fig.4.1). 

In general the adfreezing bound capacity is calculated as following integral: 

( )
l

p

A

Q z dAt= ò , (4.24) 

where 
l
A is lateral area of pile’s part in length l  which is found in permafrost. 

The integral (6.24) can be also written in the form: 

( )
0

l

p
Q z d lg t= ò . (4.25) 

The parameter g depends on pile’s form. For the square pile 4 ag = ( a is the side of cross section) and 

for the circular pile 2 rg p= , where r  is radius of pile. 

Thus, in order to obtain the pile’s length it is necessary to solve the Eq.(4.22) with respect to l and to 

find the length of pile 
f

l h+ with addition of height of ventilation space (Fig.4.1). 

It is clear that the solution of the Eq.(4.22) can be obtained only by numerical methods. Nevertheless 

in accordance with “Standard” it is assumed to calculate the integral (4.25) for maximum ( )zt , i.e. for

( ){ }m a x
z

m a x zt t= . In this case the integral (4.25) can be represented in the following form

m a x m a x

0

l

p
Q d l lg t gt= = ×ò (4.26) 

and therefore the value l can be obtained from the solution of Eq. (4.22), which is transformed to the 

linear equation. 

 It is necessary to note that dimension of the values
h f

Q ,  
1

Q  and 
p

Q  is kN . 

As an example we give the variant of calculation and choosing the piles in construction on the 

permafrost. The variant is based on the following data (Fig.4.1). We consider the thermal behaviour and 

distribution of the adfreezing strength which described above (Figs. 4.4, 4.6, 4.7). The height of the 

ventilated space (Fig.4.1) is 1 .0 m and the active layer for the considered region is 2 .5
f
h m= . It is used 

for the building the square concrete piles with cross section area
2

3 2 3 2 cm´ . The effective load on pile 

is
1

2 0 0Q kN= . According to “Standard” the adfreezing strength between piles and soil in active layer is 

taken 200
hf

kPat = and from the calculation (see Fig.4.7)
m a x

2 6 6 .4 kP at = . The factor of safety equal to

3.9Fs = . On the basis of this data we obtain: 

( )2 0 0 2 .5 0 .3 2 4 6 4 0
h f

Q kN= × × × = , 

4 0 .3 2 2 6 6 .4 3 4 0 .9 9 ( )
m a x

kNg t× = × × = .

Thus, we obtain the following equation with respect to l : 

( )
1

6 4 0 2 0 0 3 4 0 .9 9
3 .9

l= + × ,
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the solution of which is l = 7 .3 2 m and length of pile is 

0
7 .3 2 2 .5 1 .0 1 0 .8 2 1 1 ( )l m= + + = » . 

For the comparison we consider variant with effective load on pile
1

3 0 0Q kN= . As could be expected 

in this case the value 6 .4 4l m= and length of pile is shorter, i.e. 
0

9 .9 4 1 0l m= » . This result 

corresponds to the physical process: the growth of overburden pressure 
1

Q on the pile reduces the effect 

of the tangential forces on the pile and, as a consequence, decreases the frost heave. 

Thus, the developed models, described in this study, give a possibility in the design stages to estimate 

the thermal behaviour in the permafrost and to choose the piles foundation for the constructions in the 

cold regions.     

5. Conclusions

1. Based on the generalized model of the secondary frost heave, the asymptotic model for the long

time is presented. The cryostatic suction effect that causes an increase in upward water

permeation, ice-lens growth during freezing, and, as a consequence, the increase in soil heave,

has been considered as the main mechanism of moisture transfer.

2. In contrast to the models of other authors (e.g. Fowler & Krantz, 1994) we recognize the need to

determine the distribution of the moisture within the frozen fringe by approximation of

experimental data. The equilibrium unfrozen water content reflects the complicated interactions

between water, ice and mineral skeleton during the freezing process. The generalization of the

Clapeyron relation, which is used in the work cited above, estimates just the drop in initial

freezing temperature and does not give a connection with external temperature gradient which is

responsible for the frost heave process.

3. It is very important that the solution has been obtained in the form of characteristic criteria Peclet

( Pe ) and Stefan ( Ste ). This approach allows obtaining the more general solution as well as to

analyze the frost heave and propagation of the freezing front as dependent on the convective and

phase transition components of the problem.

4. It is very important that the asymptotic solution for the long time can be applied as engineering

approach to practical problems at the design and construction stages. In this respect it was

compared the results obtained by asymptotic solution with experimental data and it is found a

good agreement between them. On the basis of this consideration the engineering method for the

estimation of very impartment engineering parameters – the frost heave rate and frost penetration

depth is presented.

5. The some ways of the preventing frost heave we discuss.  In this connection on the basis of

asymptotic solution the effect of the water migration on the frost heave and its rate is analyzed. It

is shown that decreasing of the water migration leads to the decreasing of the frost heave rate.

Therefore one of the steps for this purpose is to make a good drainage in order to remove the

water from the construction aria so as to decrease the moisture migration flux. In addition for the

buildings on the shallow foundations or foundations on the short piles the frost heave can be

avoided by extending bottom of short piles below the frost line (active layer) in permafrost. Some

times in order to reduce frost penetration depth it is commonly can be used the thermal insulation

that leads to stability of the construction.

6. It is derived and discussed the tangential frost heave forces, in particular adfreezing strengths, which are

result of the impact of the moving soil on the foundations. The model and calculation of the strengths,

depending on the temperature distributions in permafrost, through depth of soil is also presented. In this

respect the analytical solution of the Boundary Value Problem for the temperature distribution in periodic
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boundary condition on the soil surface is obtained by means of the superposition methods in field of 

complex variable functions. It is also considered the example of calculations for real area of the permafrost 

in Canada. For this purpose on the basis of the field experimental data the main characteristics of the 

permafrost are obtained and the modelling of the soil surface temperature changes in annual period are 

presented. Using the criterion of the foundation stability against frost heave and tangential forces, 

respectively, the length of piles was calculated for different effective load on pile. 

7. The theoretical concepts and the results obtained from the modeling presented are in agreement

with appropriate experimental investigations. The present models and solutions predict the

temperature behaviour of permafrost and consequently the adfreezing strengths distributions

satisfactorily reflect the regularities of the studied process. The utilization of these models for the

calculation of the main parameters of piles’ foundation makes it possible to apply the results of

this study for the estimation of the piles’ foundations stability in construction at the regions of

permafrost.
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Appendix A 

The condition for function ( )U z at the boundary 0z = .

First of all we consider and prove the following Lemma on “Zero sum of complex exponentials”. 

Lemma: If, for two complex constants ,a b , we have 

( ) ( ) 0a exp i t b exp i tw w× + × - = (A1) 

for all times t in some open interval, then 0a b= = .  

Proof: Differentiation of the equality (A1) in time t gives 

( ) ( )( ) 0i a exp i t b exp i tw w w× - × - =

or 

( ) ( ) 0a exp i t b exp i tw w× - × - =  . (A2) 

Adding (A1) and (A2), we obtain 

( )2 0a exp i tw× =  .

Since ( )exp i tw is never zero ( ( ) 1exp i tw = ), then 0a = .

It follows from equality (A1) that 

( ) 0b exp i tw× - =

and hence 0b =

Dynamics, prediction and preventing the phenomenon of frost heave at the design ...

87



Now it is possible to represent the solution (4.13) in the following form: 

( ) ( ) ( ){ } ( ) ( ) ( ) ( ){ }*

1

1
, R e

2
u z t U z exp i t U z exp i t U z exp i tw w w= = + - , (A3) 

where ( )U z
* is conjugate to ( )U z .

Substituting the solution (A.3) in this form to the condition (4.12) and taking in consideration the 

Euler’s formulae, we obtain: 

( ) ( ) ( ) ( ){ } ( ) ( )( )* 1
1

0 0
2 2

T
U exp i t U exp i t exp i t exp i tw w w w+ - = + - . (A.4) 

The transformation of the equality (A.4) gives 

( ){ } ( ) ( ){ } ( )*

1

1 1
0 0 1 0

2 2
U T exp i t U exp i tw w- + - - = . (A.5) 

Applying the Lemma to the last equality yields 

( ) 1
0U T= (A.6)   
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         Proceedings of 24th First Step to Nobel Prize in Physics (FSNPP 2016) 
 

Figure 1. Single atom thick crystal structure of 
graphene illustrated (www.kuark.org) 

Figure 2. Potential transparent ans flexible 
graphene applications (www.nature.com) 

DEVELOPING SINGLE ATOM THICNESS GRAPHENE BASED 

ELECTRODE FOR BENDED OR CURVED ELECTRONIC DEVICES 

 

Egemen Akar, Turkey 

 

1. INTRODUCTION 

1.1 What is graphene? 

Graphene is basically a 2D carbon allotrope formed by hexagonally placed atoms. In 
other words, graphene is the single-layer form of graphite (a commonly used carbon allotrope 
for manufacturing pencil leads). Alongside being a carbon based, extremely thin material; 
graphene brings extraordinary electrical conductivity, luminous transmittence, flexibility and 
physical durability (Figure 1 and 2).  

 
Because of its favorable characteristics and potential applications, graphene has been 

an active research topic in the recent years. The interest on graphene was merged with the 
results of Andre Geim and Konstantin Novoselov’s studies in 2004. 

 
1.2. Formal definition and characteristics of graphene 

Graphene is an allotrope of carbon in the form of a two-dimensional, atomic-scale, 
honey-comb lattice in which one atom forms each vertex. In this structure, wavefunctions of 
2s, 2px and 2py orbitals overlap and  create 3 sp2 hybrid-orbitals. This results in the 
honeycomb lattice, in which each carbon atom is bonded with 3 other atoms by strong sigma 
bonds. The sigma bonds are very stable and the electrons they comprise are localized along 
the plane atoms are placed. Thus, this electrons determine the physical characteristics of 
graphene rather than the electrical properties. Having approximately 1.42 angstrom bond 
distance graphene is harder than diamond and about 200 times stronger than steel. It is the 
lightest/thinnest material known, nearly 98% transparent and also flexible (Figure 3). 
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Figure 3. Sp2 hybrid-orbitals forming the hexagonal lattice 

 

Orthognal to the lattice plane, 2pz orbitals of the carbon atoms overlap and create the 
weak (pi) bonds, comprising delocalized electrons which determine the unique electrical 
properties of graphene. Electrons travel verly long distances without collisions in the crystal 
structure and the electrical charge carriers behave almost like massless particles. Also the 
energy loss due to electron scattering is minimal when compared with ordinary metals. 

 
1.3 Graphene synthesis: CVD method 

Chemical vapor deposition (CVD) is commonly used in industrial manufacturing and 
scientific researches as a high-quality surface coating method. The proccess includes vaporing 
the chemical compounds and extracting the diffused compounds on substrate surface. 
Chemical reactions take place in the substrate surface (substrate catalyzes the reactions)  and 
the products cover the surface as a thin layer. (byproducts are removed by gas flow) 

 
Most important advantage of this method is that properties of the product can be 

controlled by adjusting the coating parameters. Furthermore all sides of the material are 
covered homogeneously in high purity. Significant disadvantages are the need for high 
vacuum, usage of dangerous and expensive catalyst gases, limited substrate options and the 
defects caused on the product when the byproducts are poorly removed (Figure 4). 
 

 

Figure 4. Chemical Vapor Deposition diagram.  
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1.4 Fields of Application 

Graphene has a wide range of potential applications, all of which can have 
revolutionizing effects. The most promising areas are nanofabrication, microelectronics and 
optoelectronics (in which it is expected to replace ITO); but it can even replace silicon and 
plastic because of being abundant and eco-friendly. 

• Carbon Nanotubes 

Graphene based nanotubes can consist single or multiple layers, both in roll film form 
or cylinder form. Especially multiple cylinder formed graphene nanotubes can be alligned one 
on top of another and almost frictionless rotors can be made. This kind of applications can 
help downsizing the current technology. 

• Graphene Based Transistor 

Another one of the first things that come to mind in terms of graphene applications is 
graphene based transistors. When IBM launched its graphene transistor project in 2011 
scientists had a hard time struggling to make it work mainly because graphene was not a 
natural semiconductor. When the transistors was made, however, it almost doubled the speed 
of silicon transistors. 

• Graphene Based Batteries 

As researches showed that the band gap of graphene can be modified, graphene can be used to 
make more durable and longer lasting batteries. Researchers from Texas University managed 
to build graphene-based ultracapacitors that double the capacity of silicone based ones. 

• Grafen-Based Sensors 
• Transparent Electrodes for Optoelectronic Applications   

1.5 Aim of The Project 

In this project changes in electrical properties of graphene under bending are studied, 
and applicability in flexible optoelectronic devices is investigaded. 

 

2. Material and Methods  

2.1 Synthesis of The Graphene Samples  

In the synthesis proccess, 2x2 cm2, 0.1mm thick and %99.8 pure Cu substrates are 
used as catalyst. To ensure minimal contamination samples are clenaed with accetone, 
isoporopanol and deionized water; then dried with nitrogen gun. Then the samples were put in 
10-6 torr vaccuum (approximately) with mechanical and diffusion pumps to remove any 
unwanted particles and produce graphene that is as pure as possible. After that 100sscm H2 
flow was added and CVD reactor was heated to 1000 oC. When the system was stable at 
1000oC with constant H2 flow,  Cu substrates were annealed for 30 minutes (This proccess 
caused the grains to form and grow). After the annealing proccess, 10sscm CH4 flow was 
added and the pressure was changed to 9x10+2 Torr (close to the local atmospheric pressure) 
in order to initiate the growth of graphene on the substrate. Several graphene samples was 
produced with this proccess and the one with the best spectroscopy results was used as the 
subject. (other samples was used to test following proccesses before the main sample) (Figure 
5 and Table 1). 
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Figure 5. Graphene syntehsis with CVD method on Cu substrates 

Table 1. Production parameters of the graphene samples 

Date of Production 15.10.2015 

H2 Flow 100 sscm 

CH4 Flow 10 sscm 

Reactor Temperature 1050 0C 

Reactor Pressure 4,4x103 torr 

 

2.2 Verifying The Properties of Graphene Samples 

In order to ensure that the produced graphene samples are single layered, samples 
were subjected to raman spectroscopy in Çelebi’s Lab at İzmir Institute of Technology. 
According to previous researches there are 3 significant peaks in graphene’s raman 
spectroskopy graphics at 1350cm-1 (D), 1580 cm-1 (G), 2675 cm-1 (2D). The ratio of 2D and  
G peaks (ratio of peak intensities) indicate the number of layers in the graphene sample. 2 and 
greater ratios mean that the graphene is single layered. The amplitude of D peak indicates the 
contamination and lapping, thus lower D peak amplitude means better characteristics in terms 
of electron mobility and transparency (Figure 6).  
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Figure 6. Raman spectroscopy data of the graphene sample used in the experiments  

As seen in the graphic, 2D/G ratio is clearly greater than 2 (which proves that the 
sample is single layered). The D peak, however, is not perfect which is supposed not to 
influence the bending tests.  

 

2.3 Determining the Substrate to Usable 

In order to do electrical resistance and bending measurements, graphene must be 
transferred on a nonconducting, flexible material from Cu substrate (which is a conductive 
metal). Since one of our goals is to determine the usability in optoelectronics we decided to 
use a transparent material and chose PP for this as it has the required characteristics and 
graphene pairs holds strongly on polymer surfaces.   

 

2.3.1 Transfer Proccess 

Dissolving the Cu subtate is a part of the transfer proccess. However, CVD method 
typically covers both sides of the substrates with the synthesised material. Thus, dissolving 
the Cu substrate in the first place would cause the graphene layers at bottom and top side to 
stick onto each other and form multi-layer graphene. So the first step of the transfer proccess 
is to etch the graphene on one side using O2 plasma (Figure 7 and Figure 8). 
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Figure 7. Graphene transfer steps. 
 

Graphene transfer procces illustrated at figure 10 is as follows: 

1) To prevent damages to the side that will not be etched during the O2 plasma proccess, that 
side of the graphene sample was coated with a layer of PMMA. 

a)  For homogenous coating, a small amount of PMMA was dripped on the sample and 
spincoated at 4000rpm for 45 seconds. 

b)  PMMA was quickly dried at 180 0C for 1 minute and at 120 0C for 4 minutes   

2) Graphene on the other side(s) of the substate was etched via O2 plasma (Table 2). 

Table 2. Parameters of O2 plasma proccess. 

Power 30W 

O2 Flow 0,5L/h 

Pressure 0,6mbar 

Duration 2 minutes 

 
Note: After that proccess the side with graphene was kept upwards at all times. 

3) The sample was kept in  %65 HNO3 – DIW (1:3) solution for 3 minutes. The purpose of 
this process is preventing too fast reaction with the next solvent (which causes bubbles on 
surface that damage the graphene when blows) rather than dissolving the Cu Substrate.  

4) HNO3 solution was diluted and the sample was taken from the solution with watch glass, 
then put in  FeCl3. 6H2O-H2O (1:2) solution. The sample was kept in this solution for 2 hours. 

5) The sample was taken from FeCl3.6H2O solution, then put in (1:17.5) %37 HCl-H2O 
solution (diluting the solution first and using watch glass). The sample was kept in solution 
for 10 minutes. 

6) The sample was transferred from HCl solution to DIW 

7) Floating graphene/PMMA sample was caught with PP from below. 

8) The sample was left to dry in room conditions for a day. (Sample could be dried at 40-500C 
for 5-6 hours or at 1200C for 20 minutes instead, however, fast vaporization could cause 
bubbles and damage the sample) 

9) In order to remove the PMMA layer, a small amount of liquid PMMA was added (as the 
solvent that keeps the PMMA in the bottle liquid also solves the dry PMMA) and  the sample 
was kept in %99 pure accetone solution for 3-4 hours.  

10) The sample was subjected to Raman spectroscopy and the results were analyzed so as to 
decide whether the sample is approrpiate for the measurment requirements or not. 
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Figure 8. Graphene transferred over PP (graphene sheet is barely visible as a gray shade) 

 

2.4.1 Preperation of The Measurement Device 

The measurement device was set by placing grpahene in a stable platform on 
micropositioner and attaching a screw to the vertically moving rod (in order to bend the 
graphene sample by applying pressure to the back of the PP substrate). Then contacts was 
made with the graphene using silverpaste with (+) shaped contact layout. Finally the cables 
were connected to a nanovoltmeter and current-voltage data was gathered. The precesion of 
the system was 10 micrometer bending/ 1o degree rotation of micropositioner lever (Figure 9, 
10 and 11).  

 

 

Figure 9. Silverpaste contacts over grphene sample. 

 

 

Figure 10. Connecting the other end of the cable to pins.  



Egemen Akar, Turkey 

  

 

Figure 11. Calibrating the measurement device (final state).  

 

2.4.2 Measurements 

The measurements were taken by connecting the sample to a precise current source 
and a nanovoltmeter. The purpose of using this method instead of a resistance meter is to 
detect the effect of increased current (if any) and get a better approximation using the slope of 
the resulting graphic. A current source with 100fA programming resolution, >1014 Ω output 
resistance, <10 pF output capacitance (Keithley 6220); and a nanovoltmeter with 1nV 
resolution, >10 GΩ output resistance was used. Measurements taken are as follows: 

 
1) At 2mA current range (±), without bending.   

2) At 2mA current range (±), with 500 micrometers bending.  

3) At 2mA current range (±), with 1000 micrometers bending.  

4) At 2mA current range (±), returned to 500 micrometers bending.  

5) At 2mA current range (±), bending released. 
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3. RESULTS 

Following graphs show the voltage-current data gathered from the experiment. Slopes 
of the lines gives the resistance at specified conditions (Figure 12 – 16). 

 

 
 

Figure 12. Bending the graphene in two steps. 
 

 

Figure 13. Releasing the bending in two steps. 
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Figure 14. Comparison of data from 500µm bendings before and after the 1000µm bending 
 
 

 

Figure 15.Comparison of data gathered from the initial and final states. 
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Figure 16. Changes in the resistance of the graphene under bending. 

 

4. DISCUSSION 

When graphene is bended under mechanical pressure, its resistance increases in direct 
proportion with the square of bending amount. When the bending force is released, the 
resistance  turns back to its original value. (e.g. resistance values at first 500 µm bending and 
the 500 um bending after full bending are identical). Since no hysteresis effect is observed, 
graphene can be used in curved/flexible optoelectronic devices. However, bending this 
devices at “on” state might not be possible. 

 

5. IMPLICATIONS 

As our experiment have shown, graphene can replace materials commonly used in 
electronics –such as  ITO, a rare material widely used in displays. Beyond that, it can expand 
the horizons of flexible electronics, especially in displays. Utilizing the unique and 
benefitable properties of graphene will alter the future in a promising and eco-friendly way.  
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Freezing process of porous media in spectrum of the temperatures 

Abstract 

The solution of the moving-boundary problem, related to heat- and mass-transfer processes in 

freezing the fine-grained porous media is presented. It is assumed that a freezing zone, characterized 

by a wide temperature range of phase transitions, is formed. Therefore a three-zone model is 

developed. The preservation of the relaxation terms I t   ( I  is the ice content) in the system of 

equations has made it possible to determine the ice distribution within the frozen and the freezing 

zones. For loamy soils the dependence of the freezing process on the characteristic parameters – 

Stefan and Lewis numbers, was analyzed. It was found that increasing the enthalpy of phase 

transition resulted in diminution of the frozen zone. Intensification of the migration process led to 

increasing the ice content and, consequently, the total moisture (including ice). When the water 

migration process is absent, in the course of freezing the redistribution takes place only between 

moisture and ice contents. The total moisture remains constant and equal to the initial water content. 

It is also shown that in coarse-grained soils (such as sand) the freezing zone is not formed. The 

theoretical conceptions and results derived from the solution are in agreement with experimental 

envistigations.  

Keywords: Freezing zone; Relaxation terms; Frozen and freezing fronts; Equilibrium unfrozen water 

content; Total moisture (including ice). 

1. Introduction

Heat- and mass-transfer processes that occur under phase-transition conditions in porous media are 

highly complicated, but are very important in many fields of science and engineering. A few 

examples include: permafrost in natural soil in cold-climate regions (Lunardini, 1981a, 1994; 

Wesphal, 1967); thawing and refreezing of soil around buried pipe lines carrying various fluids 

(Lunardini, 1981b; Bronfenbrener and Korin, 1999; Lachenbruch, 1970); dissolution and 

solidification of the solutions in reacting chemical systems (Rubin, 1983; Willis and Rubin, 1987; 

Pawell and Krannich, 1996), cryopreservation and cryosurgery (Rubinsky and Onik, 1991); etc.  In 

this connection it is of interest to study the freezing and thawing processes in porous media, 

specifically, in soil. 

In most studies of the problem of phase transitions it is assumed that the phase front is a 

mathematical surface separating the soil region into frozen and unfrozen zones – a two-zone model. 

However, it is known from experimental (Ershov, 1979a; Grechischev et al., 1980; Konrad and 

Morgenstern, 1982; Danielian et al., 1983) and theoretical (Danielian et al, 1983; Bronfenbrener and 

Korin, 1997; Feldman, 1988; Furukawa and Shimada, 1993; Nakano 1992) studies of freezing 

processes that the front of macroscopic ice formation lags significantly behind the boundary of 

incipient freezing. This phenomenon may be attributed to the existence of a region of intensive phase 

transition, in which migration and crystallization of moisture take place simultaneously. This region 

is characterized by sharp gradients of the equilibrium unfrozen water content, and its width depends 

on the soil properties and freezing conditions. In recent years many studies have focused on the mass 
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and heat transfer mechanisms in the region between the frozen and the unfrozen boundaries, that is 

referred to as the "freezing zone" (Bronfenbrener, 2012, Ershov, 1979a; Grechischev et al. 1980)  or 

the "frozen fringe" (Talamucci, 2003; Konrad and Morgenstern, 1982). In theoretical study 

(Bronfenbrener, 2012), based on a quasi-steady approach, the criterion for freezing zone formation 

was derived as a function of soil properties and freezing conditions. This criterion facilitates, a priori, 

the correct choice of the solution to the problem, i. e., whether to consider the phase-transition front 

as including a freezing zone – a three-zone model – or to consider it as a mathematical surface that 

divides the soil region into frozen and unfrozen zones – a two-zone model. As was shown in the 

study (Bronfenbrener, 2012), the freezing zone forms in fine-grained loamy soils, and in such cases it 

is necessary to use a three-zone model. We note that a similar conclusion was observed from analysis 

of the experimental investigations (Ershov, 1979a; Danielian et al., 1983; Takeda and Nakano, 1990). 

It is necessary also to note that the moisture diffusion coefficients in the frozen zone are 

significantly smaller than those in the unfrozen zone. Therefore, in theoretical models the mass-

transfer process in the frozen part of the soil is neglected, and the moisture distribution in the frozen 

zone (the equilibrium unfrozen water content) is assumed to be uniform. At the same time the 

formation of an ice interlayer is both a direct result and a convincing proof of the occurrence of water 

migration in fine-grained soils at temperatures below the phase transition temperature (Hoekstra, 

1969; Magenau and Morgenstern, 1980; Perfect and Williams, 1980; Kay and Perfect, 1988; Nakano, 

1990, 1991; Lunardini, 1991; Talamucci, 2003; Bittelli et al., 2004; Ershov, 1979a). We also note 

that the increase in the frozen soil volume is not only due to the differing densities of water and ice, 

but is mainly due to a process of water migration from the unfrozen zone towards the freezing front 

and then to the freezing and frozen parts of the soil. This is a result of strongly coupled heat- and 

water-transfer processes in the soil.  

It is known that in soils such as silt and clay, and also in loamy soils, only a portion of the water 

(pore water) will freeze at the freezing point, and some liquid water will remain at sub-freezing 

temperatures. This equilibrium unfrozen moisture content depends on the specific surface of the soil 

(Michalowski and Zhu, 2006; Anderson and Tice,1973; Fukuda et al., 1997). The lowering of the 

water freezing temperature in porous media results from the very complicated energetic interactions 

of the active mineral surface with free and bound water. In this respect the equilibrium unfrozen 

water content distribution, which is determined experimentally, reflects the total effect of these 

interactions during the crystallization process and ice formation.  

We also note that the equilibrium unfrozen water content is the important property of freezing soils 

that determines the water distribution in the frozen zone. It depends on the temperature, and the 

experimental investigations show that it is essentially a non-linear function (Bittelli et al., 2004; 

Ershov, 1979a,b; Michalowski and Zhu, 2006;Danielian et al., 1983; Bronfenbrener and Korin, 

2002). 

In the present solution, for the equilibrium unfrozen water content we used the approximation of the 

experimental data (Fig.2.2B), and verified the model by comparison with the experimental results for 

the freezing process in loamy soil (Ershov ,1979a). We believe that the considered approximation of 

the equilibrium unfrozen water content can be used for the solution of the problem along, for 

instance, with exponential approximation this value (Michalowski, 1993).   
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Another important aspect of the problem should be noted. In reviewing previous studies we found 

that very few models considered the relaxation of the phase transitions in dispersive soils. 

Nevertheless, just the relaxation terms ( I t  ) in the system of equations enable us introduce the 

crystallization rate function into the model and, consequently, to determine the ice distributions in 

both the frozen and the freezing zones. In this context we note the studies of Yanitcky (1988, 1990), 

in which the analytical solutions of the steady-state problem for both moisture migration and ice 

storage are presented. Solution by Yanitcky (1988) was obtained for a specimen that is found under 

frozen condition, i.e., it considered only the frozen zone – a single-zone model. Yanitcky (1990) later 

solved the same problem for stationary statement, on the basis of a two-zone (frozen and unfrozen) 

model. In this solution the equilibrium unfrozen water content was assumed to be constant for a linear 

temperature distribution within the frozen zone, and we consider that this does not reflect the 

variation in unfrozen water content as a function of the temperature. 

Thus, the purpose of the present study was to investigate the freezing process in porous media, in 

particular in fine-grained soils, under phase transitions that take place over a reasonably wide 

temperature range. In this connection a three-zone model was used, and the equilibrium unfrozen 

water content was imagined to be a non-linear function of temperature. As the experimental 

investigations show, for the freezing soils which are found under both the natural and experimental 

statement conditions without external sources of the filtration (Darcy's low) processes and especially 

for a natural engineering investigations, the pressure gradients are extremely small and hence are not 

taking into consideration for the modeling (Ershov, 1979a; Feldman, 1988; Ershov, Williams, 

2004).The problem is solved on the basis of the quasi-steady-state approach. The moisture 

distribution within the frozen zone is described in terms of the equilibrium unfrozen water content. In 

the freezing zone, which is characterized by steep water gradients, we approximate the moisture 

according to the temperature distribution and to the gradients of the unfrozen water content in this 

zone (Bronfenbrener, Korin, 1999). This approach reflects the main regularities of the moisture 

distribution and is consistent with the establishment of the equilibrium water content during the 

freezing process (Bitteli et al., 2004; Ershov, 1979a,b; Bronfenbrener and Korin, 2002).  

This paper is organized as follows. In the following section we describe the boundary value 

problem which is based on the jump conditions at the moving boundary between the frozen and 

freezing zones, and the continuity of the heat and moisture fluxes at the second moving boundary 

(between the freezing and unfrozen zones). Section 3 formulates the mathematical problem in 

dimensionless variables. The solutions for temperature, moisture and ice distributions are also 

presented in this section. On the basis of the boundary conditions, we present the system of equations 

for obtaining the coordinates of the moving boundaries and the temperatures and moisture contents at 

these boundaries. Here we discuss the solution of the derived system. The analysis of heat and 

moisture transfer in a loamy soil is carried out in the section 4. The temperature and moisture profiles 

as well as the ice distributions in the frozen and freezing zones, as dependent on the principal 

parameters – the Lewis and Stefan numbers – are presented. The comparison between the theoretical 

solution and the experimental data is also discussed in this section. In the end of the paper the 

conclusions resulting from this study are summarized. 
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2. Statement of the problem

To obtain the analytical solution some assumptions were made: 

1. The main moisture transfer process is diffusion.

2. Under phase-transition conditions the water, ice and the porous medium reach local thermal

equilibrium.

3. The thermal and physical properties of the porous medium are kept constant in each zone but

they differ between zones.

The schematic description of the system model is given in Fig.2.1. We consider a one-dimensional 

freezing process in a semi-infinite water-saturated porous medium with skeleton density
s

 . Initially (at

0t ) the homogeneous porous medium has a uniform moisture distribution  
0

WxW  and a 

temperature, 
0

T  that is higher than 
0

T , which is defined as the initial phase-transition temperature related 

to the water content, 
0

W . At time 0t  the left boundary of the system is held at the constant temperature 

b
T , which is lower than the initial phase-transition temperature, and the whole domain is divided into 

three zones: (1) the frozen zone )(0
1

tSx  , which defined as the region between the cooling boundary 

and the front position coordinate )(
1

tS ; (2) the freezing zone )()(
21

tSxtS  ; and (3) the unfrozen zone 

 xtS )(
2

. 

Fig.2.1. Schematic description of model system: A- temperature, B- moisture. 

In the frozen zone the temperature varies within the interval 
1

 TTT
b

, where 
1

T  is the 

temperature at the frozen front )(
1

tS . As the experimental investigations show (Bitteli et al., 2004;

Ershov, 1979b; Hoekstra,1969), the moisture distribution in the frozen zone is that of the equilibrium 

unfrozen water content  TW
eq

, which depends on the temperature and the type of soil. In the 

freezing zone the temperature varies within the range 
02*1 

 TTTT , and at coordinate )(
2

tS , 

which is defined as the freezing front position, the ice content vanishes. The moisture distribution in 

this zone is characterized by the temperature distribution and, consequently, by the equilibrium water 

content and phase transitions. The unfrozen zone is that of ice-free soil )(
2

tSx   which is 
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characterized by a temperature that is higher than the temperature 
0

T  (at the right-hand boundary of 

the freezing zone). The moisture distribution in this zone is determined by the migration process. 

As was mentioned in the Introduction, water crystallization in fine-grained soils occurs within a 

certain range of the temperatures; the equilibrium unfrozen water content is one of the intrinsic 

properties of the frozen soil. As it is a thermodynamic function of the temperature - )(TW
eq

 it 

determines the formation of the frozen and freezing zones and, consequently, controls the ice storage 

process. Many experimental investigations have addressed the unfrozen water content in frozen soils; 

the experimental equilibrium relations for several types of soil are presented in Fig. 2.2A. It can be 

seen that the temperature range of phase transitions, which is characterized by the equilibrium water 

content, is extremely small for sandy soils. In contrast, for fine-grained loamy soils the freezing zone 

is quite wide. Our analysis and treatment of experimental data in dimensionless variables leads to 

following good approximation function which is in close agreement with experimental distributions 

(Fig. 2.2B): 

 





0
1

1

a
eq




 , (2.1) 

in which 

   
b

TTTT 
 00

/ , 

   
eeeqeq

WWWW 
0

/ . 

In these last expressions,   and  
eq

 are the dimensionless temperature and equilibrium unfrozen 

water content; )(
beqe

TWW   and 
0

a  are the moisture at the left (cold) boundary of the soil 

sample, and the constant parameter for approximation of  
eq

 related to the type of the soil, 

respectively. This dimensionless relationship for the equilibrium unfrozen water content is used in 

our model. 

Fig.2.2. Equilibrium unfrozen water content: A – experimental data (Ershov, 1979a, b; Bittelli et al.,2004; 

Bronfenbrener and Korin, 2002); B – dimensionless approximation. 
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The basic heat and mass balance equations for the considered system are: 

- within the frozen zone, )(0
1

tSx 

1 1 1

1 1 s

T T I
C k L

t x x t


   
  

    

, (2.2) 

1 1 1

1

W W I
D

t x x t

   
  

    

; (2.3) 

 within the freezing zone, )()(
21

tSxtS 

2 2 2

2 2 s

T T I
C k L

t x x t


   
  

    

, (2.4) 

2 2 2

2

W W I
D

t x x t

   
  

    

; (2.5) 

- within the unfrozen zone,
2

( )S t x  




























x

T
k

xt

T
C

3

3

3

3
, (2.6) 




























x

W
D

xt

W
3

3

3

; (2.7) 

in which 

iii
DCk ,, , respectively, are the thermal conductivity, the volumetric specific heat and the 

diffusion coefficient of the porous medium in the i -th zone ( 3,2,1i ); , ,
i i i

T W I are the temperature, 

moisture and ice content, respectively; 
s

 is the mineral skeleton density of the soil, 3 3 5L kJ kg

is the latent heat of water. 

We note that the system of equations (2.2) – (2.7) was derived on the basis of fundamental laws of 

the mechanics for multiphase porous media (Bear and Bachmat, 1990; Bronfenbrener, 2012), i.e., 

conservation of mass and
 
energy equations. This system (see also Ershov, 1979a;  Danielian, 

Yanitcky, 1983; Feldman, 1988; Bronfenbrener, Korin, 1997) describes the soil freezing processes 

with a good accuracy for natural and experimental modeling conditions. 

Now we perform some conversions of the system (2.2)-(2.7). For example, in considering 

Eqs.(2.2)-(2.3), we express the term 
1

I t   from Eq.(2.3) and substitute into Eq.(2.2). Taking into 

consideration that the equilibrium unfrozen water content as a thermodynamic function depends on 
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temperature only, and also that    tddWtW
eq


11

 , after some transformation we 

obtain 

1 1

1 1 1

1 1

eq eq

s s

d W d WT T
C L k L D

d T t x d T x
 

     
      

  
    

.  (2.8) 

Equation (2.4) for the freezing zone can be treated analogously, and we get: 

2 2

2 2 2

2 2

eq eq

s s

d W d WT T
C L k L D

d T t x d T x
 

     
      

  
    

. (2.9) 

Thus, for the solution we have the system of equations (2.8), (2.3); (2.9), (2.5); and (2.6), (2.7) for 

the frozen, freezing and unfrozen zones, respectively. 

According to the problem, the initial and boundary conditions can be written as follows 

   0 0
0 , , 0t T x T W x W I    , (2.10) 

 















00
,

,0

0

WWTTx

TWWTTx

t

beqb

(2.11) 

At the moving boundaries )(
1

tS  and )(
2

tS  we set the continuity for the temperature and 

moisture functions. At the same time the heat and moisture balances conform to the phase-transition 

process (a discontinuity of fluxes, with a jump of total moisture) we set at the first moving boundary

)(
1

tS .At the second moving boundary )(
2

tS we assume a continuity of the heat and moisture 

fluxes. We must also remember that the ice content at the boundary
2

Sx  is vanishes, i.e., 
2

0I  .  

In this manner the conditions at the moving boundaries have the following form: 

at :
1

Sx    

   1 2 *1 1 2 *1 1 1 *1 2 1 *2
, , ,T T T W W W I S I I S I      , (2.12) 

1 1

0
s

T W
k L D

x x


    
 

       
, (2.13) 

  1

1 11
1

v 0 , v
to t

d SW
W D

x d t

 
  
  

; (2.14) 

at :
2

Sx 

2 3 * 0 2 3 * 2 2
, , 0T T T W W W I     , (2.15) 
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0

2
















x

T
k , (2.16) 

0

2
















x

W
D , (2.17) 

where  
0*1*

, TT  and  
21*

,


WW  are temperatures and moisture at the boundaries 
1

S  and  
2

S , 

respectively;
1

I


and 
2

I


, respectively are ice contents at the moving boundary 
1

Sx  on the frozen 

and the freezing sides,  
j

F  is the jump of the function at the j -th boundary, 2,1j . 

3. Dimensionless variables and solution

For the solution we introduce the coordinate  tx
3

2/    and present the displacement of 

boundaries 
1

S  and  
2

S  in the form tS
31*1

2  , tS
32*2

2  . We also introduce the

following dimensionless variables: 

* 0

* 0 0 0

3 3 3

, ,

, ,

e

b e e

i i i

i i i

T T W W I
l

T T W W W W

k C D
k C D

k C D

 
  

  
  





  


,  (3.1) 

in which  ,  and l  are unknown dimensionless temperature, moisture and ice content, 

respectively; 1, 2 , 3i  . 

Because we assume that the heat and moisture transfer coefficients are constant, we replace the 

dimensionless equilibrium unfrozen water content gradient  dd
eq

 in the heat transfer equations 

with an average value over the corresponding (frozen or freezing zone) temperature interval, so that

1*

1*

1

1 11*

1

11

1
1*


















 



d
d

d

g
eq

,  (3.2) 

1*0*

1*2*

2

21*0*

2

0*

1*

1











 





d
d

d
g

eq

.  (3.3) 

We note that the temperature 
0*

T and also 
e

W  in dimensionless form (3.1) equal to zero, i.e., 

0
0*
  and 0

e
. 

Thus, under these conditions the process under consideration can be described by the following 

boundary value problem in dimensionless form:  

- within the frozen zone,
1*

0  
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,  (3.4) 
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11
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1
22 ;  (3.5) 

- within the freezing zone,
2*1*

 

2

2

2

2

2
2











d

d

d

d
,  (3.6) 






























d

dl

d

d
D

d

d
Le

d

d
22

2

2
22 ;  (3.7) 

- within the unfrozen zone,  
2*

2

3

2

3
2










d

d

d

d
 ,  (3.8) 

2

3

2

3

2










d

d
Le

d

d
 .  (3.9) 

In the system of equations (3.4)-(3.9) the Lewis and Stefan numbers as well as the effective 

coefficient of thermal diffusivity are defined as follows: 

3

3



D
Le   ,  

ii

iii

i

g
Ste

C

g
Ste

Le
Dk

1




 ,  
 

 

3 * 0

0

b

s e

C T T
S te

L W W





(3.10) 

In the presented model, we choose as the characteristic scales, the values of thermal conductivity

3
k , volumetric specific heat 

3
C  and diffusion coefficient (diffusivity) 

3
D of the unfrozen soil (see

Eq.(3.1)). 

For the initial uniform distributions of the temperature 
0

  and moisture 1
0
  , the 

boundary conditions as well as the local balance equations at the moving boundaries can be rewritten 

in terms of the dimensionless variables: 













1,

0,1,0

303

11





;  (3.11) 

at :
1*
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2*1*21*1*11*211*21
)(,)(,, llll  ,  (3.12) 

0

11





























d

d
D

Ste

Le

d

d
k ,  (3.13) 

02

1

1*1*
















d

d
DLel ;  (3.14) 

at 
2*

 : 

0)(,,0
2*22*320*32

 l ,  (3.15) 

0

2















d

d
k ,  (3.16) 

0

2















d

d
D ,  (3.17) 

in which 
211 

 lll is a jump of the ice content at the boundary 
1

  . 

3.1. Temperature and moisture profiles 

The solution of the equations system (3.4)-(3.9) with associated boundary conditions (3.12), (3.15) 

can be obtained in the following form: 

- within the frozen zone,
1*

0  

 
 

 
1

/

/

1

1
1*

1

1*1








erf

erf

,  (3.18) 

 





0

1

1

1

a
eq




 ;  (3.19) 

- within the freezing zone,
2*1*

 

   

    




















21*22*

21*2

1*2
1

erferf

erferf

,  (3.20) 
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1*

1*

1*2*

1*22





 ;  (3.21)

- within the unfrozen zone,  
2*

   

 
2*

2*

03






erfc

erferf
, (3.22) 

 
   

 
2*

2*

2*

23
1 








Leerfc

LeerfLeerf

.  (3.23) 

In this solution      
2

0

2e r f e x p d



      is an error function,     erferfc  1 ; 
1*



and 
2*

 are moving boundaries – frozen and freezing front, respectively , which should be obtained

together with values of the temperature 
1*

 and moisture
2*

 from the conditions (3.13),(3.14) and

(3.16), (3.17). The moisture content at the moving boundary 
1*

 is determined from Eq. (3.1).

3.2. Ice distribution in frozen and freezing zones 

Now we consider equation (3.5) and rewrite it in the form: 

2

1

2

1

11

2

1














 d

d
DLe

d

d

d

dl
.  (3.24) 

Taking into account the relationship     dddddd
1111

 and also the solutions (3.18),

(3.19), we can integrate Eq.(3.24) with respect to   from 0 to  . Applying the boundary condition 

(3.12), we obtain the ice distribution in frozen zone 

      
1*

1

11

1111
1 






gDLe
ll

 

  




















11*

1

1

erf

erf

.  (3.25) 

Analogously, according to condition (3.15) we can integrate Equation (3.7) and thereby describe 

the ice distribution process within the freezing zone 

   
1*

2

22

22*2





gDLe

l
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21*22*

222*







erferf

erferf

.  (3.26) 

3.3. Calculation of the moving boundaries coordinates
1*

 ,
2*

 and moisture
2*

 at the boundary

2*
 

The final step in obtaining the solution requires a determination of the moving boundaries 

coordinates 
j*

 ( j =1,2) and also the temperature and moisture content 
1*

 , 
2*

 . For this purpose we 

use the conditions (3.13), (3.16), (3.17). Substituting the solutions (3.18)-(3.20) into (3.13) and using 

the conditions (3.16), (3.17) at the boundary
2*

 after some simple transformations, we obtain the 

following system of equations: 
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 ,  (3.29) 

in which 

 
   

   LeerfcLeexp

erfcexp

LeD

k

2*

2

2*

2*

2

2*

2

2

2*





 .  (3.30) 

For a given 
1*

 (its determination is presented below) and, therefore,
1*

 (see Eq. (2.1)) the

unknown values 
1*

 ,
2*

 and
2*

 can be obtained from the solution of the system of equations

(3.27)-(3.29), which  has a unique solution. Actually, in the (
1*

 ,
2*

 )-plane a curve 1 (increasing 

function) described by Eq.(3.27) intersects the curve 3 (decreasing function) described by Eqs.(3.18) 

and (3.19) at a single point (see Fig. 3.1).  

Since the temperature 0
1*
  Eq. (3.27) implies

2*
  > 

1*
 , this means that   )(

12
tStS   and, 

therefore, the freezing zone exists –   0)(
12

 tStSS . 
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Fig.3.1. Relationships   resulting from Eqs. (3.27), (3.28): 1– relationship of type Eq.(3.27), 2 – bisector , 

3 – relationship of type Eq. (3.28). 

When 0
1*
  (

2*1*
 ), it follows from Eq. (3.27) that 

1*
 =

2*
 =

* 0
 (Fig. 3.1). In other words,

the freezing zone does not form, and the two moving boundaries are merged into one boundary 

* *0 3
2S t  that separates the frozen and unfrozen zones. This case is characteristic of sandy soils, 

and it has been observed experimentally. 

3.4 Calculation of the temperature 
1*

 and moisture content
1*

 at the boundary
1*

 

To determine 
1*

 we apply the condition (3.13) at the boundary
1*

  . Replacing the derivatives in 

this condition according to solutions (3.18), (3.19) we obtain: 
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in which 
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It is evident that the function on the left-hand side of equation (3.31) increases monotonically while 

the function on right-hand side of this equation decreases monotonically. Therefore, there is a single 

intersection point of the curves defined by these functions. This means that the Eq. (3.31) has a 

unique solution for
1*

 . 

By applying the condition (3.14) and the solutions (3.19), (3.21) we have 

 
2

10

1

1121

1

1












a

BAl  (3.32) 

Now, from Eq. (3.26) we can obtain the ice content 
2

l at the boundary 
1

  and hence

121 
 lll  (3.33) 

Thus, the equations (2.1), (3.27)-(3.29) and (3.31) constitute a system for determining the values
j*

 ,

j*
 ,

1*
 ( 2,1j ), and hence for determining the distributions of the temperature, and the moisture and

ice contents. This system can be solved by an iteration method, which converges rather rapidly. 

4. Results and discussion

The freezing process was analyzed on the basis of the solution described above. Attention was paid 

mainly to the influence of the characteristic parameters Ste  and Le  (the Stefan and Lewis numbers) on 

the temperature, moisture and ice distributions.  

It is known, that for the soil, as a heterogeneous porous media, the texture represents the relative 

proportion of its particles with different sizes, which is a fundamental physical property, correlated to 

just any other soil properties and, in particular, to thermal and physical characteristics. Therefore for 

the treatment of the experimental results and modeling it is very important to know the distribution of 

the particles sizes of the soils, and based on this distribution to calculate the percentage of major 

components of soil in order to obtain its texture classification and then corresponding soil properties. 

For this purpose the particle sizes were measured by sieving and light scattering methods, and 

textural class of the soils was defined according to USDA classification. 

As an example, we give the distributions of particles sizes for loamy and sandy soils which are 

listed in Table 4.1 and illustrated by differential function of distributions in Fig.4.1.  

Freezing process of porous media in spectrum of the temperatures

115



Table 4.1. Distributions of the particles sizes for the loamy and sandy soils. 

Loamy soil 

Size of particles 

(mm) 

Percent of 

particles 
Percentage of major components

1 – 0.5 2.1 

Sand (32.1%) 

0.5 – 0.25 5.6 

0.25 – 0.1 14.8 

0.1 – 0.05 9.6 

0.05 – 0.01 34.2 

Silt (48.5%) 
0.01 – 0.005 7.8 

0.005 – 0.002 6.5 

< 0.002 19.4 Clay (19.4%) 

Sandy soil 

Size of particles 

(mm) 

Percent of 

particles 

Percentage of major 

components 

1 – 0.5 10.2 

Sand (99.8%) 

0.5 – 0.25 14.6 

0.25 – 0.1 50.7 

0.1 – 0.05 24.3 

0.05 – 0.01 0.2 Silt (0.2%) 

Fig.4.1. Distributions of the particles sizes for the studied soils: A – loamy soil; B – sandy soil. 

These distributions allow calculating the percentage of each major component – sand, silt and clay, 

and on the basis of USDA classification to define class of the soil.  

In present study the freezing process is analyzed for the loamy soil. The thermal and physical properties of 

the loamy soil were obtained from (Ershov, 1979) and are listed in Table 4.2. The initial temperature and 
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the temperature at the left-hand boundary were the same for all variants: CT


0.3
0
 and CT

b


5.12 , 

respectively. Initial temperature of phase transition is
*0

0 .5T C  . 

Table 4.2. Thermal and physical properties of the loamy soil. 

s


kg m
 -3

0
W

kg kg
 -1 

e
W 8

10
i

D

m
2
s

 -1

i
k

Wm
 -1

K
 -1

i
C

kJ m 
-3

K 
-1

1750 0.28 0.05 

3.1 

8.0 

12.5 

1.7 

1.5 

1.2 

2835 

3325 

3542 

Firstly, we present the result related to the iteration process for the solution of the system of 

equations (2.1), (3.27)-(3.29) and (3.31), from which the values
j*

 ,
j*

  ( 2,1j ) and 
1*

 at the

front are obtained. As an example, we consider the variant in which the Stefan and Lewis numbers 

were assumed to be 0.32 and 0.37, respectively, which correspond to the soil properties. Table 4.3 

presents the results of the iteration process for various initial approximation of the temperature
1*

 . 

Table 4.3. Convergence of iteration process for the solution of equations system (3.1), (3.27)-(3.29) and 

(3.31) for initial approximations 15.0
)0(

1*
  and 3.0

)0(

1*
 . 

Iteration 

number, N 
   

0 -0.15 0.33 -0.3 0.25 

1 -0.1875 0.35 -0.3375 0.25 

2 -0.2125 0.33 -0.3875 0.23 

3 -0.2375 0.31 -0.4125 0.23 

4 -0.2625 0.31 -0.4375 0.21 

5 -0.2875 0.29 -0.4625 0.21 

6 -0.3125 0.27 -0.4625 0.21 

7 -0.3375 0.25 

8 -0.3875 0.23 

9 -0.4125 0.23 

10 -0.4375 0.21 

11 -0.4625 0.21 

12 -0.4625 0.21 

As follows from the calculation, within 6-9 iterations the iteration process converges to the same 

values 
* 1

0 .4 6 2 5   and 
* 1

0 .2 1  for the various initial approximations of the temperature at the 

front ( 3.0
)0(

1*
 and 15.0

)0(

1*
 ). The convergence is presented graphically in Fig. 4.2. 
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Fig.4.2. Convergence of iteration process for the solution of equations system (3.1), (3.27)-(3.29) 

and (3.31). 

As our next result, we present in Fig. 4.3 the solution for the Stefan and Lewis numbers 

corresponding to the soil properties ( 0 .3 2 , 0 .3 7 )S te L e  .  

Fig.4.3. The distributions of temperature – A, ice content – B, moisture and total moisture – C. 

Figure 4.3A shows the temperature distribution in the soil. The break in the temperature profile at the 

frozen front 
1*

   should be noted; it is a consequence of the thermal flux discontinuity (see Eq. 3.13). 

A similar result was obtained for the moisture profile (Fig. 4.3C). In this figure we also plot the ice (Fig. 

4.3B) and total moisture (Fig. 4.3C) distributions. It can be seen that there is a jump in these distributions 
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at the frozen front, as indicated in the statement of the problem (see Eq. 3.14). We note that the ice 

distribution is a decreasing function.  

For verification of the present model, we compared the analytical solution with experimental data 

obtained by Ershov (1979a), who used a laboratory device designed for the study of water migration 

in freezing and unfrozen soils. The facility enables analyses to be performed on four soil samples. At 

the left-hand boundary, low temperature was maintained by means of air blown from a cooling 

chamber. At the right-hand end, a higher temperature was maintained by flow of a heated fluid, 

pumped through a thermostat. In these experiments the temperatures at the boundaries were held 

constant at C


5.12  and C


0.3 , respectively. In order to provide a one-dimensional heat flux across 

the bases, the sides of the samples were thermally insulated. In the course of the experiment the 

temperatures in the cooling chamber and the thermostat were monitored with laboratory 

thermometers and those in the samples with thermocouples. After being removed from the device, the 

soil samples were cut into 2- to 3-mm-thick slices. Their total moisture was obtained gravimetrically. 

Figure 4.4A illustrates the total moisture distribution in the 0.3-m-long loamy soil sample at time    

t = 18.5 hours. For comparison we transform the coordinate x  of the experimental system to the 

space coordinate  tx
3

2/   , and also the values of total moisture to the dimensionless variables

according to Eq. (3.1). This comparison is presented in Fig. 4.3B. 

Fig.4.4. Total moisture distribution: A – experimental data (dimensional variables), B – comparison 

between theoretical and experimental distributions (model coordinates system). 

It can be seen that the main results of the present model show that it yields a total moisture profile 

that agrees well with the experimental distribution, and that it gives good estimates of the frozen front 

location. The slight discrepancy in the vicinity of the front (defined in present model) is a 

consequence of the discontinuity condition at the front that was assumed in the statement of the 

problem. We also note that the main regularities of the moisture transfer process obtained in the 

present study are in agreement with the findings of other experimental and theoretical (numerical 

solution) investigations (e.g. Hansson et al.). 
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It is well known from an experiment that increasing the Stefan number leads to increased 

propagation velocity of the front. Thus, in Fig. 4.5 we present the results of calculations that used two 

values of the Stefan number, 0.32Ste   and 0 .6Ste  , for a Lewis number of 37.0Le .  

Fig.4.5. Effect of phase transitions level ( 0 .3 2S te   and 0 .6 0 )S te   on the freezing process for

37.0Le : A – ice distributions, B – total moisture distributions. 

It is evident that for the greater enthalpy of phase transitions ( 0.32Ste  ) the frozen zone is 

significantly smaller whereas the ice content (Fig. 4.5A) and total moisture (Fig. 4.5B) in the frozen 

zone are greater than those for 0 .6Ste  . For convenience of comparison, in Figs 4.5A and 4.5B we 

present the ice and total moisture distributions for these parameters. It should be noted that these 

results are in agreement with experimental investigations (Ershov, 1979a; Grechischev et al., 1980; 

Konrad and Morgenstern, 1982; Feldman, 1988; Takeda and Nakano, 1990). 

A highly important parameter (criterion) for the process being considered is the Lewis number; as this 

parameter increases, the migration process becomes more intensive. As the experimental findings show, 

the moisture flux has an essential effect on the frozen zone formation. In particular, the ice content in this 

zone grows with intensification of the migration process. In this context, Fig. 4.6 shows the effect of 

changes in the Lewis number on the moisture transfer process in freezing soil: the results of calculations 

of the distributions of the ice, moisture and total moisture – the main integration characteristics of the 

process – are presented for Lewis number values, 37.0Le  and 0.74Le  . The Stefan number was the 

same for both variants: 0.32Ste  .  

The analysis of distributions shows that the frozen zone decreases as the Lewis number increases. 

The diminution of the frozen zone as well as the growth in the ice content, l  (Fig. 4.6A) and the total 

moisture 
to t

l    (Fig. 4.6B) are results of the intensification of the migration process.  
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21 

Fig.4.6. Effect of moisture migration 37.0( Le  and 0.74Le   on the freezing process for 0.32Ste 

: A – ice content distributions, B – total moisture distributions. 

For convenience of comparison effects of different values of the Lewis number ( 0.2 0.74Le  ), 

Fig. 4.7 presents the ice distribution in the frozen zone, expressed in the reduced coordinate
*1,n

  

.  

Fig.4.7. Ice distributions in frozen zone in reduced coordinate


 for the varied Lewis number – 

intensification of the migration process: range of the Lewis number is 0.2 0.74Le  . 

It can be seen that the increasing the Lewis number results in increasing the ice content in the frozen 

zone, distribution of which is a monotonically decreasing function for each considered variant 

3,2,1n  of the Lewis number. This is a result of the intensification of the water migration process 

and of the consequent diminution of the frozen zone. As was mentioned above, this is a known effect, 

and it has been observed in experimental and theoretical studies (Ershov, 1979a; Danielian et al., 1983; 

Bronfenbrener, Korin, 1997). It should be also noted that the increase of the Lewis number results in 

increasing the jumps in the ice content and, in consequence, the total moisture content, at the frozen 

front 
1*

  (Fig. 4.6).  
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Figure 4.8 presents the results the calculation without the water migration process, which were 

based on the described model.  

Fig.4.8. The temperature-A, moisture, ice and total moisture – B distributions calculated in the absence of 

the migration process ( 0Le ). 

In this case the temperature distribution (Fig. 4.8A) is formed according to the condition (3.13) at 

the frozen front 
1*

 , which transforms (for 0Le ) to a condition such as (3.16). Since 0
1*
 , 

it follows from Eq. (3.14) that there is no jump in the ice content at the front 0
1



l , and in the 

course of freezing the redistribution takes place only between moisture and ice contents. As was to be 

expected the total moisture remains constant 
to t

l    and equal to the initial water content 
0

  

(Fig. 4.8B).  

It is of interest to present the findings regarding to characteristics at the frozen front for different 

values of the parameter Le . Figure 4.9 summarizes these calculations.  

Fig. 4.9. The influence of Lewis number on the local characteristics of the freezing process: A – front position 

and length of freezing zone, B – moisture and ice at the front. 

As can be seen from the graphs, as the Lewis number increases, the length of the freezing zone 

1*2*
  increases, whereas there is a significant decrease in the frozen zone (Fig. 4.9A). As the 

frozen front moves towards the cold boundary the moisture content at the front decreases (Fig. 4.9B). 
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In this case the ice content 
1*

l  (Fig. 4.9B) and, accordingly, the total moisture 
to t

 (Fig. 4.6B) 

essentially increase. 

It should be emphasized that the analysis of calculation results and comparison with experimental 

investigations show that the present model is a good predictor of freezing in porous media and 

satisfactorily reflects the main characteristics of the studied process. 

5. Conclusions

1. A 1-D model for the study of the heat- and mass-transfer process in freezing porous media

under phase-transition conditions was developed. The preservation of the terms I t   in a

system of equations, along with consideration of the freezing zone enables the determination of

the ice distribution within the frozen and freezing zones.

2. The temperature, moisture, ice and total moisture distributions are obtained from the solution

of the moving-boundaries problem. For the determination of the temperature and moisture at

the moving boundaries and also of the coordinates of the boundaries, a system of equations was

developed. It was proved that the solution of this system is unique.

3. The process in fine-grained loamy soils was analyzed. The characteristic parameters Le  and

Ste  were varied over reasonably wide ranges, and it was shown that both the frozen zone

increases and ice content decreases as a result of decreasing the phase-transitions enthalpy.

4. Intensification of the migration process leads to decreasing of the frozen zone. At the same time

the jumps in ice content and, in consequence, in the total moisture at the front increase. It is also

observed the increasing the ice and total moisture within the frozen zone. When the water

migration process is absent ( )0Le , the calculations, which were based on the described

model, show that in the course of freezing the redistribution takes place only between moisture

and ice contents. The total moisture remains constant and equal to the initial water content.

5. The theoretical concepts and results are in a good agreement with experimental investigations

(Fig.4.4). The presented model predicts the freezing process in porous media and satisfactorily

reflects the considered phenomena.
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Abstract 

Spider is one of the living beings which has specialized sensory organ to receive stimuli. It 

has a sensitive early warning system in which the body is covered with vibration-sensitive 

hairs. Furthermore, the behaviour of spider shows that it is receiving information 

transmitted through its web from the vibration of trapped prey. The objectives of the 

research are: to study the sensory structure of spider which can detect smooth vibrations; 

to study the frequency and the amplitude of the vibrations in spider threads; to study 

Modulus Young of Nephila maculata’s threads; to study the vibrations of the threads; and 

to study the difference of Modulus Young and its effect to the transmition rate of spider web. 

The benefits of this research are to get insight and to contribute knowledge about the prey 

detection phenomenon of spider in terms of vibration transmission in spider thread. The 

method used are descriptive analysis and experiment method. From this study, it was found 

that the higher the artificial frequency given to spider threads, the lower frequency will 

occur in spider threads themselves. Spider threads do not indicate vibrating frequency after 

being given artificial frequencies over 1000 Hz. Peak amplitude occurs when the artificial 

frequency is in the range of 50-200 Hz. From the literature, all spider preys produce 

vibration frequencies that tend to be below 1000 Hz. Disturbance vibration with frequency 

exceeds 1000 Hz will be ignored by spiders because the vibrations are not transmitted by 

the threads. Furthermore, the Modulus Young graph has a similar and identical 

comparison with the transmission rate graph. This means that the value of the transmission 

rate in spider thread is proportional to the value of Modulus Young. 

Keywords: frequency, amplitude, spider thread, Modulus Young, transmission rate 

1. Introduction

Spider behaviours, especially on cobweb spider, show that spider receives information

transmitted through their threads of the web from the vibrations of trapped prey (Witt, 1975; 

Robinson & Robinson, 1976a; Suter, 1978) and the movement of other spiders in its web 

(Buskirk, 1975; Krafft, 1978; Vollrath, 1979). When an insect originally reaches the web, 

the spider rapidly moves towards the prey and often jerks its web, a movement that could 

lead to further response of the prey (Witt, Reed & Peakall, 1968; Robinson & Olazarri, 

1971). Moreover, the spiders may be able to distinguish the size of prey trapped in the web 

of the oscillation frequency on the web, although Suter (1978) concluded that the initial 

responses of Cyclosa turbinata to its prey may be determined by the amplitude of early web 

motion, not by the web tension or resonant motion of the trapped prey. 

Spider web not only has strength in stress and strain it can hold, but also has a very 

unique flexibility where smooth vibrations can be transmitted quickly where flexibility 

threads can be interpreted by the value of modulus young. This, according to Frohlich and 

Buskirks (1980), allows the spider to do moving response rapidly, even less than one 

millisecond interval. According to Frohlich and Buskirks (1980), for each specific way, 

special vibrations occur at a certain frequency determined by the mechanical properties of 

the spider web threads such as the density, Modulus Young, and others. 
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The objective of the research are: to study the sensory structure of spider which can 

detect smooth vibrations; to study the frequency and the amplitude of the vibrations in 

spider threads; to study Modulus Young of Nephila maculata’s threads; to study the 

vibrations of the threads; and to study the difference of Modulus Young and its effect to the 

transmission rate of spider web.  

2. Method of Scientific Research

A descriptive analysis method was used to study the Modulus Young and its effect to

transmission rate on spider web. An experimental method was used to test and to observe 

it. The experimental method follow a procedure developed by Wermeister (1973) with 

some modifications. A research design was developed following the literature studies to 

prepare the system of data collections and its devices.  

The audio frequency generator is used as the artificial vibration producer and controller. 

The AF generator output is connected to the amplifier input. This allows the system to 

control the artificial amplitude. After The AF generator output is connected to the amplifier 

input, the amplifier output is connected to the speaker. Speaker is used as a signals 

transmitter of frequency and amplitude produced by the AF generator and the amplifier. 

Then, the signals are transmitted through a transmission wire. Spider thread is set on the 

statives in such a way that the thread appears on the microscope. The transmitted signal 

allows the spider thread vibrating. The vibrations occurred are too small to be seen by naked 

eyes. Therefore, the vibrations are observed from a digital microscope, which is connected 

with a computer. 

The artificial controlled vibration was developed to transmit on the threads of spider 

web. A physical analysis on the Modulus Young and its effect of vibration rate was done 

using system devices and analyzed using microscope and texture Analyzer. 

Modulus Young can be determined by comparing stress and strain of a matter. Modulus 

Young can show the stiffness and the strength of a material. The higher the value of 

Modulus Young is, the less the shape changes will occur in the material if it is given a force.  

σ = 
𝐹

𝐴
        (1) 

ε = 
ΔL

L
        (2) 

E = 
σ

ε
        (3) 

Wave is a traveling vibration. Vibration which transmits from one point to another has a 

certain velocity, It travel in both a certain distance and a certain time to travel. Therefore, 

mathematically, the formula of transmission rate can be written as: 

v = 2π ƒ.D          (4) 

3. Experimental Result
3.1. Vibration Frequency Analysis of Spider Thread 

After doing the experiment by giving controlled vibration to the spider thread, the author 

obtain the result data of frequencies occurred on spider thread. In order to facilitate the 

readers to read the data, the author maps the data into the form of graph, as follows:  
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Figure 1. Graph of vibration frequency of spider threads occurred as it given various 

artificial frequencies 

It was found that the higher the frequency given to the artificial spider thread, the lower 

frequency that occurs in spider thread itself. This is being proved by the overall vibrating 

frequency trend line curve. The curve is obtained by calculating the average of all data 

frequencies that occur in spider thread. The average results of the data is then mapped back 

in the form of trend line curve.  

From the trend line curve, the peak frequency occurs when the frequency of artificial 

threads given is below 100 Hz. Peak frequency on spider thread occurs when it is given an 

artificial frequency of 19 Hz. On the curve, there is an up-down pattern at the frequency 

below 500 Hz. 

After reaching the artificial frequency of 300 Hz, the frequency of the thread continues 

to decrease. Spider thread does not indicate vibration frequency after an artificial frequency 

over 1000 Hz is given. In other words, the spider thread tends to be motionless and does 

not vibrate. 

3.2. Vibration Amplitude Analysis of Spider Thread 

After doing the experiment by giving controlled vibration to five different spider threads, 

the author obtains the result data of amplitude occurred on spider thread. In order to 

facilitate the readers to read the data, the author maps the data into the form of graph, as 

follows: 

-1

0

1

2

3

4

5

6

7

8

9

0 200 400 600 800 1000 1200

F
re

q
u

en
cy

 (
H

z)

Artificial Frequency (Hz)

Thread 1

Thread 2

Thread 3

Thread 4

Thread 5

AVG

Frequency

Poly. (AVG

Frequency)

Cenanda Ra'ifan Arido, INDONESIA

128



Figure 2. Graph of vibration amplitude of spider threads occurred as it given various 

artificial frequencies 

It shows that the higher the artificial frequency given to the spider thread, the lower the 

amplitude of vibration that occurs in spider thread itself. This is being proved by the overall 

vibrating frequency trend line curve. From the trend line curve, the peak amplitude occurs 

when a thread is given a frequency in the range of 50-200 Hz. A drastic decline in the value 

of the amplitude happens after an artificial vibration frequency given exceeds 200 Hz. After 

reaching the artificial frequency of 200 Hz, the amplitude of the thread tends to decrease. 

Spider thread does not indicate the vibration amplitude after an artificial frequency over 

750 Hz is being given. In other words, the spider thread tends to be motionless and does 

not vibrate in term of its amplitude.  

The point above reinforces and restates the previous conclusion points stating that the 

threads of spiders tend to be motionless and does not vibrate when given artificial vibrations 

with frequency over 1000 Hz. Therefore, it can be concluded that the spider thread has a 

unique characteristic which will only vibrate itself when there is an external artificial 

vibration that is below 1000 Hz range.  

Most preys (insects) of spider, however, have wings vibration frequency of less than 

1000 Hz. Fruit flies and bees produce vibration peak at around 100-200 Hz (Suter, 1978). 

Houseflies produce dominant frequency which has been measured in the range of 500-1000 

Hz (Walcott, 1963) and 50-1000 Hz (Burgess, 1979). Furthermore, this conclusion points 

were also match with studies that had been conducted by Frohlich and Buskirks (1980). 

They stated that the insect, that was struggling to break away the spider webs, produces an 

irregular vibrations at low frequency below 50 Hz range. 

From the discussion above, we can conclude a hypothesis that in detecting prey, spider 

uses its vibration thread, which is already vibrated by its prey. Vibration that exceeds the 

frequency range of 750-1000 Hz tends to be overlooked and ignored by a spider, because 

vibration is not being distributed by the thread. 

3.3. Modulus Young Analysis of Spider Threads 

After analyzing the stress and the strain of each data, the author then compresses the data 

into table and graph of stress-strain, which also can be referred by the Modulus Young, as 

follows: 
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Table I. Modulus Young analysis of spider threads 

Thread 1 Thread 2 Thread 3 

Stress 

(N/m2) 

Strain     

(-) 

Stress 

(N/m2) 

Strain     

(-) 

Stress 

(N/m2) 

Strain     

(-) 

1.84E+06 3.39E-02 3.61E+06 6.78E-02 2.33E+07 6.67E-02 

3.68E+06 5.00E-02 7.21E+06 1.54E-01 4.66E+07 1.25E-01 

5.52E+06 9.52E-02 1.08E+07 2.03E-01 6.99E+07 2.53E-01 

7.36E+06 2.88E-01 1.44E+07 2.36E-01 9.32E+07 2.82E-01 

9.20E+06 3.80E-01 1.80E+07 2.47E-01 1.16E+08 3.49E-01 

1.10E+07 4.36E-01 2.16E+07 2.67E-01 1.40E+08 4.17E-01 

1.26E+07 4.80E-01 2.52E+07 3.33E-01 1.63E+08 4.51E-01 

2.88E+07 3.63E-01 1.87E+08 5.86E-01 

3.25E+07 6.08E-01 

Thread 4 Thread 5 

Stress 

(N/m2) 

Strain     

(-) 

Stress 

(N/m2) 

Strain     

(-) 

1.17E+07 6.67E-02 1.23E+07 3.33E-02 

2.34E+07 2.67E-01 2.47E+07 6.45E-02 

3.52E+07 3.17E-01 3.70E+07 1.16E-01 

4.69E+07 3.50E-01 4.93E+07 1.21E-01 

5.86E+07 4.00E-01 6.17E+07 2.16E-01 

7.07E+07 5.70E-01 7.40E+07 2.84E-01 

8.63E+07 3.26E-01 

9.86E+07 3.56E-01 

1.11E+08 4.45E-01 

*Black columns indicate that the spider thread has broken

Figure 3. Graph of Modulus Young of spider threads 

As already known, the Modulus Young is obtained by comparing the stress and the strain 

that occur in the spider thread. The Modulus Young value will be higher if the thread can 

hold high stress. In contrast, Modulus Young value will be lower if the thread has a high 
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strain value. Therefore, the curve having a higher gradient tends to have a high Modulus 

Young value. Yet, the curve having a low gradient tends to have a low Modulus Young 

value. 

Furthermore, after analyzing the stress and the strain in each of the data, the author then 

analyzes the value of Modulus Young of each spider thread. This analysis will be used as 

the basis for determining the relationship between the value of Modulus Young with the 

transmission rate in the spider thread. To facilitate the reader to read the data, the author 

maps the data into a graph, as follows: 

Figure 4. Graph of Modulus Young value of spider threads 

3.4. Transmission Rate Analysis of Spider Thread 

After analyzing the value of Modulus Young, the author then analyzes the value of the 

spider thread transmission rate. To facilitate the reader to read the data, the author maps the 

data into a graph, as follows: 

Figure 5. Graph of transmission rate value of spider thread 

3.5. Modulus Young Influences to Transmission rate of Spider Thread 
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In order to facilitate the readers to compare and analyze the influence between Modulus 

Young and the transmission rate of the spider thread, the author brings together the two 

graphs, as follows: 

Figure 6. Graph of comparison between Modulus Young value and the transmission rate 

value of spider thread 

It can be seen that the Modulus Young and the transmission rate have similar and 

identical value in the comparison. Modulus Young values of the previous graph is 

equivalent with the values of the transmission rate of the spider thread. This means that the 

value of the transmission rate in spider thread is proportional to the value of Modulus Young 

of the spider thread. 

Modulus Young value is proportional to the transmission rate value in spider thread. This 

confirms and affirms the early author’s hypothesis that Modulus Young values will affect 

the transmission rate in spider thread, proved by the points above. Furthermore, the points 

of conclusions are also consistent and similar with previous studies that suggest if there are 

physical factors in each spider thread influencing the value of its transmission rate. 

3.6. The Analysis of Spider Web Transmission Rate Formula 

According to Frohlich and Buskirk (1980), for any particular way, vibrations occur 

preferentially at a certain frequency determined by the mechanical properties of spider 

thread as density, Modulus Young, and others. 

As the author obtained the results that the Modulus Young value is proportional to the 

transmission rate, the author then makes a calculation of transmission rate formula of spider 

thread using data which are already acquired. Density of the thread also is an important 

component that affects the transmission rate in spider thread. 

Determining the formula, the author uses the method of dimensional analysis, as follows: 

𝑣 = [𝐿]1[𝑇]−1  (5) 

𝐸 = [𝑀]1[𝐿]−1[𝑇]−2  (6) 

𝜌 =  [𝑀]1[𝐿]−3  (7) 

𝑣 ≈ 𝐸𝑎  . 𝜌𝑏

𝑣 ≈ 𝐸𝑎  . 𝜌𝑏

[𝐿]1[𝑇]−1 ≈ ([𝑀]1[𝐿]−1[𝑇]−2)𝑎 . ([𝑀]1[𝐿]−3)𝑏
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[𝑀]0[𝐿]1[𝑇]−1 ≈ [𝑀]𝑎[𝐿]−𝑎[𝑇]−2𝑎 . [𝑀]𝑏[𝐿]−3𝑏

[𝑀]0[𝐿]1[𝑇]−1 ≈ [𝑀]𝑎+𝑏[𝐿]−𝑎−3𝑏[𝑇]−2𝑎

−2𝑎 = −1 

𝑎 =
1

2
𝑎 + 𝑏 = 0 
1

2
+ 𝑏 = 0

𝑏 = −
1

2
𝑣 ≈ 𝐸𝑎  . 𝜌𝑏

𝑣 ≈ 𝐸
1
2 . 𝜌−

1
2 

𝑣 ≈ √𝐸 .
1

√𝜌

𝑣 ≈ √
𝐸

𝜌

To generalize this formula, it is needed a constant "k". The formula of transmission rate 

of spider thread is generally obtained as follows: 

𝑣 = 𝑘 . √
𝐸

𝜌
 (8) 

It shows that the spider thread transmission rate is directly proportional to the square 

root value of Modulus. In contrast, the spider thread transmission rate is inversely 

proportional to the square root value of spider thread density. 

Least, but not last, to determine the exact value of the constant k, there should be done 

a further intensive experiments in the laboratory. The using of complete instruments, the 

errors minimizing in the values, and the counting of macro and micro components are 

needed in the determination of the exact value of the constant k. 

4. Summary of the Result

From the research that has been conducted, the author obtained some conclusions, as

follows: 

1. The higher the artificial frequency given to spider thread the lower frequencies and

amplitudes that occur in spider thread itself;

2. The peak frequency and peak amplitude of spider thread occurs when it is given

artificial frequency respectively 19 Hz and 50-200 Hz;

3. Vibrations transmitting through the spider thread are used by spider as an indicators

for recognizing its prey;

4. Spider thread tends to be motionless and doesn’t vibrate when it is given vibration

with frequency over the range of 750-1000 Hz;

5. All of spider prey produce irregular vibration having a frequency which is tend to

be less than 1000 Hz;

6. On the stress-strain graph, spider thread having a high Modulus Young value tends

to have a high gradient, and vice versa; and

7. Transmission rate value of spider thread is proportional to the value of Modulus

Young of each thread.
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8. It is obtained the general formula determining the value of spider thread

transmission rate as 𝑣 = 𝑘 . √
𝐸

𝜌
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1. Introduction

Antibiotics are known to save millions of lives so far [1]. These antimicrobial agents have 

been in the field to treat people with infectious diseases since the discovery of penicillin in 1928 

[2]. Antibiotics were a great help to fight against bacterial diseases. However, increased 

antibiotic usage and dosage for a long time causes many new resistant bacterial strains to arise. 

Therefore the antibiotic effectiveness is decreasing by time.  

In 1961, British Scientist reported the first resistant bacterial strain. So far many other 

resistant bacteria have been found and this increasing number concerns the public health. 

Therefore “Centers for Disease Control and Prevention” has announced bacterial resistance as a 

global threat in 2013. Chronic diseases in US only are the reason for 70% of the health problem 

related deaths annually. In health care, chronic diseases hold 86% of the total cost. Among these 

chronic diseases, bacteria infect 2 million people and kill 23000 (CDC, 2015).  

Bacterial resistance is generally gained through genetic mutations which give bacteria new 

ways of dealing with antibiotics [3]. For example changing antibiotic target is the most known. 

However, genotype of persister cells are not different than the normal cells [4]. They only slow 

down or stop their gene transcriptions at the epigenetic level. Another challenge to treat bacterial 

infections is to kill these persister cells in the bacterial population since they only occupy 0.1% 

of less of the whole population.  

Persister cells are kind of dormant type of cells with low or almost no metabolic activity. 

Even though persister cells are present in bacterial cultures all the time, stress conditions such as 

antibiotic treatment or starvation can also cause normal bacterial cells to turn into these dormant 

types of persister cells. This way, they guarantee their presence in the human body for longer 

periods. These cells revert into normal stage when conditions return to normal for bacterial life. 

For example, in case of over-fatigue and feeling weak which causes immune system to slow 

down, these bacteria can wake-up and cause the next round of infection. So far, no complete 

mechanism has been developed to clean this small tolerant cell population. Besides, being a 

small population also gives them good ability to hide inside the body [5]. Knowing more about 
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their basic metabolism will help to develop antimicrobial agents against them. Therefore their 

epigenetic profile during wake-up process under macromolecule treatment might reveal some 

important fundamental data and these data will help researchers to better target chronic diseases.  

Persister cells are also resistant to antibiotic treatments. However this resistant mechanism 

does not come from a metabolic enzyme which breaks the antibiotics or inhibits them by direct 

binding. This tolerance of persister cells comes from their native low metabolic state [6]. Under 

normal conditions most of the antibiotics target intracellular parts with functions critical to cell 

survival [7]. In case of persister cells these mechanisms were already shut down and antibiotics 

cannot function on them.  

To give a better perspective, bacteria can be modeled as a factory with lots of working gears 

(Figure 1A).  

Figure 1.  Comparison of normal and persister bacterial cells metabolisms with gear modeling. 

A; normal bacterial cell with an active metabolism. B; Persister formation and wake-

up processes. C; Persister cell with non-working gears. D; Killing of a normal cell 

with antibiotic treatment, irreversible damage happens and cells die. E; Tolerance of a 

acterial cellsgure 1 Co

B)

Persister 

formation

A) C)

D) E)

Persister    wake-

up
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persister cells against antibiotic treatment; since persister cells have only limited 

metabolic activity, antibiotics cannot show killing effect on them.  

In this model, persister cells can be shown as non-working gears (Figure 1B). In normal cells, 

antibiotics find their targets and stop the metabolic activity which causes toxic materials to pile 

up or irreversible damage to essential macrolide synthesis intercellularly (Figure 1C). This chain 

of effects ends up with killing the bacteria. However antibiotics cannot cause any damage on 

non-working intracellular mechanisms in persister cells (Figure 1D). Therefore as long as 

persister cells stay as persister, antibiotics can not find their target to show their antimicrobial 

killing activity.  

Persister wake up process is basically returning to normal bacterial cell stage and start to 

grow to give a rise of a new bacterial population. Thus, these hiding persister cells help chronic 

infections to re-occur later. It is generally accepted that these tolerant sup-population wakes up 

when the conditions is favorable for the bacterial life [8]. Therefore persister cells should sense 

and respond to environmental changes. This sensing mechanism should be related to gene 

expression and these epigenetic changes can give fundamental understanding on persister 

physiology which we have limited information about.  

Since persister cells are serious threat to health care, and little is known about their metabolic 

activity [9], we aimed to study gene expression levels (transcription profiling) with microarray 

and Q-PCR method during persister wake-up process. In patients it is known that aminoacid 

levels changes [10]. Therefore we decided to use different aminoacid regimes on persister wake-

up process. So that, more information can be obtained about metabolism of persister wake-up 

and used for future treatment or drug developing studies.  

For this purpose, Escherichia coli will be used to harvest persister cells. This strain is 

routinely grown in biology laboratories with a low biosafety level [11]. The broad genetic 

information on this strain [12] makes it a good model organims for our study. To sum up; the 

expression level of more than 3000 genes in E. coli persister cells will be evaluated with 

microarray method during wake-up process under different amino-acid regime.  
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Unique part of this study is treating persister cells with different amino-acid regime and using 

microarray to analysis transcriptional profile during wake-up process. This analysis will be 

further supported with Quantitative PCR (Q-PCR, also called Real Time PCR) analysis on 

individual genes.  

2. Experimental procedure / Material and methods

2.1 Aseptic techniques 

Aseptic methods are techniques designed to keep the target bacteria free from any 

contamination from other microorganisms [14]. 

Since bacteria are everywhere, it is required to 

keep the bacterial cultures pure and without 

any contamination. Any contamination with 

unknown bacteria can drastically change the 

results and also it is dangerous for the 

researcher. Besides, in enriched nutritious 

media conditions, harmful bacteria can grow 

faster than model organism in general [13]. 

Therefore aseptic and sterile lab condition 

requirements are strictly followed for this project. Each time when bacterial cultures were grown 

contamination check with a streak out method was performed and purity of the target culture was 

confirmed to eliminate any problem. These strict rules will also help to get pure and clean RNA 

from bacterial samples, which is a key point for this project.  

2.2 Bacterial strain and growth conditions 

The E. coli strain K12 (wild type) was used in this 

study. Luria-Bertani (LB, also known as Lysogeny 

Broth) broth and agar plates were used to grow 

bacteria at 37oC overnight.  

2.2.1 LB-medium recipe for (1 L)  

1.10 g tryptone, 5 g yeast extract, and 10 g NaCl was 

dissolved in 

The inoculation loop used in the streak out method.

Streak out method scheme on the petri dish
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950 ml pure water. 

2. pH of the medium was adjusted to 7.0 using 0.5M Na(OH).

3. The total volume was brought up to 1 liter.

4. To sterilize the medium, 121°C degree was applied for 20 min at 16 psi (liquid cycle)

with autoclave.

5. Media was stored at room temperature or +4°C.

6. Contamination checks were done at each use of the media with streak-out plate

technique.

2.2.2 LB agar (plates) recipe 

1. LB medium was prepared as above, with addition of 15 gram agar before autoclaving.

2. To get a well-mixed media with no agar precipitation at the bottom, the mixture was 

warmed and stirred for 20 minutes on a bench top heater at mild temperatures.

3. Sterilized media was poured into sterile petri plates (approximately 20 ml for each petri 

plate) in flow biosafety cabinet.

4. Plates were swirled in circular motion to get rid f a i r b u b b l e s a n d distrubite 

the agar on the bottom completely.  

5. The plates were let sit to olidify (~20 minutes) then flipped over and left in biosafety 

      cabinet for another couple of hours to prevent from any water

6. Then plates were labeled with date and stored at +4°C.

Flow Biosafety Cabinet
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During media preparations aseptic techniques were followed accordingly. During the 

pouring process biosafety cabinet surface was disinfected with 70% EtOH each time.  

An agar plate stock of E. coli was used to pick up single pure colonies to inoculate 3 ml fresh LB 

broth in a sterile test tube. These cultures were grown overnight and used for contamination 

control before the next round of bacterial culture 

growth. Then spectrophotometric measurements were 

done to assign the cell density of the overnight 

cultures. Each bacterial culture to be tested was 

inoculated with optic density at 600 nm 

wavelength (OD600) of 0.05 and grown in a sterile 

test 

tubes allowing good aeration on the cap. 1cm path-length with 3 ml capacity cuvettes were used for 

all spectrophotometric assays and 200 round per minute (rpm) orbital shaker was used to grow the 

broth (liquid) cultures at preset 37oC incubator oven for 3-4 hr. Cultures were then used to isolate 

persister cells. Since persister cell ratio in a bacterial population is only 0.1% or less, total of 5 liter 

cultures were grown and harvested for persister cell isolation.  

2.3 Persister cell isolation 

At a cell density of approximately 108-9 colony forming unit (CFU)/ml, total of 5 liter 

exponential cultures were grown in culture 

flasks (t = 0). Ampicillin at 100 µg/ml final concentration was then immediately added to each flask 

and incubated for three hours to kill the normal cells. Then the samples were pooled and placed on ice 

for 5 min and then centrifuged with a pre-cooled centrifuge at 4˚C degree with 10000 gravity (g) force 

for 10 min to isolate unlysed cells. 10000 g was used to ensure no more cell lysis occurs due to high 

pressure. The pellets were washed with 

Counting CFUs (Colony Forming Unit)

Serial dilution 
for reduction 
of E.coli colonies

Looking at Spectrophotometric Measurements
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phosphate buffered saline (PBS) solution three times to get rid of any nutrient remaining from 

LB media.  

Ampicillin is a bactericidal antibiotic and kills the bacteria by damaging the cell wall so dead 

cells are not intact anymore. Therefore majority of the pellet left after the centrifuge process 

were persister cells with an intact cell shape. In final samples, optical density at 600 nm was 

adjusted to 1 and total of 6x5 ml persister cells in (PBS) were harvested for each conditions to be 

tested. 

2.4 Aminoacid treatment during wake-up process 

Only Glycine, Arginine and Leucine aminoacids which are relatively more important for 

metabolic pathway and protein structure [15] were used to treat persister cells. These aminoacids 

were purchased from Sigma-Aldrich with following catalogue numbers respectively; 50046, 

A4599, 61819 with molecular biology or cell culture grade (at least 99% pure).  

These aminoacids were added (each at final concentrations at shown in Table 1) to persister 

cell populations for three hours at 37 ˚C to trigger the wake-up process in persister cells. To 

confirm the persister cells are still in persister stage, after three hours treatment samples from 

each condition were treated with another cycle of antibiotic treatment (100 µg/ml at 37˚C 

degree) and washed to get rid of ampicilin. Then the samples plated on antibiotic free LB agar 

plates with serial dilution to count viable cells.  

Table 1. Some essential aminoacids during different disease stages [16]. 

2.5 Total RNA isolation 

Aminoacid treated persister cell samples obtained from exponential cultures with ampicillin 

treatment were centrifuged again and re-suspended in 6 ml of T&C lysis solution (Epicentre, 

Amino acids 

µmol/L
Normal control Sepsis P value

Glycine 274.60±63.23 306.59±173.35 0.616

Arginine 26.88±14.08*^ 67.86±27.96* <0.001

Leucine 166.87±35.56* 116.80±40.64* 0.003
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MasterPure™ Complete DNA and RNA Purification Kit). Total RNA was isolated according to 

the manufacturer's instructions with slight modifications.  

Reagents: RNase-Free DNase I, Proteinase K, and RiboGuard™ RNase Inhibitor at –20°C in 

a freezer without a defrost cycle. Rest of the kit was stored at room temperature. 

Buffers: RNase-Free DNase I is supplied in a 50% glycerol solution containing 10 mM Tris-

HCl (pH 7.5), 10 mM MgCl2, and 10 mM CaCl2. Cell lysis solution: Proteinase K is supplied in 

a 50% glycerol solution containing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 0.1 mM EDTA, 

10 mM CaCl2, 0.1% Triton® X-100, and 1 mM dithiothreitol. 

Quality Control: The MasterPure RNA Purification Kit function is tested with nanodropper. 

2.5.1 Lysis of cell samples 

All the reagents were thoroughly mixed before use to ensure uniform composition before 

dispensing. 

1. Dilute 10 µl of 50 µg/ml Proteinase K per 300 µl of Cell Lysis Solution to be added on

each sample (500 µl cell sample volume).

2. The cells were pelleted with centrifugation and supernatant discarded

3. 300 µl µl of Cell Lysis Solution containing the Proteinase K was added onto each sample

and mixed thoroughly.

4. Resuspended the cells with vortexing for 10 seconds.

5. The mixture was incubated at 65°C for 15 minutes; with vortexing every 5 minutes.

6. Samples were placed on ice for 3-5 minutes and then proceed with total nucleic acid

precipitation.

Epigenetic investigation of antibiotic-tolerant persister wake-up chronic infection mimicking ...

144



2.5.2 Precipitation of total nucleic acids 

7. 175 µl of Protein Precipitation Reagent was mixed with 300 µl of lysed sample and

vortexed vigorously for 10 seconds.

8. The debris was pelleted by centrifugation at 4°C for 10 minutes at max g in a

microcentrifuge.

9. Supernatants were transferred to a clean microcentrifuge tube and the pellets were

discarded.

10. 500 µl of isopropanol was added to the recovered supernatant.

11. The tubes were inverted 30-40 times.

12. Total nucleic acids was pelleted by centrifugation at 4°C for 10 minutes with max g in a

microcentrifuge.

13. The supernatant was carefully removed without dislodging the pellet of total nucleic acid

by pipetting carefully.

14. 200 µl of DNase I solution was added onto each sample (by diluting 5 µl of RNase-Free

DNase I up to 200 µl with 1X DNase Buffer.)

15. Let it incubate at 37°C for 10 minutes (the results confirmed 10 minutes is enough to

degrade all the DNA in the sample).

Prepared total mRNA samples were then sent for microarray sequencing analysis. Some of 

the samples were used to synthesize cDNA for further Q-PCR analysis. Before we talk about 

microarray and Q-PCR results, these techniques should be clearly identified.  

2.6 Polymerase Chain Reaction (PCR) 

In a normal PCR reaction the first step is to denaturation of the double stranded DNA 

(dsDNA) at 95°C for 10 seconds (Figure 2B). This high temperature breaks down the hydrogen 

bonds between the nucleotides between two strands. Then single stranded DNA (ssDNA) 

molecules can pair with the specifically designed primers at mild temperatures for about 30 

seconds based on their melting temperature. This step is called annealing (Figure 2C). Following 

annealing of primers, the temperature is increased to an optimum temperature which DNA 
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polymerase can start synthesis using 3’ free end of primer and complementary strand for 45 

seconds (Figure 2D), which is called extension or elongation. 

Figure 2. Main steps of a classic PCR reaction with genomic DNA. 

These three processes, denaturing, annealing, and extension, are repeated approximately 

20-30 times. Each cycle increases the amount of the DNA two-fold hypothetically with optimal

primer and temperature conditions. Primer design is critical for the efficiency of PCR reaction. 

Therefore primer design will be explained with more details.  

Since PCR can amplify a template selectively, it enable us to monitor specific genes in 

different treatment conditions by targeting their cDNA with Q-PCR method.  

2.7 Primer design 

There are several important features to be checked in primer design. 

=F ?F SF

TF 0F XF
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Length: The optimal length is generally accepted as 18-22 bp. This gives enough specificity 

to primer for its complementary region on the source DNA.  

Annealing temperature: At this temperature, primers will find their complementary region on 

the source DNA and bind with enough specificity. Increase in this temperature results with more 

strict bindings. Decrease of this temperature will cause amplification of non-target regions 

because of low specificity. Too high values can produce insufficient primer-template 

hybridization, which means less PCR product yield.  

GC content: Hydrogen bonds play important role for annealing temperature. Between 

Guanidine and Cytosine there are 3 hydrogen bonds while it is only 2 between Adenine and 

Thymine nucleotides. So, higher G-C content will increase the melting temperature. The G-C 

content should be between 40-60%  

GC Clamp: Higher content of G or C bases within the last five base pairs of primer pairs is 

not desirable since they form stronger bindings and can influence the specificity. The maximum 

permissible total number of G's or C's at each end (single strand) is 3. 

Secondary Structures: These structures happen at intermolecular or intramolecular level 

which results with lower yield of the product. These structures block primers for their binding to 

the target gene and cause decrease in the number of available primers and thus the amplification.  

In a secondary structure, ΔG value is an important parameter needs to be addressed during 

design processes. ΔG is commonly called spontaneous process energy or Gibss free enery. This 

energy shows if those secondary structures can form by themselves. More stable structures, 

which are undesirable, will be representing by larger negative ΔG numbers. Here we summarize 

important secondary structures: 

a) Hairpins: This intramolecular interaction generally occurs between distant ends of the

same primer (Figure 3). Hairpin structures are caused by the interaction of small inverted repeats 

of DNA sequences at each end. 
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Figure 3. General schematization of a hairpin structure 

In optimal conditions, a 3' end hairpin with a ΔG of -2 kcal/mol and an internal hairpin with a 

ΔG of -3 kcal/mol can be accepted. 

b) Self Dimer: This intermolecular interaction happens between two copies of the same

primer molecule (Figure 4). The inverse homology of the primer itself causes this problem. This 

issue can be partially solved adding larger amount of primers to the reaction. However, adding 

high concentrations of primers comes with some disadvantageous. Binding to themselves rather 

than their target causes a competition and reduces the product yield. 

5’-ATCGTCGAATGCAATTCGAA-3’  Forward primer 

   3’-AAGCTTAACGTAAGCTGCTA-5’ Forward primer 

Figure 4. General schematization of self dimer structure 

In optimal conditions end self-dimers with a ΔG of -5 kcal/mol and an internal self dimer 

with a ΔG of -6 kcal/mol can be accepted. 

c) Cross Dimer (or Heterodimer): In each PCR reaction two primers, reverse and forward,

are used. These sense and antisense primers can form intermolecular interactions because of 

presence of homologous regions (Figure 5). This heterodimer structures can lower the product 

yield. 

5’-ATCGTCGAATGCAATTCGAA-3’   Forward primer 

3’-GTAAGCTTCTAGCCTTATGG-5’ Reverse primer 

Figure 5. General schematization of a heterodimer structure 
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In optimal conditions end heterodimers with a ΔG of -5 kcal/mol and an internal cross dimer 

with a ΔG of -6 kcal/mol can be accepted. 

Repeats: If the same following two bp comes after each other consecutively many times this 

is called repeats. They can cause shifting in primer alignment and should be avoided. A 

maximum number of di-nucleotide repeats acceptable in an oligonucleotide is 2 consecutive di-

nucleotides. 

For example, GCCATTGCGCGCGCTCGACCGA 

Runs: Long consecutive rows of the same nucleotide can cause misprime and this should be 

avoided if it is longer than 4 bp.   

For example, AGCGGGGGATGGGG 

3' End Stability: It is the maximum ΔG value of the five bases from the 3' end. An unstable 3' 

end (less negative ΔG) will result in less false priming. 3’ end is important because DNA 

polymerase binds to this region.  

Cross homology: If the designed primers have homology with some other target regions in 

the source DNA, it might fail to get a specific band. This affects the specificity of the PCR 

reaction. Even though all the other features do not rise a concern for the product yield, there 

might be still problem if the designed primers have homology with some unwanted target regions 

in genome. Therefore, primers designed for a sequence must not amplify other genes in the 

mixture. To prevent from this problem, designed primers are checked with NCBI website and 

BLASTed against the target genome."
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2.8 cDNA synthesis 

Simply cDNA is the complementary strand for the mRNA sequence [17]. Since RNAs are 

not as stable as DNA [18] and the tools to study and amplify RNAs are limited, turning RNA 

sources to DNA enables us to use more molecular biology tools. cDNA, which is obtained from 

mRNA, can be used in Q-PCR as a source DNA. Even small amount of mRNA samples, after 

stress induced transcription, can be detected this way.  

The enzyme used for cDNA synthesis is Reverse Transcriptase, an RNA-dependent DNA 

polymerase isolated from a retrovirus [19].  Like a normal PCR reaction, reverse transcriptase 

Primers Used for Each Gene Studied

Base Sequence

Primer 
Melting 

Temperature 
(C)

GC Content 
(%)

Length 
(base 
pairs)

recA
Forward Primer— GGGCCGTATCGTCGAAATCT 59.97 C 55.00% 20

Reverse Primer— CTGCTACGCCTTCGCTATCA 59.97 C 55.00% 20

lexA
Forward Primer— AATTGTTTCCGGCGCATCAC 60.11 C 50.00% 20

Reverse Primer— AATACGTGCGACAACGACCT 60.04 C 50.00% 20

mutS
Forward Primer— ATGGAACGTGAGCAGGACAG 60.04 C 50.00% 20

Reverse Primer— AGTTCAGGGTATAGGCCCGT 60.03 C 55.00% 20

mutL
Forward Primer— ATGAGATCATCCGCCGCATT 59.96 C 50.00% 20

Reverse Primer— GGCGTAAGGGTAAAGGCACT 60.04 C 55.00% 20

mutH
Forward Primer— GGCTGGTTACGCCAGAGAAT 60.11 C 55.00% 20

Reverse Primer— CACAGCAACGGTGATCCAAC 59.76 C 55.00% 20

uvrA
Forward Primer— CAAATCCTCGCTCGCTTTCG 59.97 C 55.00% 20

Reverse Primer— GCGCCTCTTCGATGGTCATA 59.97 C 55.00% 20

uvrB
Forward Primer— TACTTGCGCCCAACAAAACG 59.97 C 50.00% 20

Reverse Primer— TAAGATCTTCCGCCATCCGC 59.97 C 55.00% 20

uvrC
Forward Primer— TTCGTTTCCAATACCGGCGA 60.04 C 50.00% 20

Reverse Primer— CGCCGTCGATAAGGATCACA 59.97 C 55.00% 20
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reaction requires free short 3’ end double stranded DNA pair. In eukaryotic organisms this is 

provided by the poly(A) tail found at the 3' end [20]. In case of bacteria, 6bp short random 

primers are used since bacteria do not have poly (A) tails. Together with all 4 deoxynucleotide 

triphosphates, magnesium ions and at neutral pH, the reverse transcriptase synthesizes a 

complementary DNA using the mRNA as template.  

Unlike the repeated cycles in normal PCR process, cDNA synthesis has only one elongation 

step (Figure 6C). After this elongation process, RNA part of the cDNA-RNA molecule needs to 

be degraded. This process can be done with two common ways.  

In the first method, RNA is degraded with the RNAse H function of the reverse transcriptase 

enzyme (Figure 6C). In the other method RNAse enzyme is added after the cDNA synthesis. At 

the end of cDNA synthesis reverse transcriptase activity is inhibited by heat treatment to prevent 

from any other enzymatic activity (Figure 6D). 
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Figure 6. Main steps of a cDNA synthesis. 
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2.9 Microarray data analysis  

Affymetrix Microarray Suite, version 5.0 software was used for data analysis. Based on the 

signal from control samples probe sets were scaled to a target signal of 1000. Aminoacid treated 

mRNA samples were compared to control samples. Average signal was confirmed with three 

replicates by using Data Mining Tool, version 3.0. Self-organizing cluster mapping was chosen 

as output style.  

Figure 7. General diagram of microarray analysis. 
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Since RNA samples from both control and amino acid treated persister cell samples were 

prepared using same method, only the genes with different expression level are expected to be 

visible microarray analysis. Schematic of microarray analysis is shown in Figure 7. 

In microarray analysis basically 2 different treatment populations are taken and their RNAs 

isolated as we mentioned previously. These mRNAs are used as complementary strand to 

synthesis cDNAs. Then these cDNAs from two treatments were stained with different 

fluorescent dyes. Following staining, cDNA molecules were hybridized to the microarray surface 

and the microarray chip was transferred into the reading device.  

During analysis hybridized cDNA with their target in the microarray chip gives different 

colors and these colors were transformed into relative ratios by spectrophotometric readings.  

2.10 Confirmation of epigenetic changes of some selected genes with Q-PCR: 

Polymerase Chain Reaction is one of the most important tools in today’s Molecular Biology 

studies [21]. This technique also allows researcher to modify DNA. PCR is the fastest tool to 

detect many diseases caused by pathogenic bacteria and infectious viruses [22]. Its power to 

detect even small amounts of genetic material can be transformed and used to detect the level of 

mRNA copies of a single gene under different conditions.  

Q-PCR is similar to normal PCR. However, the first step uses cDNA, which is a single

stranded DNA, as a source in Q-PCR in general. Therefore, in the beginning of the experiment, 

there is no denaturation step. Instead, Q-PCR might have a high temperature step for 10 minutes 

again to activate DNA polymerase in some applications (Figure 8A). The rest of the Q-PCR 

reaction cycles involves; denaturation, annealing, and extension steps (Figure 8). In annealing 

step; primers, the short oligonucleotides which aligns to the ends of target DNA, binds to 

complementary strand by hydrogen bonds. This step’s temperature is determined by the melting 

temperature of the primer, and desired to be around 60 Celsius degree (Figure 8B). In the 

following step; DNA polymerase bind this primer + complementary source DNA complex to 

extend the 3’ end of the primer by reading corresponding nucleotides from the complementary 

strand. This step is mostly performed at 72 Celsius degree (Figure 8C). After forming dsDNA 

Epigenetic investigation of antibiotic-tolerant persister wake-up chronic infection mimicking ...

154



fluorescent measurements were performed for each sample since SYBR Green can bind and give 

strong fluorescent color at this step (Figure 8D, G) In denaturion step, DNA strands are separated 

by the help of heat (95 Celsius degree) which results with single stranded DNA (Figure 8E). 

To make sure the DNA polymerase enzyme does not degrade under high temperatures, a 

recombinant enzyme from a thermophilic bacterium is used. Since the starting point is the primer 

annealing, the primer design is the most critical step for a PCR reaction.  
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Figure 8. General schematic of Q-PCR detection analysis. The cycles happen through B-G. 

In Q-PCR, a fluorescent dye reagent or a probe is added to the mixture and reaction generally 

takes place in a special plate which is fluorescent penetrable. Mainly there are two types of Q-

PCR reaction based on the signal source. These are SYBR® Green based Quantitative PCR and 

Probe based Quantitative PCR.  

Basically in SYBR Green based Q-PCR, the fluorescent dye binds the double stranded DNA 

(to the minor groove) and more dsDNA gives higher green fluorescence for the plate reader [23]. 

The unbound dye exhibits very little fluorescence. This fluorescence dye binds all double–

stranded DNA and detection is monitored by measuring the increase in fluorescence after each 

cycle. Therefore it measures the amount of double stranded DNA directly. This method does not 

require probed primer purchase. 

In Probe based Quantitative PCR, primers are designed to have a fluorescence agent tagged 

on them [24]. This tagged fluorescent probe is only cleaved when the primer aligns with its target 

sequence and DNA polymerase adds another nucleotide to the complementary strand by DNA 

polymerase 5’-3’ exonuclease activity. The hydrolysis separates dye from the probe and results in 

an increased fluorescein signal. This method is target specific with a higher sensitivity compared 

to SYBR Green method. Besides, several genes can be targeted in a single PCR reaction with 

primers, which carry different fluorescent probes on them for different gene targets.   

Additionally, a variety of fluorescent dyes are available so that multiple primers can be used 

to simultaneously to amplify many sequences. Therefore in the same reaction several genes can 

be followed.  

cDNAs for control and aminoacid treated samples were synthesized by using iScript™ 

cDNA Synthesis Kit (Biorad, USA). Manufacturer instructions were modified as following: 4µl 

of 5X iScript reaction mix, 1µl of iScript reverse transcriptase and 1µg total RNA were mixed 

thoroughly in 20 µl total reaction volume with nuclease-free water per each sample. Reaction 

mixtures were incubated at 25˚C for 5 minutes to thaw the enzymes then 42˚C for 2 hours to 

synthesize cDNA and then 85˚C for 5 minutes to terminate the enzyme activity. cDNA samples 

were stored in -20˚C. cDNA levels were measured with NanoDrop 1000 Spectrophotometer V3.7 

(Thermo Fisher Scientific, USA).  

Epigenetic investigation of antibiotic-tolerant persister wake-up chronic infection mimicking ...

156



Primers for selected genes were designed by two different online software; OligoPerfect™ 

Designer (Life Technologies, USA) and Primer-BLAST (NCBI). Conditions were selected as 

follows: application as detection and 50mM salt concentration. From each software first 5 

candidate primers pairs were taken and run in OligoAnalyzer 3.1 software (Integrated DNA 

Technologies, USA) to choose the best primer pair for each gene. For all primer pairs, melting 

temperatures were selected between 59.5˚C and 60.5˚C degree, the length between 150-220bp, 

maximum hairpin forming temperature as 42˚C degree, maximum self-dimer ∆G as -7.05 and 

maximum hetero-dimer ∆G as -6.75.  

The amount of cDNA to be used per each reaction in Q-PCR experiment was adjusted to 

have the Ct value, which is the cycle for the fluorescence starts to increase logarithmically, for 

the control gene between 15th and 25th cycles. Each reaction was adjusted as 20 µl in volume; 

10µl SYBR Green Master Mix, 1µl of 10µM primer mix for each gene’s primer, required amount 

of cDNA and nuclease-free water and four repeats were used for every selected gene and 

treatment sample.  

Following conditions were applied in Q-PCR reactions; enzyme activation for 1 minute at 

95˚C degree and 40 cycles of denaturation for 5 seconds at 95˚C degree and annealing/extension 

for 45 seconds at 60˚C degree following by melting curve analysis from 55˚C to 95˚C degree in 

20 minutes.  

Efficiency of amplification values were calculated manually for each reaction. Then graphs 

were compared to see if we have same slope for every primer pair and cDNA sample matches.  

3. Results and Discussion

Previous studies have already shown persister gene expression can be detected by 

microarrays [25]. It is known that cell division stops in SOS response and DNA repair and 

mutagenesis rate increases [26]. In our epigenetic profiling study, the highest increase of gene 

expression profile among the gene clusters was “DNA replication, recombination, and repair”. 

When we have a closer look of these genes it was interesting to find that elevated level of 
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Arginine and Glycine aminoacids tested increased the expression of stress related DNA repair 

and recombination genes in E. coli. DNA replication genes are mostly needed when the cells 

needs division [27]. In case of stress, cell division is known to be arrested [28]. This can suggest 

a kind of protection mechanism of bacteria in case of infection control. This DNA repair and 

recombination mechanisms can also explain why bacteria can easily escape from the killing 

effect antibiotic treatments and alter its genetic material to adapt a new genotype which is not 

susceptible to that antibiotic.  

Stress genes are also known to play important roles in persister formation [29]. Therefore this 

further increase in the stress gene expression might help bacteria to stay in persister stage. This 

finding also correlates with altered level of Glycine, Arginine and Leucine in people with 

sickness symptoms (Table 1) [10]. Interestingly, lower leucine level also caused increased 

transcription of stress related genes. Also the expression level of some protein synthesis in 

general genes were decreased in all aminoacid regimes tested. This might suggest that all 

aminoacid concentrations helped persister cells stay in persister stage.  

Under stress conditions, genetic variation increases for the selective advantage of bacteria 

[30]. In case of stress, bacteria can increase the mutation ratio. This increase might come from 

the toxic effects of stress responses on the gene expression. These are SOS, general stress, heat 

shock, and starvation stress responses which all have impact on polymerases (such as DNA 

polymerase or RNA polymerase) in negative and destructive ways. This is called adaptive 

mutation response [31] and creates a selective evolution power for the survival of bacteria. In 

case of persister cells, these stress related genes are shown upregulated in the microarray data 

(Figure 9, 10, 11). This shows altered level of aminoacids in patient can be sensed by persister 

cells even though they are in a kind of dormant stage.  

Another interesting finding was the upregulation of some of the aminoacid transport and 

metabolism genes in all aminoacid regimes (Figure 9, 10, 11). Compared to other gene cluster 

this number can be taken as a high number. This can also suggest that persister cells can 

somehow sense and react the presence of elevated level of aminoacids.  
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Glycine and Arginine aminoacids showed same transcriptional profile for the genes with 

increased expression ratio (Figure 9, 10) while Leucine was slightly different than the others 

(Figure 11).  
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Figure 9. Transcription profiling of Glycine treated persister cells with microarray method. 
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Figure 10. Transcription profiling of Arginine treated persister cells with microarray method. 
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Figure 11. Transcription profiling of Leucine treated persister cells with microarray method.
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To further analyze and support our hypothesis we also tested some of the genes with Q-PCR 

method. In this method we have selected some induced and repressed genes and designed 

specific primers. Some E. coli genes are known to increase their expression in case of DNA 

damage [32]. DNA repair genes are related to SOS response genes which play important roles for 

the cell survival under stress conditions. The genes chosen were recA, lexA, mutS, mutL, mutH, 

uvrA, uvrB, uvrC. 

recA: This gene’s protein is required for the bypass of mutagenic DNA lesions in case of SOS 

response. The gene product catalyzes homologous pairing and strand exchange of DNA 

molecules for DNA repair in recombination. This activity of RecA protein requires ATP and 

catalysis of ATP happens in the presence of single-stranded DNA [33]. This gene is closely 

regulated along with lexA [34]. 

lexA: This protein family, represses the error-prone DNA polymerases, DNA repair enzymes 

which are the SOS response genes. Under normal conditions, LexA repressor, limits its own 

transcription, which is called negative feedback mechanism. However in case of stress and cell 

damage, This repressor protein is cleaved by a cellular protease, RecA [34]. 

mutS, mutL and mutH: These three genes functions in mismatch repair during new DNA 

synthesis. The MutS which is a regional lesion sensor protein can specifically recognize 

mismatches in dsDNA. This mismatch triggers the binding of DNA with MutS protein. Then 

MutL comes and brings ATP molecules which are required for endonuclease activity [35]. In 

final step, MutH cleaves the DNA with endonuclease activity.  

uvrA, uvrB, uvrC: The protein products of these genes are called UvrABC repair system. 

They catalyze the recognition and processing of DNA damage. 2 UvrA and 2 UvrB subunits 

check and recognize the abnormal DNA. Binding of the UvrA2B2 complex to a damaged DNA 

region causes DNA to wrap around one of the UvrC monomers. This wrapping process is energy 

dependent. It is suggested to cause to loosen the DNA helix then DNA damage area is open for 

DNA polymerases [36].  

Interestingly, leucine treatment caused different transcription profile of recA and lexA genes 

than the other two aminoacid. While both Arginine and Glycine aminoacid regimes caused 
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increase of recA transcription and induction of lexA (Figure 12, 13), Leucine showed decrease in 

recA and increase in lexA mRNA level (Figure 14). This reminds its lower level than the Glycine 

and Arginine in patients again.  

!

Figure 12. Relative transcription ratio of selected genes under Glycine treatment. 
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Figure 13. Relative transcription ratio of selected genes under Arginine treatment. 
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Figure 14. Relative transcription ratio of selected genes under Leucine treatment 
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lexA is also known to reduce the uvrA transcription [37]. In our results we have observed the same 

transcription response in case of elevated level of lexA (Figure 14). All these results, indicates the 

aminoacid regimes can trigger epigenetic changes in persister cells.  

4. Conclusion

In today’s world uncontrolled usage of antibiotics cause huge risk to human health due to 

rapid development of resistant bacterial strains. Infectious bacteria have the ability to change its 

genetic material through different mechanisms, such as transduction, transformation, mutation, 

and gain resistance to those antibiotics. This resistance becomes more serious when bacterial 

population exposes to antibiotic stress for longer periods via survived persister cells. Therefore 

controlling persister cells might stop further genetic changes. To better understand the 

physiology of persister wake-up process, we have investigated the epigenetic changes under 

different aminoacid regimes. Specifically, transcription profile of E. coli persister cells under the 

infection mimicking conditions was studied. We have observed that altered level of aminoacids 

as in patients can change the expression level of some DNA repair related genes during 

persistency. This might indicate that under the stress conditions persister cells go into a stage 

which is more convenient for modifications on bacterial genome. Therefore, co-treatment of 

antibiotics and DNA repair blocking agents might be a good strategy to fight with chronic 

infections to stop their recurrence. Besides, this data can be used to understand the persister cells 

physiology better and develop antimicrobial agents to target these preventative measurements of 

bacteria before they develop further resistance. Therefore epigenetic investigation of persister 

transcription profile hold potential to fight with these antibiotic tolerant persister cells in chronic 

diseases.  
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Abstract 

Glug-Glug is a phenomenon observed when liquid is poured from a bottle without any 

hole except the one liquid is being poured through. This research aims to develop a proper 

model of the phenomenon. The flow rate and the period has been modelled theoretically and 

the model has been tested experimentally. Of all the possible types of flow that the system 

can display under such conditions, Oscillatory Flow, a state of flow that alternates between 

liquid drain and air intake, is quantitatively studied. Three phases exist in the process of 

Oscillatory flow: Liquid Flow phase, Bubble Expansion Phase, and Bubble Detachment 

Phase. After one process including all three phases is completed, a bubble gets into the 

container. The period of Glug-Glug is modelled by summing up these phases’ length 

predicted with differential equation for each phases. Compared with data from experiments, 

numerical solutions for the equations shows that the theoretical model accurately predicts 

period of the phenomenon and the emptying time. 
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1. Introduction

It is easily observed that when water is poured out from a bottle, the flow rate is not constant. 

Instead, the rhythmic admissions of air bubbles occur. Due to the oscillatory formation and 

upward flow of air bubbles, the downward flow of the fluid repeats stopping and resuming, which 

can be referred as an onomatopoeia ‘Glug-Glug’. Although the phenomenon is easy to observe 

and have many industrial applications, only few investigations have been conducted beforehand. 

Clanet & Searby (2003)1 presented that the ‘Glug-Glug’ phenomenon can be characterized by the 

whole emptying time 𝑇𝑒 and the period 𝑇. Their ‘air-spring’ model showing the relationship

between 𝑇𝑒 , 𝑇 with other variables made a great agreement with their remarkable experiments.

Kohira et al. (2007)2 observed regimes change in water/air flow and suggested that the mode 

bifurcation occurs when the diameter of the bottle’s neck changes. Lee Sang Ho (2012)3 

modelled the air pressure exerted to water/air interface based on the supposition that Rayleigh-

Taylor Instability occurs at the interface. He also simulated the model with SPH simulation. 
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(a) (b), (c) 

Figure 1. Experimental set-up. (a) Overview of experimental apparatus. The container is designed to change the 

hole’s diameter. (b) Key variables regarding the container. (c) Picture of apparatus. Experiments are recorded 

with high-speed camera (FASTCAM SA-X2)  

2. Experiments Set-up

We conduct few experiments in order to obtain datasets on the Glug-Glug phenomenon. A 

schematic illustration of the experimental apparatus is given in Figure 1. Experiments are 

conducted under a SATP condition, in our case air with temperature 298.1K, pressure 1 bar. Water 

with 1000kg/㎥ is used in the experiment. 

A cylindrical container of diameter 200mm and height 300mm is fixed on a metal frame. The 

container has a circular hole at its bottom, and is designed to be able to vary the hole’s size. The 

hole’s diameters can be varied in quasi-exponential scale (5mm, 7.5mm, 11mm, 17mm, 25mm, 

37mm). A hose used to fill water and a pressure sensor measuring the upper air’s pressure are 

connected to the container on its top. Water pumps and additional water tanks are used to store the 

water and fill the container automatically.  

The hole is initially closed and the water is filled to its height 160mm. As the hole’s stopper 

is removed, the water flows out from the bottle causing the Glug-Glug phenomenon. While the 

pressure sensor detects the pressure change in the upper air part, the high-speed camera records 

the phenomenon, especially focusing on bubbles’ formations. After draining the whole container, 

we open the valve and fill the container automatically with water pumps.  

We conduct experiments changing the hole’s diameter, and in each condition the experiment 

is repeated 10 times. The whole emptying time, the period of the bubble’s formation, and the 

regime changes are mainly investigated. 3 regimes are observed in our experiments as the hole 

size is varied. When the hole is small enough, the liquid flow stops after few drops as the bubble 

intake fails to provide enough pressure. This regime is called No Flow. As the hole gets larger, the 

system goes through the cycle of liquid flow and bubble entrance. This regime is called 

Oscillatory Flow. When the hole is large enough, there is continuous exchange of air and liquid at 

the entrance of the bottle. We call this regime Counter Flow. 

Kim  Seung-Rae, Lee Joong-woo, Park Hyo-chol, REPUBLIC OF KOREA

171



regime 

No Flow Oscillatory Flow Counter Flow 

d (mm) 5 7 11 17 25 37 

Table 1. Regime changes are observed in our experiments. The regime is named after Kohira’s expression. 

Kohira demonstrated the definition of 3 regimes. They defined the regime ‘Oscillatory Flow’ as a periodic 

switching between down-flow of water and up-flow of air. They also defined the regime ‘Counter Flow’ as a 

simultaneous occurrence of down-flow of water and up-flow of air. Simple visualizations of each regime are 

suggested in the above table. 

3. Experimental Results

The hole diameter 𝑑 ranges from 5mm to 37mm. When we remove the stopper, the water

flows out and the Glug-Glug phenomenon occurs. Bubbles are periodically generated at the hole 

as the water height ℎ decreases.  

As previously observed by Kohira et al. (2007), the regime changes are found as d is varied. 

In small 𝑑 condition, the water does not flow out due to the pressure balance at the water/air 

interface. As 𝑑 grows bigger, Glug-Glug phenomenon is observed, which can be divided into 2 

different modes. The first mode is referred as ‘Oscillatory Flow’ by Kohira et al. (2007), and 

observed as 𝑑 ranges from 11mm to 17mm in our experiments. The second mode is inferred as 

‘Counter Flow’, and observed as 𝑑 ranges from 25mm to 37mm. The mode bifurcation is 

visualized in Table 1.  

Conducting experiments, we found an interesting feature of the phenomenon. If there is a 

small leak at the top of the container, for example opening the valve a bit, the Glug-Glug 

disappears. The orifice makes the inner air pressure equal to atmospheric pressure 𝑃0, so water

flow follows Torricelli rule.  

We could measure water height, ℎ by analyzing datasets of the inner air’s pressure as the 

sum of inner air pressure 𝑃𝑢 and the pressure caused by the mass of water column 𝜌𝑔ℎ can be

approximated to constant pressure 𝑃0. Figure 2 (a) shows fluctuation of ℎ in various 𝑑 values.

Decrease of water height becomes more drastic if 𝑑 becomes larger. Also, we could observe 

that the whole emptying time 𝑇𝑒 meaning the time spent for expelling water at all is inversely

proportional to the hole diameter 𝑑 in Figure 2 (b).  
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(a) (b) 

Figure 2. Trajectory of the upper interface between water and the inner air. (a) If the flow is in Glug-Glug 

regime, the water descendent is proportional to the hole’s diameter. Each mark in graph is a mean value of 10 

different experiments. (b) 𝑇𝑒 is inversely proportional to the hole’s diameter, which is intuitively predicted. 𝑇𝑒

can be written as a function of the hole’s diameter.  

If the water flow follows Torricelli’s regime, the whole emptying time and the descent of 

water column should differ from these values in Glug-Glug regime. We theoretically obtain water 

surface descent in Torricelli’s regime and compare the predicted datasets with experimental 

results in Glug-Glug regime.  

Figure 3 (b) shows that 𝑇𝑒 is much larger in Torricelli’s regime. It reveals Glug-Glug

phenomenon delay the water flow. Constant repetition of down-flow of water and up-flow of air 

seems to drag expelling the whole water. 

We try to find a linear relationship between 𝑇𝑒 in Torricelli’s regime and 𝑇𝑒 in Glug-Glug

regime. Figure 4 reveals that 𝑇𝑒 in Torricelli’s is about 4 times larger than 𝑇𝑒 in Glug-Glug

regime if experimental conditions are controlled to be same. Although experimental datasets are 

not enough to clarify the exact relationship between 𝑇𝑒 in different regimes, Figure 4 shows an

intuitive visualization about flow delay in Glug-Glug regime. 

Figure 5,6,7,8 shows the bubble’s generation at cylinder’s hole. Images are captured from 

video recorded by high-speed camera. Figure 5,6 (Oscillatory Flow regime) and 7,8 (Counter 

Flow regime) show that bubble shapes can be changed as the mode bifurcation occurs. In 

Oscillatory Flow regime, bubbles block the hole from its generation to attachment, while in 

Counter Flow regime, bubbles are squashed and down-flow of water and bubbles’ expansion take 

place simultaneously. 

In Glug-Glug phenomenon, air bubbles are rhythmically admitted. The period of bubble 

generation 𝑇 corresponds to the interval between down-flow and blockage, and can be measured 

by the inner air’s pressure fluctuation periods which should be same with 𝑇.  
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(a) (b) 

Figure 3. Theoretical trajectory of the upper interface between water and the inner air for Torricelli’s regime. (a) 

If the flow is in Torricelli’s regime, the water descendent is proportional to the hole’s diameter. It is similar 

results with these in Glug-Glug regime. (b) In Glug-Glug regime, the water flow is delayed compare to the flow 

in Torricelli’s regime. 𝑇𝑒  for two different conditions seems to have a certain relationship unless hole’s

diameters vary. 

Figure 4. Linear relationship between 𝑻𝒆 in Glug-Glug regime and in Torricelli’s regime. 𝑻𝒆 in Torricelli’s

seems to be 4 times larger than 𝑻𝒆 in Glug-Glug regime.
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Figure 5. 𝑑 = 11mm 

Figure 6. 𝑑 = 17mm 

Figure 7. 𝑑 = 25mm 

Figure 8. 𝑑 = 37mm 
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Figure 9. Raw datasets gained from pressure sensor measuring inner air’s pressure. We can easily 

observe fluctuation of the pressure, which is caused by the oscillatory inflow of air bubbles. By 

gauging the time intervals between peak points, we are able to gain 𝑇 as a function of 𝑡. 

Figure 9 is raw datasets displaying inner air pressure, which shows clear difference between 

periods. We measured time intervals between peaks and found out that 𝑇 is a function of the 

interface location ℎ/𝐻 and the hole diameter 𝑑. 

We analyze the fluctuation of T by time 𝑡 at two diameters of holes (𝑑 = 11,17mm). At 

each 𝑡 value, we measured T values in 10 different experiments, and calculate the mean values, 

which are plotted on the graph (Figure 10). Figure 10 (a) and (b) shows a constant increase of T as 

𝑡 grows and the interface location ℎ/𝐻 decreases. It is persuasive to conclude that the period of 

bubble generation T is inversely proportional to the interface location ℎ/𝐻 whether the hole 

diameter is big or small. Figure 11 is a combination of two 𝑇 − 𝑡 graph with different 𝑑, which 

shows that two graphs resemble one another. Figure 11 shows that relationship between T and 𝑡 

can be approximated as a linear function and the tangent of the linear approximation in both graph 

seems to coincide. We believe that the similar linear relationship between T and 𝑡 in different 𝑑 

conditions implies that the same physics should be applied in same regime (in this case, Glug-

Glug regime). 
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(a) (b) 

Figure 10. 𝑇 − 𝑡 graph with two different hole’s diameter (𝑑 = 11mm, 17mm). In both graphs, 𝑇 is 

linearly increase as the interface location ℎ/𝐻 decreases. Also, a chaotic fluctuation of 𝑇  is 

observed as the interface location ℎ/𝐻 falls to 0. 

Figure 11.  The combination of two 𝑇 − 𝑡  graph. With 𝑑 = 11mm , 𝑇  ranges from 

400ms to 780ms. With 𝑑 = 17mm, 𝑇 ranges from 260ms to 380ms. 𝑇 can be written as a 

function of the interface location ℎ/𝐻 and the hole’s diameter 𝑑. Figure 11 shows that 𝑇 is 

inversely proportional to ℎ/𝐻 and 𝑑. 
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4. Modelling

The cause of the Glug-Glug is pressure drop inside the container. This can be easily proven 

by drilling a hole of any size at the upper face of container. When pressure in the container is 

maintained above the atmospheric pressure throughout the process by the hole, the Glug-Glug 

does not occur, and the flow velocity tends to follow Torricelli’s prediction. When liquid flows out 

of a container from the only exit, the liquid will continue to flow until the surface inside the 

container gets low enough and make the air pressure and hydrostatic pressure to drop to 

atmospheric level. The drop makes the liquid flow to stop, and the air would enter the container as 

the pressure inside the container is lower than atmospheric pressure. The air intake forms a bubble 

inside the container, and the bubble adds pressure inside the container, making the liquid to flow 

again after its detachment. Thus, it could be said that the system undergoes three phases during the 

process. When the liquid is flowing out of the container, the state is called “Liquid Flow Phase”. 

Soon, the pressure stops the flow and the system gets into “Expansion Phase”, where air gets in to 

the container and expands the bubble forming at the bottom. And finally there is “Detachment 

Phase”, where bubble ceases to expand further and gets off from the orifice. In order to get 

analytical solution for period and flow rate, we analyze each phases and later bring the solutions 

together. 

Nomenclature 

Variable Name Range/Value 

𝜌 density of water  1000kg/𝑚3

𝜌𝑎 density of air 1.3kg/𝑚3

𝜎 surface tension of water 0.0728N/m 

𝜐 dynamic viscosity of water 8.9 × 107m2/s
𝛾 ratio of specific heats 1.4 

𝑃0 atmospheric pressure 101300Pa 

T period of Glug-Glug ~800ms 

𝑇𝑒 total emptying time 30~300s 

h water level ~300mm 

R radius of bubble ~50mm 

v velocity of water ~5m/s 

𝑃𝑢 air pressure inside the container 90000~103000Pa 

H height of container 300mm 

D diameter of container  200mm 

𝑟𝑐 radius of container 𝐷/2 
d diameter of hole 11~37mm 

𝑟𝑜 radius of hole 𝑑/2 
Table 2. Key physical variables 
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4.1. Liquid Flow Phase 

As the period and the flow rate are to be investigated, duration and flow rate at the Liquid 

Flow Phase has to be analyzed. Both can be solved with an equation about velocity; the 

phase would end when the liquid flow makes pressure to drop to certain level, and the flow 

rate is a function of the velocity. A modified Bernoulli’s equation gives appropriate model 

to the flow velocity when surface energy density is considered:4 

𝑃𝑢 + 𝜌𝑔ℎ +
3𝜎

𝑟
= 𝑃0 +

1

2
𝜌𝑣2 ( 1 ) 

From this Equation, velocity is obtained: 

𝑣 = √
2

𝜌
(𝑃𝑢 + 𝜌𝑔ℎ +

3𝜎

𝑟𝑜
− 𝑃0)

( 2 ) 

Air pressure inside the container, 𝑃𝑢, is derived from the equation:

𝑃1𝑉1
𝛾

= 𝑃2𝑉2
𝛾 ( 3 ) 
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Figure 12. Description of point A and B 

Where the expansion is considered isentropic. Thus, the pressure inside the container is: 

𝑃𝑢 = 𝑃𝑢0 (
𝐻 − ℎ0

𝐻 − ℎ
)

γ ( 4 ) 

The final equation to be considered to solve the phase is the Continuity Equation. 

ℎ̇
𝑟𝑐

2

𝑟𝑜
2 = 𝑣 

( 5 ) 

Using equations (2), (4), (5), the Liquid Flow Phase can be analyzed. 

The boundary condition needed to solve these equation, ℎ(0), is the final value of the 

height from the last Liquid Flow Phase. 
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Figure 13. Approximation of bubble shape to hemisphere 

4.2. Expansion Phase 

During the expansion of the bubble, the main interest is on the bubble’s size. According 

to the Bernoulli’s Equation, the pressure inside the container and the pressure of the 

atmosphere has to be balanced as the velocity becomes zero at the equilibrium of the 

pressure. However, in this situation the pressure inside the container is lower as the surface 

energy keeps the liquid flowing even when the pressure is lower than atmospheric pressure. 

When the bubble shape is assumed to be hemisphere, the radius can be obtained from 

Rayleigh-Plesset equation: 

𝑃𝑏 − 𝑃∞

𝜌
= �̈�𝑅 +

3

2
�̇�2 +

4𝜈

𝜌𝑅
�̇� +

2𝜎

𝜌𝑅

( 6 ) 

The pressure term in the equation is written as: 

𝑃∞ = 𝜌𝑔ℎ + 𝜌𝑎𝑔 (
2𝑅3

3𝑟𝑐
2 ) + 𝑃𝑢𝑓

𝐻 − ℎ

𝐻 − ℎ − (
2𝑅3

3𝑟𝑐
2 )

( 7 ) 

Where the first term is hydrostatic pressure, the second is the pressure due to bubble, and 

the last is due to compression of the air in the container. And we assume 𝑃𝑏 ≈ 𝑃0. Thus, the

final radius of bubble can be obtained. To solve the equation, initial value of 𝑅, �̇� is 

needed. Choosing appropriate initial condition for �̇� is done empirically: 

𝑅(0) =
𝑟0

4
, �̇�(0) = 1000𝑟0
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Figure 14. Approximation of bubble neck to cylinder 

4.3. Detachment Phase 

During the Detachment Phase, the collapse of the bubble neck determines the length of 

the phase. To analyze this process, the bubble neck is considered cylindrical. Using 

modified Rayleigh-Plesset Equation for this situation, the following equation is obtained:5 

𝑃𝑏 − 𝑃∞

𝜌
= (�̈�𝑅 + �̇�2) log(

𝑅

𝑅∞
) +

1

2
�̇�2 ( 8 ) 

Where 𝑅  is the neck Radius and 𝑅∞  is cutoff radius. In this case, 𝑅∞  can be

approximated as 𝑅√2.6 𝑅 = 0 indicates the collapse of the neck, and the time until the 

collapse is the length of the Detachment Phase. Appropriate boundary conditions for 

relevant solution are: 

𝑅(0) = 𝑟𝑜, 𝑅′(0) = 0

4.4. Comparison 

Using Mathematica 10, numerical solutions for all phases could be obtained and applied 

throughout the emptying process of the cylindrical container. Differential Equations were 

numerically solved with Runge-Kutta method. Solving the equations give the length of 

each phase and water level after each bubble entrance. 
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Figure 15. Theoretical water height and experimental result compared 

By plotting height from the solutions from Liquid flow phase, H-t graph could be 

compared with theoretical expectations. Extending the comparison to other hole sizes, the 

𝑇𝑒 could be accurately predicted;

Figure 16 𝑇𝑒 graph comparison

In addition, combining three phases’ length gives the period of Glug-Glug: 
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Figure 17. Theoretically predicted period and experimentally acquired period (Left = 11mm, Right = 

17mm) 

In terms of period, there is some discrepancy between the theoretical expectation and 

experimental result. However, the gap size is almost constant through the process. 
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5. Conclusion

We analyzed Glug-Glug phenomenon, which states the delay when the liquid comes out from

the hole under the bottle, through our experiments. 

Glug-Glug phenomenon occur in three regimes. The liquid could form No Flow, or 

Oscillatory Flow, or Counter Flow according to the diameter of the hole under the bottle. This 

study examined its period and flow rate of the liquid, only in case of ‘Oscillatory Flow.’ 

Liquid Flow, Bubble Expansion, Bubble Detachment are the processes of Oscillatory Flow. 

A formula describing Liquid Flow is, 

𝑣 = √
2

𝜌
(𝑃𝑢 + 𝜌𝑔ℎ +

3𝜎

𝑟
− 𝑃0)

𝑃𝑢 = 𝑃𝑢0 (
ℎ0

ℎ
)

γ

Also, a formula showing the size of the bubble in Bubble Expansion is, 

𝑃𝑏 − 𝑃∞

𝜌
= �̈�𝑅 +

3

2
�̇�2 +

4𝜈

𝜌𝑅
�̇� +

2𝜎

𝜌𝑅

When the bubble goes up in the bottle at this phase, it enters Bubble Detachment Phase. A 

formula shows a width of Bubble neck in this phase is, 

𝑃𝑏 − 𝑃∞

𝜌
= (�̈�𝑅 + �̇�2) log(

𝑅

𝑅∞
) +

1

2
�̇�2

When R becomes zero, the fluid flows again, and resolving all the equations, we could get Glug-

Glug’s period. Additionally, height variation during Liquid Flow phase and its whole time for the 

liquid to release all could be found. 

We have conducted a period concentrating on Bubble, which is primary factor of Glug-Glug. 

This model is more accurate than the model which considered only its fluid movement, therefore, 

it’s applicable to prediction of the phenomena when the liquid comes out from closed container. 
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introduction1.

The molecular dynamics field in physics works on researching and 

understanding the process in molecules, where bond are being made or 

separated, and precise determining  of the exact mechanisms that 

happen in these reactions. This information in achievable thought 

characterizing the reactors and  products  in these processes   by using 

the velocities and energies of the atoms and molecules involved in the 

reaction. In unimolecular reactions there is a fading of a single reactor to 

the products. An example to this kind of reaction is dismantling or 

photodissociation  of the molecule, which caused by its interaction with 

photon. For molecules in gas phase  it is possible to research energy 

transmissions  in a very high resolution because of the fact that the 

molecules are insulators. If the quantic state of the reactors are defined 

its possible to characterize the products by their internal and kinetic 

energies, and their flight direction. This results can provide us a lot of 

information and details on the reaction mechanism such as potential 

layers and states of matter. One of the experimental methods allowing 

characterizing the products in high resolution is the velocity map 

imaging (VMI), a method which is especially suitable to research 

molecule dismantling. Because we are interested in using this method to 

research molecule dismantling, we attended to upgrade the 

experimental system, in its calibration and in simulating that are 

allowing us to find the optimal parameters for velocity map imaging. 

Before I will describe the experimental system and the simulation  that I 

have made, I'll explain and summarize the physical processes this project 

based on. 
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1.1 photodissociation 

Before we will discuss about VMI, lets first of all focus on the basic 

understanding of the photodissociation process. A basic example of this 

process is the dismantling of diatomic molecule. Lets presume that the 

molecule is on its electronically ground state, and by receiving a photon 

the molecule is excited to a repulsive electronic level, in which she is 

breaks down, as it seen in image 1.

Image 1: scheme of the potential layers that are involved in a simple 

photodissociation of molecule AB. The molecule in stable state being 

excited to a repulsive state by swallowing a photon and the molecule 

breaks down by the energy received from it 
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explanation for graph 1: A,B it the distance between the Fragments in 

the molecule, the minimum point of the function is the ground state 

of the molecule, the asymptote is the boundary for the molecule 

break down. The distance between the ground state and the 

asymptote is representing the bond energy, the minimal energy 

needed to separate an electron from the molecule. Considering the 

invested energy in the molecule and the her internal energy, we will 

write the the following equation:  

Ehv + EP = DAB + EintA + EintB + EkinA + EkinB,    (1) 

  - photon energy Ehv

 total energy of the molecule - EP

bond energy of the molecule  - DAB 

 internal energy of the product -  Eint 

kinetic energy of the product - Ekin

If A and B are atomic products, then their internal enrgy can be 

contained just until their electronic excited state, and if the products 

are multi atoms then their internal energy can contain vibrational 

and rotational excitation as well. In condition that the original 

molecule energy, the bond energy and the photon energy that cause 

the excited state are known well, the analysis of the kinetic and 

internal energies of the products can provide information on the 

potential layers that the photodissociation works on, and its 

mechanisms. It must be mentioned that with the VMI method it is 
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possible to distinguish in numerous break down channels, and to 

quantify the branching off ratio between the different channels. 

 Newton Sphere1.2

When a laser beam crossing a molecular beam, many photons are 

interacting with settled molecules in the space. It causes to a formation 

of a "cloud" expending of products in three dimensions called Newton 

Sphere. For getting the information on the products split, there is a need 

only for a thin 2 dimensional cut through the middle of the sphere. 

Virtually, there is a 3 dimensional Newton Sphere and by using some 

various methods for selective selection of the central cut, we can get the 

information that is apply to the whole sphere.  

 Photofragment imaging1.3

After the dismantling of the molecules as a result from swallowing the 

photon, a Newton Sphere of the spreading products is being created, 

from which it is possible to determine the kinetic energy and the angular 

distribution of the products.  One way to do so is by dismantling the 

molecules in zone without static electric field ( free- field conditions). In 

this state by changing the hitting photons polarization direction and 

measuring the amount of fragments that are being spit to a steady  

spatial angle (the detector) in period of time, is it possible to get 

information about the products division. A much more elegant and 

efficient method being called PhotoFragment Imaging (PFI) was 

developed by 2 physicists in 1987, named Chandler and Houston. They 
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used in a Micro Plate Channel (MCP) system and a phosphorus screen to 

create a detector which is sensitive enough to detect the spot of the 

fragments hit. By combining this exposure system with time-of-flight 

mass spectrometer (TOFMS) it is possible to determine the anisotropy of 

the products velocities and their kinetic energy in a single  

measurement. The TOFMS is composed of a steel pipe being held in high 

vacuum, when in one of his ends there is a electrodes formation (usually 

3), which are creating static electric field, and in his other side the 

detector and the zone between the electrodes formation and the 

detector is free-field area, and is being called the free flight area. The 

system is intended to separate masses of the ions created in the 

electrodes area by their flight time. Because of the reason that the 

TOFMS have no influence on the neutral fragments, in order to 

implement it to detection of the dismantling products, this fragments 

must be ionized. In the PFI method the molecules at the molecular beam 

crossing the TOF pivot are dismantling and the fragments are ionized 

between the 2 first electrodes (called the repeller and extractor). In the 

expantion process of the ionic Newton Sphere the electronic field of the 

electrode formation pushing it down the TOF pole, and when she 

reaches the detector on the phosphorus screen a picture is being 

created, a picture who represents a 2 dimensional projection of the 3 

dimensional Newton Sphere. Image 2 shows a Newton Sphere and a 2 

dimensional picture that is received on the detector.
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Image 2: (a) Newton Sphere in 3 dimensions (arrows shows 

polarization of the laser) (b) the picture created on the detector. 

Taken from source number 1.  

The PFI method became really popular to use in researching the 

photodissociation right after its discovery. Image number 3 shows the 

first picture received using this method, which shows clearly the 

anisotropy of the recoiling fragments. This method is a big step 

forward in the molecular dynamics field, so that it is possible to 

determine the angular division immediately ( in a quality and more 

precise level), in condition of the electric field vector direction of the 

dismantling photons in known. Determining the kinetic energy from 

the picture is quite simple as well: the distance between the point ( 

the place where the ion hit the detector) from the center of the 

picture in proportional to the fragment velocity as a result from the 

photodissociation process. 

Image 3: The first picture received using the PFI method. The picture is 

of  CH3  fragments created from dismantling of CH3I molecule. We can
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clearly see the parallel characterize of the transition (the electric field 

is horizontal). Taken from source number 2. 

As it can be seen in image 3, the main problem of the pictures provided 

by the PFI method is their low resolution. There are a few causes that 

contribute to this problem. The first cause if the spatial electronic charge 

effect: the fragments must be ionized for the revelation and a massive 

amount of same electronic charges (positives or negatives) will repel 

each other, and that will be shown in spreading of the received picture 

(really low resolution). To get a quality picture with a good clear 

separation between the  kinetic energies we must minimize the effect of 

spatial electronic charge. It is achievable by lowering the partial pressure 

of the researched gas in the molecular beam, or lowering the laser 

fortitude. In addition, the second cause, resolution and high quality 

picture are decreased as a result from the ions trajectory perturbations  

in their way thought the net and in the middle of the accelerating 

electrodes ( the nets are essential to keep a constant field between the 

electrodes). Another disadvantage of the nets is that they are lowing the 

amount of ions who are reaching the detector. The third and the most 

critical cause is the uncertainly in the fragments creation locations. To 

get a high resolution picture we need to cause the photodissociation to 

be executed at the minimal extent possible. The extent is determined by 

the interaction zone between the molecular beam and the laser beam. It 

is possible to improve the resolution to a certain extent by focusing 

these beams, but it doesn't solve the problem itself, and hard to execute 

this method as well. 

1.4 Velocities Imaging 

To the interaction extent of the laser bean with the molecular beam (the 

extent where the fragments are created) had a major influence on the 

quality and resolution of the picture we will get of the detector. The 
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bigger the crossing volume is, so is the scattering of the ions on the 

detector, which is causing the received image to be spread and 

inaccurate.  In 1997 another 2 physicists names Eppink and Parker 

upgraded the PFI method is two ways: first, they removed the nets from 

the electrodes what made the electrodes formation to be a electrostatic 

lens. The change manifested in a dramatic change in the picture quality 

and clarity. Second, they changed the potential on the extractor. By 

adjusting the voltage ratio on the repeller and the extractor they 

succeeded to create an optimal conditions to "Map Imaging", and 

therefore this method is called Velocity Map Imaging (VMI). In these 

conditions the fragments reach point on the detector is just a function of 

the initial velocity vector of the fragments (the velocity magnitude and 

its direction in relation to E, the laser) and there is no reliance in their 

creating point. Another advantage of this method is that it is possible to 

work with quite big interaction extent, and so the fragments density is 

low, what's make a tremendous decrease in the spatial electronic charge 

effect. In their first work on the VMI, Eppnik and Parker compared 

photos of oxygen products that received from photodissociation of 

oxygen molecule, O2 , in both of the methods: VMI and PFI. This

comparison can be seen in image 4, and the huge improvement in the 

picture received on the detector resolution using the VMI method is 

clear.
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Image 4: the pictures on the dectector of the oxygen atoms from the O2  molecule

dismantling, in the (a)- PFI method, (b) - VMI method. each ring at the picture 

match a different dismantling channel route. Taken from source number 3.  

At this project we found the optimal voltage on the electrodes 

of the electrostatic lens for ion of molecular oxygen (O2+) that 

is released without velocity and built computer simulations of 

the ions flight that its results were in a complete matching 

with the experiment. In addition we checked the electrostatic 

lens activity on the dismantling fragments with kinetic energy 

(atomic oxygen).  
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2. Experimental System

The experiment system contains for an optical formation, spectrometer 

mass of time-flight (TOFMS) and array to detecting the ions. Schematic 

description of the system is given in image 5.

Image 5: Schematic description of the experamental systen which 

contains: (1) laser system with crystals for double (SHG), and triple 

(THG) (2) half wave lenght baord, (3) linear polarizator, (4) central len, 

(5) mass sectrometer time of flight type (TOFMS) inculding windows for

the laser beam (6), the source chamber and the pulse faucet (PV) and 

skimmer (SK) and the deceting cell inculding the electrodes array (R) 

Repeller, Ground (G) and Extractor (E), MCP detector, phosphorus 

screen (PS) and CCD.  
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The optic system that we used to measure VMI of oxygen, including color 

laser Nd:YAG ( Big Sky, Brilliant B), which means wave length of 355 nm. 

energy of 70mJ, temporal length of the wave (width at half the height) 

5ns and in frequency of 10Hz. This laser is providing   photons with 450 

nm wave length, made from color 47 Coumarin dissolved in methanol. 

These photons transfer double frequency in beta-barium-borate β-

BaB2O4 (BBO), and a UV bean received and scanned with the length of 

225nm, a wave who is fitting to excite the oxygen molecules O2 . To be 

able to control the beam without changing its polarization we used in a 

system of board half of the wave length and a linear polarization 

(vertical polarization). The energy of the beam at her exit from the 

polarization being fixed to ~ 50µJ/5ns pulse, for preventing other multi 

photons processes saturation of the oxygen molecule transfer. The 

photons received for this beam using to dismantle the oxygen molecule 

and to ionize the created fragments as well. After its passage though the 

polarize the beam directed by 2 prisms to the focused lens with focus 

length of 20cm that focuses it to the middle interaction area between the 

2 first electrodes (repeller and extractor) inside TOFMS (image 5) here 

she crosses the molecular beam.  

The dismantling and discovery of the products is taking place at the mass 

spectrometer time of flight- TOFMS. The TOFMS system is composed of 2 

vacuum chambers : the source chamber, where the pulse faucet is, and 

detection chamber , where the electrostatic lens and the detector are. 

The chambers are separated by a skimmer with hole diameter of 0.8mm 

and both of the chambers being pumped with 2 turbo pumps (Alcatel, 

ATP 400, ATP 150).   The back ground pressure (without pouring gas to 

the system) in the two vacuum chambers is ~ 2x10-8 Torr. Mixture of 

30% molecular oxygen in Argon (Ar) in a total pressure of ~800 Torr 

spreading Adiabatic thought a small hole of the pulse faucet (General 

Valve, 9) with diameter of 0.8mm at the skimmer direction, which is 

30mm away of the faucet. The molecular beam enters the detecting 

chamber passing though a small hole (~2 mm) in the first plate of the 

electrostatic lens (the repeller) and arrives to the interaction zone where 
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she is crossed with laser beam. When the faucet is turned on (at 10Hz 

pace) the pressure at the chamber is go up to  ~ 5x10-6 Torr. The 

electrostatic lens array is formed of 3 plates (electrodes) repeller(R), 

Extractor( E), ground (G) with holes of 2,20 and 20cm diameter, 

suitability. The length between the plates is 20mm and the distance 

between the interaction zone and the detector is 370mm. The created 

ions at the interaction zone accelerated by the electronic field of the 

electrostatic lens and at its exit they pass another 340mm in a drift-free 

region until they are hitting the detection system composed of MCP (El-

Mul, E050VPW) and a phosphorus screen P-20  (Galileo, 3040-FM). The 

MCP activated by the pulse voltage (the pulse can be controlled in his 

time and width) so only ions with specific mass are examined. The 2 

dimensional picture created on the phosphorus screen received by a 

camera charge-coupled device (CCD) (PCO,  PixelFly 640 x 480 pixels) and 

saved in the computer. The system ( the laser and the pulse faucet) 

works in a 10Hz frequency, so in every second 10 picture are being 

received in the computer.     

As a result from the 225nm photons interaction with the oxygen 

molecules reaction are occurring: 

1) Ionization and creation of molecular oxygen ion without kinetic

energy. 

Dismantling to 2 oxygen atoms (one at the ground level, and the2)

other one excited) with release of kinetic energy, and ionization of the 

excited atom.
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3. Simulations

simulation of the ions flight at the TOFMS were made using the SIMION 

3D 7.0 software. This program calculating electronic fields by solution of 

Laplace equation, and building ion flight routes inside of those fields. At 

this project the simulations were made in the TOFMS system. The VMI 

system described is used to try and find the optimal voltage ratio on the 

electrodes of the electrostatic lens (max resolution). At the simulation 

we used in cylindrical symmetry of the experimental system ( where the 

symmetry line in on the same line as the TOFMS pivot) and we kept its 

proportions. 
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4. Results

4.1 Molecular oxygen - experiment 

In order to execute VMI experiment at the system required adjustment 

of the electrostatic lens, and its electrodes, R, E and G (imgae 5). 

Electrode G is grounded (same as the body of the TOFMS) and the 

voltage on R is set to VR=+2000V. At VMI experiments the VR is defining 

the size of the picture on the detector that we got from the ions hit. In 

our system for VR=+2000V oxygen ions creating on the detector pattern 

in ~30mm diameter (the diameter of the active area on the MCP is 

40mm). In contrary to the VR which determines the size of the received 

picture, the voltage ratio on E and R (VE/VR) defines the quality of 

"velocity focusing", and so the picture resolution. At the ideal case, for a 

given value of VR, there is a single Ve that VMI is carried for. To find the 

Ve we activated the MCP at the molecular oxygen ions arrival  O2+ 

(together with atomic oxygen are the reaction products of the molecular 

oxygen O2 with photons in 225nm). These ions released without kinetic 

energy (because of absolute majority of the energy goes to the 

electron). That is why in a VMI situation the molecular oxygen ions that 

created in the interaction line (defined by the overlap of the molecular 

beam and the UV focused laser beam) which is in ~2mm length 

(diameter of the hole at electrode R) being focused to a single point on 

the detector .We found out that in a certain voltage VE=+1472V (voltage 

ratio VE/VR=0.74) this condition carried out. Image 6(a) shows a result 

from combining 250 pictures of  O2+ ions that were collected by the 

camera, while using these voltages on the electrodes. 
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Image 6:(a) combination of 250 pictures of O2+ (the point in the middle 

on the image) in state of VMI with voltage ratio of VE/VR = 0.74. (b) 

enlargement of (a) that show the ions diversion spread on 2 pixels 

(FWHM). The intensity represented in colorful scale.  

It can be clearly seen 6(b) that the point diameter on the camera is 2 

pixels(FWHM). If we will into account the camera enlargement, which is 

0.12 and that every pixel is 10 µm x 10µm we will get the that the size of 

the point on the phosphorus screen in 0.17mm. This value is from order 

of magnitude of the created from single fragment hit (single event spot), 

and that shows on the fact that the VMI resolution is limited only by the 

detection system. 

204

Planning of electrostatic lens in ion map imaging system experiment ...



4.2 molecular oxygen - simulation 

In order to check the experiment results we made simulations of the 

ions flight in SIMION 3D 7.0 program. Image 7 shows a presentation of 

the TOFMS with the electrostatic lens and the drift free region. The 

system has cylindrical symmetry (the horizontal line is the symmetric 

pivot and is unifying with the TOFMS pivot). The laser proceeding at a 

vertical direction and creating slim interaction area of 2mm (which 

defined by the size of the molecular beam) between the electrodes R 

and E.

In order to check the optimal voltage ratio on the electrostatic lens 

(VE/VR) to preform VMI we created 5 ions without kinetic energy in the 

interaction area and changed the voltage  VE (voltage Vr set to a value of 

+2000V just like in the experiment) until all of the ions assembled to a

minimal point on the detector. This state received in the simulation for a 

voltage of 1455V on Ve. The voltage ratio VE/VR to optimal focus of the 

electrostatic lens is VE/VR = 0.73 and had 1% difference from the value 

we received at the experiment. 
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Image 7: simulation of ions flight, when they have no initial kinetic 

energy, for voltage ratio of VE/VR = 0.73. 5 ions without kinetic energy 

which were created at the interaction area being focused to a single 

point on the detector. Upper panel- look for above, lower panel - 3 

dimensional.  

4.3 Atomic Oxygen - Experiment 

After determining the optimal voltage ratio to the VMI we activated the 

MCP at the arrival time of the atomic oxygen ions (O). In contrary to O2 

which are being released without kinetic energy in O2 dismantling, the 

atomic oxygen ions released with various energies fitting different 

dismantling channels. Image 8 shows the combination of 25000 pictures 

of o+ spread as a result of dismantling of o2 in 225nm.
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Image 8: picture of velocity map imaging of oxygen ions created in dismantling of molecular 

oxygen in 225nm. The picture composed of 25000 photos. The intensity is represented in 

colorful scale. The lens set to VE/VR=0.74 ratio. 

As you can see, the picture is quite similar to the one Eppink and 

Parker got at their research (image 4(b)), and contains collection of 

concentric rings having different diameters, and any ring fitting a 

different dismantling channel with a known kinetic energy of the 

products. We can notice at the clarity of the rings, especially the 

middle one, caused by the using of the VMI method, when the voltage 

ratio is VE/VR=0.74.
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5. Conclusions

The VMI method had a significant impotency at the molecular dynamics 

field, due to its ability to map imaging the photofragments that are 

received in the dismantling processes, and especially allows receiving 

the spreading of the velocities and the angular spreading of the 

fragments. Specifically, the ability to sample the 3 dimensional spreading 

of the products, while collecting a singular picture, made this method 

even more important and useful. At this project we used in a molecular 

oxygen ion (o2) created with no velocity at the ionization process of 

oxygen molecule by laser, for calibration of electrostatic lens in VMI 

system. The voltage ratio received on the lens electrodes  VE/VR = 0.74 

approved by 1% error by the simulation of ion flight built at the software 

program SIMION 3D 7.0. In order to check the functioning of the lens we 

have made a measurement of VMI of the molecular oxygen ions 

received by dismantling of molecular oxygen. At the measurement sharp 

rings showed up, and their source is at the different dismantling 

channels, and their sharpness shows on high resolution as a result of 

good focus of the lens.
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Modeling Virtual Electrodes Using Biophysics

Abstract

Computational models have proven crucial to modeling cardiac arrhythmias, which are

not well understood yet remain the leading cause of death in the industrialized world.

Current mathematical models are limited by the inability to accurately resolve cardiac

heterogeneities to high resolution at low computational costs. Here, we develop a finite

volume simulation scheme to model the electrocardiac phenomenon in the promising

field of Low-Energy Antifibrillation Pacing (LEAP). The model described here was able

to accurately resolve tissue dynamics with a second-order accurate solution to Poisson’s

equation uniformly to boundaries. We sought to utilize the model to simulate the presence

of virtual electrodes during LEAP. Current bidomain theory explains the existence of

virtual electrodes, caused by discontinuities in myocardial tissue structure, as the primary

mechanism through which LEAP therapy terminates arrhythmias. A proper understanding

relating virtual electrode formation to electrode pacing doesn’t exist yet is critical for

improved defibrillation therapy. The optimal configuration that maximized virtual electrode

strength was observed when the defibrillation shock was applied orthogonally to the blood

vessel and parallel to the tissue fibers (p<0.001). Because arrhythmias are pinned to

local heterogeneities in tissue, future defibrillation therapy can utilize understanding of

cardiac physiology of the turbulent region to apply shocks that maximize virtual electrode

strength. Future studies may apply our model to the mechanical pumping of blood in the

heart, the efficacy of new pharmaceutical drugs and therapies, and verification, validation,

and uncertainty quantification studies, in which high accuracy at low computational costs

is critical.

Keywords: Electrocardiology, LEAP, Finite Volume Method, Virtual Electrodes
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1 Introduction

Cardiac arrhythmias, or abnormal heartbeats, are the leading cause of death in the

industrialized world [1, 2]. A precise understanding governing the electrical activity of the

heart remains elusive despite decades of extensive research [3-5]. Current treatments to

arrhythmias are ineffective and lack sophistication; a single powerful shock administered

across the heart, known as cardioversion, is both painful and may cause external damage

to cardiac tissue and surrounding areas [6, 8]. Recently, much research has gone into

investigating alternative methods of defibrillation, including the promising field of Low-Energy

Antifibrillation Pacing (LEAP). In this technique, a series of low-energy pulsed electric

fields, rather than a single high-energy shock, has been experimentally shown to terminate

fibrillation to the same efficacy as traditional cardioversion while avoiding the harmful

drawbacks [9, 10].

For experimental models of the electrocardiac phenomenon, optical measurements

of cardiac tissue have restricted applicability because such measurements are unable to

attribute any observed changes in transmembrane voltage to specific transmural structures,

have insufficient resolution, and are too restricted to measurements made at the tissue

surface [4, 14, 15]. Great emphasis has recently been placed on computational studies

that can mathematically simulate tissue dynamics [16-18]. The thesis that undergirds

such a construction is shown in Fig. 1; that is, the interpretation of the heart cell as

being composed of both an intracellular and an extracellular region which are connected

by an electrical circuit or voltage source (Fig. 1A). By describing the electrical circuit

as being composed of both a capacitive term generated by the membrane capacitance

and a resistive term generated by the variable ionic currents (Fig. 1B), computational

models are able to utilize mathematical physics to prescribe equations governing the

movement of charge throughout cardiac tissue. Pioneering the use of simulation schemes

in defibrillation studies is crucial to future electrocardiac research due to both the low

economical costs and strong explanatory abilities present [19].

The present study sought to address two limitations with current science. First,

current mathematical models of the electrocardiac phenomenon are unable to accurately

resolve calculations of surface heterogeneities at low computational costs, a condition
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Figure 1: A circuit representation of the electrical activity of cardiac cells. Electrical current
in (A) is allowed to propagate along a voltage source, Vm, due to an electrical circuit generated
by both the capacitance of the membrane and the resistance of the variable ionic currents as
shown in (B). Image created by student author.

necessary for the study of virtual electrodes, due to both the difficulty of structured mesh

generation and complex body-fitting grid calculations [20, 21]. Second, since cardiac cells

are embedded in a complex network of body fluids, gap junctions, and fine capillaries,

the electrical conductance of the heart tissue is determined by the local orientation of the

cardiac fibers in that region of tissue, a distinction lacking in many existing simulation

schemes [6]. To address both of these limitations, a finite volume mathematical model

was designed, based off of the original embedded boundary method (EBM), that, for the

first time, incorporated an anisotropic diffusion tensor for fiber orientation.

Current bidomain theory explains that LEAP is able to successfully terminate arrhythmias

by activating heterogeneities near the source of an arrhythmia, called virtual electrodes,

which act as sources of synchronizing waves. When an applied electrical current meets an

electric field tissue discontinuity such as a blood vessel, fatty tissue, intercellular cleft, or

change in fiber direction, currents in the intracellular and extracellular space redistribute

around the anomaly. The electrical charge leaves the cellular domain and gets deposited

near the discontinuity, creating regions of local depolarization. At some depolarization

strength threshold, charge is released and synchronizing excitation waves are emitted

from the virtual electrode to further assist in suppressing any chaotic electrical activity

[11].

It has been shown that wave emissions from heterogeneities are one of the primary
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mechanisms through which low-energy electrode pacing techniques such as LEAP are able 

to terminate cardiac arrhythmias; however, much remains unknown regarding the nature 

of the formation of virtual electrodes and their relation to the anatomical organization 

of myocardial tissue [12]. Understanding virtual electrode formation during low-energy 

pacing is critical for an improved understanding of LEAP and improved defibrillation 

therapy [2].

The virtual electrode theory of defibrillation has both allowed for the explanation of 

basic mechanisms of defibrillation and created an entirely new approach to conventional 

defibrillation. Reentrant arrhythmias are typically pinned or anchored to anatomical 

heterogeneities in heart tissue; a recent experimental study by Efimov et al. documented 

a 20-fold reduction in defibrillation energy necessary to terminate an arrhythmia when 

the electric shock was preferentially applied to excite virtual electrodes at the anatomical 

core of reentry [13]. Of crucial importance to defibrillation success in LEAP, it therefore 

seems, is the nature of the application of the electrode shocks and the resulting strength 

of the virtual electrodes formed.

Both experimental and computational studies have observed that changing the direction 

of the defibrillation shock and inducing field polarity reversal will both change the location 

of the virtual electrodes and dictate whether certain heterogeneities are able to become 

virtual electrodes and assist in terminating the arrhythmia [2]. Since greater membrane 

depolarization is correlated to the strength of a virtual electrode [13], understanding 

how the relative orientations of electrode shock and cardiac fibers with respect to tissue 

anomalies affect virtual electrode activity is critical for future defibrillation studies. 

Because arrhythmias are pinned to certain regions of cardiac tissue, future defibrillation 

shocks can use understanding of real physiology of the turbulent region such as the local 

directions of blood vessels and fibers in order to design personalized LEAP therapy that 

maximizes virtual electrode strength [6]. Understanding how different configurations 

interact to produce virtual electrodes has particular relevance for hypotheses that say 

that a biphasic stimulus in LEAP may be advantageous [12].
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2 Research Goals

• To develop and validate a finite volume model of the electrocardiac phenomenon

with the inclusion of an anisotropic diffusion tensor

• Proof of Concept: To demonstrate the formation of virtual electrodes around blood

vessels following the application of LEAP stimuli

• To compare how varying blood vessel, electrode shock, and fiber direction configurations

interact to influence the strength of virtual electrodes in LEAP

3 Methods

Figure 2: A schematic overview of the finite volume method described here. The purpose of 
the verification study was to determine how accurately the numerical solution converged to the 
analytical solution of the governing equations. Image created by student author.

3.1 Bidomain Model

The bidomain model was used to describe the movement of electric charge within 

cardiac tissue continuously [22-25]. The parabolic solver (Eq. 1) equated the amount of 

charge moving across the cell membrane to the Hodgkin-Huxley description of transmembrane 

voltage as the result of a coupled capacitive and resistive term [26]. The elliptic solver (Eq. 

2) was a statement of static equilibrium of electrical current across the cell membrane, 

describing the amount of charge moving into the cell as equal and opposite to the amount
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of charge exiting the cell. A series of boundary conditions (Eqs. 5-8) were imposed on

various boundaries of the computational domain in order to replicate charge distribution

found in real cardiac physiology [27-29]. Of particular relevance to note here is the effect

of cellular ionic currents on electrical tissue dynamics as incorporated by the Iion source

term (Eqs. 1, 3), which we use the Fenton-Karma model to parameterize (see section

3.2). The bidomain model is given by the following system of differential equations and

boundary conditions:

Istim
i +∇ · (Di∇φ) +∇ · (Di∇φe) = χ(Cm

∂φ
∂t

+ Iion(φ,y)), x ∈ H (1)

Istim
total +∇ · (Di∇φ) +∇ · ((Di +De)∇φe) = 0, x ∈ H (2)

∂y
∂t

= g(φ,y), x ∈ H (3)

∇ · (Dt∇φt) = 0, x ∈ T (4)

φe − φt = 0, x ∈ ∂H (5)

De∇φe · n−Dt∇φt · n = 0, x ∈ ∂H (6)

Di∇φ · n +Di∇φe · n = 0, x ∈ ∂H (7)

Dt∇φt · n = 0, x ∈ ∂T (8)

Figure 3: Visualization of the solution domain Ω = H ∪ T used in the bidomain model. 
The domain has a heart region H with an intracellular and extracellular component and a 
surrounding bath region T. Image created by student author.
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where χ is the surface to volume ratio of the membrane, Cm is the electrical capacitance

per unit area, Iion is the ionic current over the membrane per unit area which is described

in terms of transmembrane potential φ and a gate variable y, Istim
i is the intracellular

stimulus current per unit volume, and Istim
total is the total stimulus current per unit volume

across the cell membrane. The intracellular and extracellular potentials φi and φe and

corresponding conductivity tensors Di and De are defined in the heart tissue region H.

The electric potential and conductivity tensor in the surrounding bath T are defined by

φt and Dt (Fig. 3).

3.2 Ionic Current Model

Figure 4: A representation of the electrochemical gradient created by ions Na+, K+, and 
Ca2+ across the cellular membrane in cardiac physiology. Image created by student author.

In real physiology, the movement of different ions across the cell membrane creates 

a charged gradient which directly affects the electrical activity of heart tissue (Fig. 4). 

In order to utilize the bidomain model, a scheme must be incorporated to parameterize 

the ionic source term Iion described in equations 1 and 3. Many different models of 

the ionic source term exist at different levels of computational complexity [30-33]. For 

the purpose of this study, the Fenton-Karma model was chosen because of its ability to 

numerically reproduce experimental results at reasonable computational demands [34]. 

The Fenton-Karma model is given by the following coupled set of source terms and 

differential equations:
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Iion(φ,y) = Ifi(φ, v) + Iso(φ) + Isi(φ,w) (9)

∂v

∂t
= H(φc − φ)(1− v)/τ−v −H(φ− φc)v/τ+

v (10)

∂w

∂t
= H(φc − φ)(1− w)τ−w −H(φ− φc)w/τ+

w (11)

where v and w are the gating variables that describe the opening and closing of various

gated ion channels, H is the Heaviside step function, which takes a value of 1 when the

input is nonnegative and a value of 0 when the argument is negative. Ifi(φ, v), Iso(φ),

and Isi(φ,w) are the fast inward, slow outward, and slow inward ionic current densities,

which roughly correspond to the currents of Na+, K+, and Ca2+, respectively. These

three currents are defined by the following:

Ifi(φ, v) = − v
τd
H(φ− φc)(1− φ)(φ− φc) (12)

Iso(φ) =
φ

τo
H(φc − φ) +

1

τr
H(φ− φc) (13)

Isi(φ,w) = − w

2τsi

(1 + tanh[k(φ− φsi
c )]) (14)

All other parameters in Equations 9-14 were standardized to fit the Luo-Rudy-I model

of ventricular action potential [39].

3.3 Operator Splitting Method

In order to solve the bidomain scheme over time, an operator splitting scheme (Eqs.

15-19) [35] was applied to solve the parabolic (Eq. 1) and elliptic (Eq. 2) equations. The

scheme was able to numerically track the evolution of intracellular potential, transmembrane

potential, and extracellular potential by implementing a Crank-Nicolson scheme in space

(Eq. 15), a Forward-Euler method in time (Eqs. 16-17), and a statement of static

equilibrium of electrical current (Eqs. 18-19) to solve the non-linear equations of the

bidomain model. The von Neumann analysis showed the described scheme to be unconditionally

stable [20]. The operator splitting scheme is given by the following sets of equations:

(
1− ∆t

2
Li

)
ϕn+1/2 =

(
1 +

∆t

2
Li

)
ϕn + ∆tLiϕ

n
e (15)
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ϕn+1 = ϕn+1/2 −∆tIion
(
ϕn+1/2, yn

)
/χCm (16)

yn+1 = yn + ∆tg
(
ϕn+1/2, yn

)
(17)

(Li + Le)ϕ
n+1e = −Liϕn+1 (18)

Ltϕ
n+1
t = 0 (19)

where Li, Le, and Lt denote the operators ∇ · (Di∇)/χCm, ∇ · (De∇)/χCm, and

∇ · (Dt∇). ϕn+1, ϕn+1
e , ϕn+1

t , and yn are discretizations of φ, φe, φt, and y.

In equations 15 and 16, the evolution of transmembrane voltage is tracked over time by

alternating between extrapolating from the capacitive and resistive behaviors of the cell

membrane from the n to n+1/2 time step and n+1/2 to n+1 time step, respectively. The

inability of the operator splitting scheme to track the evolution of transmembrane voltage

by examining these two behaviors simultaneously and independently leads the described

scheme to only converge to first order accuracy. To further improve the accuracy of our

model, future investigations may develop a Strang splitting modification of the current

operator splitting scheme that is able to achieve second order accuracy in time [42].

3.4 Domain Discretization

The Cartesian grid Embedded Boundary Method (EBM) is a finite volume method

which is able to achieve higher order convergence without the specification of complicated

geometries. Since the EBM is a finite volume model, the high order flux integration over

boundary faces in cut mesh cells plays an important role in the overall accuracy of the

method.

We utilize a method of flux discretization to solve Poisson’s equation by using the EBM

with an anisotropic diffusion tensor. In order to give a clean explanation of the EBM

method used, it is necessary to first make a mathematically unambiguous description

of the spatial discretization of the Cartesian solution domain [21]. The Cartesian grid

consists of rectangular cuboids Γi = [ih, (i + u)h], i ∈ Z3, where u is the vector with

entries equal to one and h is the mesh spacing. The control volumes Vi = Γi∩Ω represent

the intersection of the rectangular cuboids with the solution domain. Face elements

Ai± 1
2
ed

, where es represents the unit vector in the s-direction, represent the intersection

of ∂Vi with the coordinate planes {x : xd = (id± 1
2
)h}. The boundary elements ABi were
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defined as ∂Ω ∩ Γi. With the above definitions, a decomposition of the surfaces of the

control volumes can be made:

∂Vi =

(
d⋃
s=1

Ai± 1
2
es

)⋃
ABi (20)

Several real-valued quantities needed for the discretization of the solution domain can

be introduced:

• Volume fractions: κi = |Vi|h−d

• Face Apertures: αi± 1
2
es

=
∣∣∣Ai+ 1

2
es

∣∣∣h−(d−1)

• Boundary Apertures: αBi = |ABi |h−(d−1)

• Control Volume Centroid: xi =
1

|Vi|

∫
Vi

x dV

• Face Element Centroid: xi± 1
2
es

=
1∣∣∣Ai± 1
2
es

∣∣∣
∫
A

i± 1
2es

x dA

• Boundary Element Centroid: xBi =
1

|ABi |

∫
AB

i

x dA

The marching tetrahedra method [36], a widely used algorithm in computer graphics

for generating implicit surfaces, was employed in order to approximate the above geometric

quantities to second order or higher accuracy. The EBM method was applied to solve

Poisson’s equation with a Dirichlet boundary condition. Since Poisson’s equation appears

multiple times in the bidomain model, the equation is solved for the general case here:

∇ ·D∇ψ = ρ, in Ω (21)

D∇ψ = gd(x), in ∂Ω (22)

In the EBM method, Eq. 21 can be averaged over each control volume, and the

divergence theorem can be applied to transform the volume integrals into surface integrals

over the face and boundary elements of each mesh cell:

∫
Vi

ρ dV =
∑
±=+,−

d∑
s=1

∫
A

i± 1
2es

~F · n dA+

∫
AB

i

~F · n dA (23)
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where the flux term ~F = D∇ψ. For notation purposes, 〈·〉S is defined as the average of

a quantity over the domain S. Eq. 23 can then be rewritten using the previous notation

as:

〈ρi〉 =
1

κih

(∑
±

∑
s

αi± 1
2
es

〈
~F · n

〉
i± 1

2
es

+ αBi

〈
~F · n

〉
i,B

)
(24)

A modified equation analysis as in [21] shows that approximating
〈
~F · n

〉
i± 1

2
es

and〈
~F · n

〉
i,B

to n-th order accuracy is sufficient to achieve n-th order accuracy for solution

errors. To achieve second order accuracy, we must be able to approximate both
〈
~F · n

〉
i± 1

2
es

and
〈
~F · n

〉
i,B

to second order accuracy as:

〈
~F · n

〉
i± 1

2
es

= D
(
xi± 1

2
es

)
∇ψ

(
xi± 1

2
es

)
· es +O(h2) (25)

〈
~F · n

〉
i,B

= D
(
xBi
)
∇ψ

(
xBi
)
· nB

i +O(h2) (26)

Recall that since we are able to approximate xi± 1
2
es

, xi± 1
2
es

, and nB
i to second order

accuracy, second order approximations of ∇ψ at the centroids xi± 1
2
es

and xi± 1
2
es

suffices

to bound the solution errors of the entire scheme to second order convergence.

A scheme by Johansen and Colella [40] was used to approximate the normal and

parallel derivatives values of ∇ψ at the face centroid and boundary centroid. In order to

discretize Poisson’s equation, we can define the discrete variable φ, φi = ϕ((i + 1
2
u)h).

The approximation for ∇ψ can be calculated by using linear combinations of φi.

In order to approximate the normal derivatives of ∇ψ, we first calculated the cell 

centered differences in the normal direction for 4 faces. Iterated linear interpolations were 

then calculated in the two axis-directions coplanar to the face in order to calculate an 

O(h2) accurate normal derivative value of ∇ψ at the face centroid (Fig. 5A). In order to 

approximate the parallel derivatives of ∇ψ, we first calculated the cell centered differences 

in the normal direction for 9 faces. Then, quadratic interpolations were performed for the 

average cell centered differences in the normal direction for the three consecutive faces in 

both coplanar axis-directions. Partial derivatives of the resulting quadratic polynomial
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were calculated and iterated linear interpolations were then used to determine an O(h2)

accurate parallel derivative value of ∇ψ (Fig. 5B).

Figure 5: Visualization of the scheme as originally proposed by Johansen and Colella that
utilized a bilinear interpolation scheme for the normal derivative approximations of ∇ψ to
second order accuracy as in (A) and a biquadratic interpolation scheme for the parallel derivative
approximations of ∇ψ to second order accuracy as in (B). Image created by student author.

3.5 Physiological Fiber Wrapping

In real cardiac physiology, fibers do not meet heterogeneities and terminate at them

but rather locally wrap around small anomalies such as blood vessels. To replicate

this physiological property, cardiac fibers were wrapped around the blood vessels in our

simulations by using a Laplace equation with Dirichlet and Neumann boundary conditions

as shown below [13, 37]. An intuitive interpretation of such a problem is the placement

of a flowing river on top of the solution domain whose stream travels from one end of

the domain to the other. The local gradient or direction of the flow of the stream at

any point was calculated using finite difference methods and was set equal to the fiber

direction at that mesh cell.

∇2Θ(x) = 0 on Ω

Θ = 1 on Γ1

Θ = 0 on Γ2

∇Θ · n = 0 on ∂Ω− Γ1 − Γ0
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where Ω represents the solution domain, Γ1 and Γ2 represent the faces of the slab which

the fibers run perpendicular to, and ∇Θ represents the fiber direction at any particular

mesh cell.

3.6 Obj. 1: Model Verification

To verify the proposed second order accuracy of our solution to Poisson’s equation, a

verification study which followed Xue and Pathmanathan et al. [41] was conducted. An

artificial, constructed solution was utilized to verify our solution to Poisson’s equation

with an anisotropic diffusion tensor (Eq. 27-28):

∇ ·D∇φ = f(x, y, z), x ∈ Ω (27)

D∇φ = φB, x ∈ ∂Ω (28)

3.7 Obj. 2: Proof of Concept: Virtual Electrode Formation

The simulation domain was chosen within a slab taken from a segment of the heart

with dimensions [0, 4] × [0, 1] × [0, 2] (mm). The spatial resolution was chosen as 0.025

(mm) and the time step was 0.01 (ms). The intracellular parallel and perpendicular

conductivity values were chosen as 0.0015 and 0.000155, respectively. The extracellular

parallel and perpendicular conductivity values were 0.001 and 0.000675, respectively.

Blood vessel radii ranged from 50 to 500 microns as in coronary vasculature.

An initial stimulus was applied to the slab to simulate normal wave propagation. The

initial wave had a transmembrane voltage of −32.5 (mV) and created a depolarization

wavefront which traveled across the slab. LEAP shocks of strength 0.5 V/cm were applied

for 1 millisecond. The resulting transmembrane potential was recorded.

3.8 Obj. 3: Shock, Fiber, and Blood Vessel Configuration

The simulation domain was chosen to be a slab taken from a segment of the heart with

dimensions [0, 2]× [0, 2]× [0, 2] (mm). The spatial resolution was chosen as 0.025 (mm)

and the time step was 0.005. The intracellular parallel and perpendicular conductivity

values were chosen as 0.0015 and 0.000155, respectively. The extracellular parallel and

perpendicular conductivity values were 0.001 and 0.000675, respectively. The blood vessel

radius was 500 microns.

An initial stimulus was applied to the slab to simulate normal wave propagation. The
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initial wave had a transmembrane voltage of −32.5 (mV) and created a depolarization

wavefront which traveled across the slab. LEAP shocks of strength 0.5 V/cm were applied

for 1 millisecond. The resulting transmembrane potential was recorded.

We sought to determine the effect of the orientation of blood vessels, electric shock,

and tissue fibers on the formation of virtual electrodes. A slab geometry of a cube was

used in which the blood vessels were fixed in one direction. Six simulations were ran to

test both possible fiber directions (parallel to or perpendicular to the blood vessel) and

all three possible electrode shock axis-directions.

4 Results and Discussions

4.1 Obj. 1: Model Verification

For the verification study, the analytical solution to Poisson’s equation chosen was:

φ = sin(x) sin(2y) sin(3z) (29)

Of key importance to note is the analytical solution described was chosen solely for

the basis of convergence analysis and has no physiological relevance to electrocardiology.

The input parameters chosen to be inserted in Poisson’s equation were as follows:

• Anisotropic Diffusion Tensor: D =


7
3

2
3

1
3

2
3

2 −2
3

1
3
−2

3
5
3


• f(x, y, z) = −73

3
sin(x) sin(2y) sin(3z)− 8 sin(x) cos(2y) cos(3z) +

2 cos(x) sin(2y) cos(3z) + 8
3

cos(x) cos(2y) sin(3z)

• φB = sin(x) sin(2y) sin(3z)

Errors in the simulation trials were collected for mesh sizes of 32, 64, and 128 in the

L1, L2, and L∞ norms which were defined as:

ε1 =
∑
i

|φi − φei |h3κi (30)
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ε2 =

(∑
i

|φi − φei |2h3κi

) 1
2

(31)

ε∞ = max
i
|φi − φei | (32)

where φ and φei denote the numerical and exact solutions of φ at the cell centroid, h

is the mesh spacing, and κi is the volume fraction.

Table 1: Errors and orders of convergence in L1, L2, and L∞ norms for verification of Poisson’s
equation with an anisotropic diffusion tensor.

Mesh Size ε1 error ε2 error ε∞ error ε1 order ε2 order ε∞ order

32 7.04× 10−5 1.47× 10−5 3.59× 10−6 3.12 3.44 3.29
64 9.52× 10−5 1.86× 10−5 4.64× 10−6 2.26 2.36 2.00
128 1.20× 10−3 1.39× 10−4 1.87× 10−5 2.03 2.00 2.89

As expected, second order convergence in Poisson’s equation was documented for all

mesh sizes under the L1, L2, and L∞ norms, which confirms the second order accuracy

and potential applicability of the embedded boundary method finite volume approach.

4.2 Defibrillation Simulation

Figure 6: Transmembrane potential (mV) in a slab geometry of cardiac tissue before a
defibrillation shock was applied.

An initial stimulus applied at one end of the slab tissue created a propagating depolarizing

wave (Fig. 6). When the wavefront met the blood vessels, voltage drops were observed
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Figure 7: Transmembrane potential (mV) in a slab geometry of cardiac tissue after a
defibrillation shock of 0.5 V/cm was applied to both ends by a pair of electrodes.

across all three blood vessels (Fig. 7). The electrical discontinuity introduced by the blood

vessels allowed shock energy to transfer from the intracellular domain to the extracellular

domain, which allowed the blood vessel to become a virtual electrode and a source of

synchronizing wave emissions. The important nuance to note here is that membrane

depolarization around the blood vessel is correlated to virtual electrode strength; hence,

a goal of LEAP therapy should be to maximize the voltage drop observed across virtual

electrodes.

4.3 Shock, Fiber, and Vessel Directions

Three-dimensional images (Fig. 8) and cross-sections (Fig. 9) of the slab tissue were

recorded for 6 simulations of low-energy defibrillation with different relative configurations

of the electrode shock and cardiac fibers with respect to the blood vessel. In simulations

A, B, and C, the myocardial fibers ran parallel to the blood vessel. In simulations D, E,

and F, the myocardial fibers ran perpendicular to the blood vessel. The electrode shock

gradient was tested in both possible fiber configurations for all three axis-directions (A/D,

B/E, and C/F).

In all six simulations, the applied defibrillation shock initiated local membrane depolarization

at the surface of the blood vessel. The greatest transmembrane voltage around the blood

vessel and corresponding virtual electrode strength was observed when the shock gradient
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Figure 8: Transmembrane potentials (mV) in cross-sections of tissue after a shock of 0.5
V/cm was applied. Six configurations of relative blood vessel, fiber, and shock orientation were
simulated to determine virtual electrode strength.

Figure 9: Two-dimensional cross-sections of the blood vessels across the geometric center of
the slab tissue in simulation trials A-F.
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was applied perpendicular to the blood vessel and parallel to the local cardiac fibers as

shown in image D. The voltage drops observed across the blood vessel for all six simulation

trials were recorded (Fig. 10) as a predictive benchmark for future defibrillation therapy;

the voltage drop in D was found to be significantly higher than all other trials (p<0.001;

Figure 10).

Figure 10: Voltage drops (mV) observed in simulation trials A-F recorded at the blood vessel 
boundaries following external LEAP stimuli. Trial D had the highest voltage drop and resulting 
virtual electrode strength (p<0.001).

5 Conclusion

Here, we developed a simulation scheme based off the embedded boundary method for 

the modeling of tissue dynamics in electrocardiology. It was shown that the finite volume 

scheme proposed maintained second order accuracy in the solution to Poisson’s equation 

uniformly to boundaries, a necessary condition for the high resolution of heterogeneities 

in virtual electrode studies.

The application of our study is two-fold. First, the simulation scheme developed 

here can be utilized in further simulations of virtual electrode formation, in which high 

computational accuracy at low costs is crucial for the modeling of cardiac heterogeneities. 

Second, since recurrent arrhythmias are localized in specific regions of tissue, future 

defibrillation therapies can use knowledge of cardiac physiology and cardiac architecture 

reconstruction techniques in order to design personalized LEAP therapy to maximize
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virtual electrode strength and to minimize the chance of sudden cardiac arrest [6].

In the field of virtual electrodes, future studies can investigate the formation of virtual

electrodes during the application of a biphasic stimuli, multiple electrode pacing, and

virtual electrode formation in other forms of tissue heterogeneities such as fatty tissues,

intercellular clefts, or changes in fiber directions [11, 12]. More broadly, future studies

may lead to studies of verification, validation, and uncertainty quantification studies, in

which high computational accuracy at low costs is crucial for repeated simulations [16],

realistic heart function in anatomically complex heart tissues, the mechanical pumping

of blood in the heart, and the efficacy of new pharmaceutical therapies and diagnostic

tests [38].
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Model of ice lenses formation in freezing porous media 
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Abstract 

A generalized model for secondary frost heave in freezing fine-grained soils is presented and 

discussed.  The cryostatic suction effect, which increases upward water permeation, ice-lens 

growth during freezing, and, as a consequence, the increase of soil heave, is considered to be the 

main mechanism of moisture transfer. We recognize the need to determine the distribution of the 

moisture within the frozen fringe by approximation of the experimental data for the equilibrium 

unfrozen water content. This distribution is the result of the complicated interaction between 

water, ice and the mineral skeleton during the freezing process. The generalization of the 

Clapeyron relation, which is used in the studies of other authors, estimates only the drop in initial 

freezing temperature and does not define the connection with the external temperature gradient 

T which is responsible for the frost heave process. This very important aspect is discussed in this

study. We also take into account the ratio Pe/Ste ≠ 1 (where Pe<<1). This approach allows to

obtain a more general solution as well as to analyze frost heave and propagation of the freezing

front on the convective (Pe) and phase transition (Ste) characteristics (criteria) of the process. The

criterion of the ice lenses formation in fine-grained soils and the model for calculation of the

lenses’ thickness and spacing are derived. The dynamics of the lenses formation in histogram

form is presented and discussed. The theoretical results obtained from the solution for fine-grained

soils are compared in good agreement with experimental investigations. The model presented

predicts the ice lenses formation in freezing soils with reasonable accuracy, satisfactorily reflects

observed phenomena, and thus can be suitable for engineering practice.

Keywords: Frost heave; Frozen fringe, Ice lenses formation; Equilibrium unfrozen water content; 

Frozen and unfrozen soil; Overburden pressure. 

1. Introduction

The frost action in regions with harsh climate such as Canada, The United States and North-

East Asia leading to ice lens formation, surface heave, and eventual distress of structures 

(Konrad, 2005). Nevertheless, it should be noted that frost action in the freezing soils is often 

ignored at the stages of design and construction. When granular soils, such as sand, are subjected 

to freezing, the moisture in the soil undergoes phase change, forming what is referred to as pore 

ice. This freezing process is often called freezing ‘in situ’. The presence of finer particles in these 

soils can modify their frost susceptibility. A slow-moving freezing front may cause unfrozen 
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moisture movement toward the freezing front, and induce an accumulation of ice (Ershov, 

1979a; Danielian et al., 1983; Nakano, 1992; Bronfenbrener and Korin, 1997). In this case, the 

soil promotes the formation of ice lenses during the freezing processes, leading to frost heaving 

i.e. the upwards displacement of the soil surface. Understanding the phenomenon and the

development of predictive tools will allow for the anticipation of the adverse consequences of

frost heaving on structures and preventing these consequences at the design stage.

The experimental studies of soil freezing and as consequence on the frost heave firstly were 

performed by Taber (1929, 1930).  They showed that the water migration process from the 

unfrozen part of the soil towards the freezing front and freezing zone causes the ice lenses 

formation and in this manner – frost heave of soil. Other early contributions to frost heave 

research are those of Beskow (1935). He noted the similarity between unfrozen water content 

during soil freezing and residual water content encountered during soil drying. This led some 

(e.g.  Everett, 1961;  Penner, 1959) to suggest that water transport during frost heave is akin to 

the capillary rise of water into a dry porous medium, driven by surface tension at the interfaces 

between ice and pore water. The capillary theory of water flow and frost heaving based on the 

Laplace surface tension equation both became popular in the 1960's and 1970's. The simplicity of 

the capillary theory was appealing, but experimental tests did not confirm its validity: heaving 

pressures during freezing tests were found to be significantly larger than those predicted by the 

theory. In addition, there was also evidence that ice lenses can form within frozen soil at some 

distance from the freezing front, which could not be explained by the capillary theory. Due to the 

physical incompetence of the capillary mechanism, hypotheses about the existence of capillary 

forces in freezing soils have not been further developed. 

It is known that in soils such as silt, clay and loam, only a portion of the water (pore water) will 

freeze at the freezing point, and some liquid water will remain at sub-freezing temperatures. This 

equilibrium unfrozen moisture content depends on the specific surface of the soil (Anderson and 

Tice, 1973; Fukuda et al., 1997; Michalowski and Zhu, 2006). The lowering of the water 

freezing temperature in porous media is a result of the very complicated energetic interactions of 

the active mineral surface with free and bound water. In this respect the equilibrium unfrozen 

water content distribution, which can be determined experimentally, reflects the total effect of 

these interactions during the crystallization process and ice formation. (Ershov, 1979a, b; 

Danielian et al., 1983; Michalowski, 1993; Bronfenbrener and Korin, 2002; Bittelli et al., 2004; 

Michalowski and Zhu, 2006).  

There is a significant amount of literature that considers the mathematical analysis of, so 

called, primary frost heave models without frozen fringe formation (see e.g. review by Fasano & 

Primicerio (1984)). Nevertheless, in general, these models do not consider ice lens formation or 

any heave of the soil surface. However, as experimental investigations shown (Ershov, 1979a, 

2004; Nakano, 1992, etc.), the macroscopic ice formation (ice lenses) lags significantly behind 

the boundary of incipient freezing. 

235

Model of the ice lenses formation in freezing porous media



An approach for the prediction of segregation potential using the frost heave response was 

carried out by Konrad (2005). This approach was based on frost heave characteristics of fine-

grained soils. 

It is well known in practice, that the frost heave mechanics can be regarded as a problem of 

impeded penetration of a layered medium by an ice-water interface that exists in the frozen soil 

at the front of macroscopic ice formation. In this respect a great deal of attention is paid on the 

O’Neill and Miller (1985) model. A mathematical description of this model is often called the 

rigid ice model for secondary frost heave. According to this model, the pore ice and ice lenses 

are treated as one body and heave rate is related to the ice velocity, which, in this case, will be 

independent of spatial coordinates and only a function of time, i.e. )(
s

t
i

vv  . 

The secondary frost heave theory, based on a thermal regelation mechanism, which causes the 

movement of soil particles by a process of melting and refreezing under a temperature gradient 

and was first modeled by Gilpin (1979) and discussed in the context of interfacial premelting by 

Worster & Wettlaufer (1999). In accordance with Gilpin's concept, the conditions for frost heave 

rate can be written as T
si

 vv , where    is an empirical constant.  

The generalized secondary frost heave model is presented in the work of Fowler & Krantz 

(1994). Although the authors' comment that their “Generalized model can predict the frost heave 

behavior of different soils and agree with the results of qualitative observations”, their study 

suffers from a common fault of a lack of qualitative comparison with the calculations of other 

authors and experimental verification. 

Another important aspect of the problem should be noted. In the studies of O'Neill and Miller 

(1985), Fowler, Noon (1993), Fowler & Krantz (1994) and Noon (1996) it is assumed that the 

distribution of temperature in the frozen fringe is given by a generalization of the Clapeyron 

relation, accounting for the effect of both pore pressure and capillary suction at the freezing 

temperature.  

However, it is well known that the Clapeyron relation estimates the reduction T of the initial 

freezing temperature of water in the porous media and does not characterize the temperature 

distribution in the frozen fringe. As was shown in study by L. Bronfenbrener and R. 

Bronfenbrener (2010), the temperatures, calculated according to the Clapeyron relation for a 

wide range of moisture and pressure, are around initial freezing temperature of water. In 

particular, it follows from the calculations that 0.4T C   . We also note, as in the experimental 

investigations shown (Ershov, 1979a,b; Danielian et al., 1983; Takeda and Nakano, 1990; 

Bronfenbrener and Korin, 2002; Bittelli et al., 2004), the initial temperature of crystallization 

(phase transition) in fine-grained soils such as silty loam, silt and clay varies from -0.3 to -0.5
o
C.

In general the frozen fringe (freezing zone) is defined from the solution of the boundary 

movement problem (see for example Danielian, Yanitcky, 1983; Fasano,  Primicerio, 1984; 

Bronfenbrener, Korin,1999; Bronfenbrener, 2009, 2012). From experimental investigations on the 

equilibrium unfrozen water content, this interval is approximately 0.3   to 14.0 C  . In this context we 

note (for example) that the moisture at the lens formation front 
l

W  in the study of Fowler & Krantz 

(1994, p.1666) is equal to 0.2. From experimental distributions (see Fig.1.1A) this moisture conforms 
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(approximately) to the temperature 1.4 C   and 6.6 C   for the silt and clay, respectively, and it is not 

in agreement with the temperature distribution based on the Clapeyron relation. 

Fig. .1.1. Equilibrium unfrozen water content: A – experimental data (Ershov, 1979a, b; Bittelli et al., 

2004; Bronfenbrener and Korin, 2002), B – dimensionless approximation. 

The utilization of an equilibrium unfrozen water content for finding the experimental moisture 

distribution, allows (and this will be shown in section 4) us to obtain the gradient of the moisture 

at the front of most recent ice lens formation and, as a consequence, to estimate the water 

permeation flux. This distribution characterizes a total result of the very complicated energetic 

interaction of the active mineral surface with free and bound water and ice.  It is very important 

to recognize that the distribution of the equilibrium unfrozen water content is controlled by the 

external (given) gradient T  and in this manner bound up with it. 

In our opinion the utilization of an equilibrium unfrozen water content for finding the 

experimental moisture distribution, allows us to obtain the gradient of the moisture at the front of 

most recent ice lens formation and, as a consequence, to estimate the water permeation flux. It is 

very important to recognize that the distribution of the equilibrium unfrozen water content is 

controlled by the external (given) gradient T  and in this manner bound up with it. The analysis 

and treatment of experimental data in dimensionless variables carried out by Bronfenbrener and 

Korin (1997, 2002) leads to the following approximation function, which is in close agreement 

with experimental distributions (Fig.1B): 
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In these last expressions,   and  
eq

 are the dimensionless temperature and equilibrium 

unfrozen water content; 
f

T  and 
s

T  are initial phase transition temperature at the freezing front 

and at the soil surface. They define the temperature gradient in the freezing zone; 
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)(
min seq

TWW   and 
0

a are the moisture at the cold (top) boundary of the soil (or sample), and 

the constant parameter for approximation of  
eq

 related to the type of the soil, respectively. 

In the present study, for the unfrozen water content we used the dimensionless approximation 

(1.1) of the experimental data, and verified the model by comparison with experimental results 

for the freezing process in clay, silt and sandy soils (Fig.1B). 

In our approach, we also give the solution in dimensionless form, but in contrast to the models 

of Fowler, Noon (1993), Fowler & Krantz (1994) and Noon (1996), along with a dimensionless 

group, and parameters whose magnitude characterizes the nature of secondary frost heave in 

different soils (Fowler & Krantz, 1994) we present the solution, including the criteria which 

characterize the relative effect of the convective and phase transition components. 

Thus, in this paper, based on the generalized model of secondary frost heave during the soil 

freezing process (L. Bronfenbrener and R. Bronfenbrener, 2010), we present the criterion of the 

ice lenses formation. In this respect the model for calculation of the lenses thickness and spacing 

are derived. The histogram of the lenses formation dynamics with appropriate values of the frost 

heave is presented and discussed. The results obtained in this study are in close agreement with 

those from experimental investigations. 

This paper is organized as follows. In the next section we give in briefly description the 

geometry, physical background of the process and according to our approach a statement of the 

problem in dimensionless variables. In this section we also derive and discuss the criterion of the 

ice lenses formation. In section 3 according to the frost heave model, on the basis of likeness and 

dimensionality theory we translate a problem to the problem with moving boundary (phase 

front). The system of differential equations for the solution is also presented in this section. 

Because the system of equations is significantly nonlinear the solution is obtained by numerical 

method. Some main new results and analysis are presented in section 3. The comparison of our 

solution with experimental distributions is discussed in this section. It should be noted that the 

process of ice lenses formation is very important for prediction of the frost heave. In this 

connection the appropriate derived model is described in separate section 4. As a result we give 

the experimental data in this direction and dynamic of ice lenses formation calculated on the 

modeling. In the end of the paper the conclusions resulting from this study are summarized. 

2. Physical background and statement of the problem

In this section we present a description of the physical background, geometry and equations for 

frost heave during the soil freezing process. The initial, boundary, and supplementary conditions 

and relations for the solution are presented. It is also derived and discuss criterion of the ice 

lenses formation. 
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2.1. Energy and mass conservation equations 

We consider the process of soil freezing from the top down.  The coordinate z  is positive and 

above its origin that is fixed at some point in the unfrozen part of the soil.  

We will also assume that the unfrozen part of the soil is kept saturated with water at all times. 

Initially (at 0t ) the homogeneous porous medium has a uniform moisture distribution 
0

WW 

and a temperature 
0

T  that is higher than
f

T , which is defined as the initial phase-transition 

temperature related to the water content, 
0

WW
f
 . At time 0t  the top boundary of the system 

(heaved soil surface) )( tz
s

is held at the constant temperature 
s

T , which is lower than the initial 

phase-transition temperature, and the whole domain is divided into three zones: (1) the frozen 

zone ( ) ( )
l s

z t z z t  , which is defined as the region between the cooling boundary )( tz
s

and the 

bottom of the most recently formed ice lens position – )( tz
l

; (2) the frozen fringe (freezing 

zone) ( ) ( )
f l

z t z z t  where )(tz
f

is the freezing front position coordinate; and (3) the unfrozen 

zone )(tzz
f

 . We also define a basal plane at 0
b

z , below the maximum depth of freezing
f

z

, at which the temperature and water pressure are assumed to be known (Fig.2.1). 

We note that for the prediction of the laboratory experiment or treatment of the experimental 

data the 
b

z  coordinate can be chosen as the origin of the coordinate system, i.e. 0
b

z . In the 

frozen zone the temperature varies within the interval
ls

TTT  , where 
l

T  is the temperature at 

the base of the lowest ice lens, which is designated )( tz
l

. This region consists of alternating 

layers of ice lenses and soil. Water permeation is not possible in this zone owing to the 

impermeable ice lenses.  

Fig.2.1. Schematic description of model system: cross-section of soil undergoing a frost heave. 
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In the frozen fringe the temperature varies within the range
fl

TTT  , and at coordinate

)(tz
f

, which is defined as the freezing front position corresponding to the frost penetration 

depth, the ice content vanishes. 

As experimental investigations show (Ershov, 1979b; Bittelli et al., 2004; Michalowski  and 

Zhu, 2006; Bronfenbrener and Korin, 2002), the moisture distribution in the frozen fringe is 

characterized by the temperature distribution and, consequently, by the equilibrium water content 

which is dependent on capillary suction effects and phase transitions. The unfrozen zone is that 

of ice-free soil 
fb

zzz  which is characterized by a temperature that is higher than the 

temperature
f

T . In the unfrozen zone no freezing is occurring and since the pores are saturated 

with unfrozen water, we state that W , where const  is soil porosity. It is clear that heat 

transfer occurs within all zones in the calculation domain. 

The boundary value problem for secondary frost heave is based on a nonlinear system of 

equations. Even the numerical solution of this problem is very complicated. Therefore, for 

obtaining the solution, we analyze the physical prerequisites and hypothesis for the considered 

problem, and based on the estimations of the equation's structure we simplify the generalized 

model. 

In the first stage of the analysis we turn to the following dimensionless variables: 

0

0
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s
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0 0
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, (2. 1) 

in which 
bs

zzH 
00

 is a length scale and 
0s

z  is the initial coordinate of the soil surface. 

We note that in laboratory experiments 0
b

z  and 
0s

z are the bottom and top of the sample, 

respectively, so that 
0

H is the height of the sample. Since the frost-penetration depth (freezing 

front coordinate) 
f

z occurs between coordinates 
b

z and
0s

z , the value 
0

H is also a representative 

length scale for the conduction process. For the freezing front propagation velocity
f f

V dz dt , 

ice velocity 
i

v  and, consequently, for the frost heave rate v
s s

d z d t we define the velocity 

scale 
0

U , which also characterizes the time scale 
0

t . As a scale for both the capillary suction and 

the other pressure variables we take   which is the characteristic value of the cryostatic suction; 

for example ff  , 
ww

pp   etc. 

 Using these variables and for convenience dropping in following the line over values with the 

understanding that the appropriate values have dimensionless form, the process can be described 

by boundary value problem in the dimensionless form: 
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within the frozen zone, where 
l s

z z z 

 
d

P e k
d t


    ; (2. 2) 

within the frozen fringe, where 
f l

z z z 

  fr

d P e
P e k S

d t S te


     , (2.3) 

t fr
W S    U , (2. 4) 

1

1
t fr

I S


   


V , (2. 5) 

 IW . (2. 6) 

Within the unfrozen zone the pores of the soil are saturated with water, i.e. W , and the 

energy equation is given by following equation: 

2

b f

d
z z z P e

d t


    . (2.7) 

In the equations (2. 2), (2.3) and (2.7) d/dt = /t + U is the substantial (total) derivative. 

The Stefan and Peclet numbers are defined as follows: 



00
,

)( HU
Pe

L

TTC
Ste

w

sfp




 , (2. 8) 

where   is thermal diffusivity.  

In Eq.(2. 5) the parameter  

w

i




  1  . 

In Eqs. (2.3)-(2.6) 
t

W  and 
t

I denote the derivatives of water and ice volume fractions with 

respect to time, respectively; U and V are the water and ice fluxes; 
fr

S is the freezing rate; 

characterizes the ratio of the ice and water densities. 

We note here that the Stefan number is defined as the ratio of sensible heat (enthalpy of the 

soil) to latent heat (phase transition enthalpy). The Peclet number is a dimensionless number 

relating the rate of advection of a flow to its rate of diffusion, in our problem – thermal diffusion. 

The ice flux V in Eq. (2.5) is given by 

i
I vV  , (2.9) 

where
i

v is the ice velocity.

Now we assume that the water permeation flux in dimensionless variables is given by Darcy’s 

law in following form: 

w

w

h
p

UgH

k


00



U , (2.10) 

in which g is gravitational acceleration and 
h

k is hydraulic conductivity defined as
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W
kk

h 0
, (2.11) 

where 
0

k  and   are constants characteristic of the appropriate soil type. In particular, 

12 10

0
10 10k m s

 
  for clay, 9 7

0
10 10k m s

 
  for silt and 4 2

0
10 10k m s

 
  for sand 

(Fowler & Krantz, 1994). 

Hydraulic conductivity is an essential characteristic of water migration in porous media under 

conditions of Darcy’s law. In our study in order to obtain an analytical solution we use the power 

function of saturation /S W   in the form of Eq. (2.11). This function satisfactorily describes the 

hydraulic conductivity as a function of saturation. For the verification of equation (2.11) we compare 

(Fig.2.2) the calculated results of the hydraulic conductivity 
h

k for silt loam soil obtained on the 

basis of the present model ( 7

0
0, 481 , 10k m s


  ) – Eq.(2.11) and model (Eq.(15), Fig.8) in the 

work of Watanabe and Flury (2008). 

Fig.2.2. Hydraulic conductivity for the silt loam soil: comparison between calculation results obtained on 

the basis of the present model (
7

0
0, 481 , 10k m s


  ) – Eq.(2.11) and model of Eq.(15) – 

Fig.8 in study of Watanabe and Flury (2008). 

It can be seen in Fig.2.2 that the results of the two calculations are in a good agreement. 

2.2. Initial, boundary and supplementary conditions. Criterion of the ice lenses formation 

According to the problem, the initial and boundary conditions can be written as follows. Since 

we consider the porous media to be saturated, in general, the initial conditions for the 

temperature and moisture can be described as 

0 0
0 ,t T T W W   (2.14) 

The boundary conditions are defined by the equation using the appropriate physical value, as 

well as by the state of the system undergoing the freezing process. For the freezing process at 
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time 0t , at the top boundary of the system (heaved soil surface) )( tz
s

and at the bottom 

boundary of the calculated domain 
b

z , we set the appropriate constant temperatures 
s

T , which 

are lower than the initial phase-transition temperature, and 
fb

TTT 
0

. Also at the boundary 

b
zz  the pressure 


 pp

w
 must be specified. At the boundary 

f
z it is assumed the continuity 

of the temperature and water pressure, and also water permeation flux. At the most recently 

formed ice lens boundary 
l

z  we assume the continuity of the temperature. In this case the 

temperature at this boundary is found in the course of finding the solution (as was mentioned in 

the introduction, we do not use the Clapeyron relation for the temperature distribution in the 

frozen fringe). The pressure at the base of the lowest ice lens i
p is equal to the load 

(overburden) pressure P . 

It is necessary to note that since the pressures 
i

p  and 
w

p are related via the cryostatic suction 

for given type soil as following 

)(Wfpp
wi
 ,  (2.15) 

the boundary condition at the base of the lowest ice lens is equivalent to the boundary 

condition for the unfrozen water pressure: 

)(
lwl

WfPp   (2.16) 

In the last equation the index (subscript) ‘l’ indicates a value, the quantity of which is found at 

the boundary
l

zz  . The capillary relation function )(Wf  for different soils is represented in 

Fig.2.3A in terms of soil saturation WS  . The character of the curves is related to the soil 

type. For convenience of calculation, for a given soil, the capillary relation can be also 

represented as a function of the unfrozen water fraction (Fig.2.3B). In any case, the function 

)(Wf is inferred from the soil-moisture characteristic curve, which is experimentally measured 

(see for example O’Neill, 1983). For all types of soil the function 0)( f . 

Fig.2.3.Schematic description of cryostatic suction function: A – dependence on saturation for different 

types of soil; B – as a function of volumetric moisture for specific soil. 
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As a supplementary relation, we consider the total pressure balance in the form (Fowler & 

Krantz, 1994): 

wie
pppP   )1( , (2.17)

in which P  and 
e

p  are the overburden pressure and the effective stress exerted by the soil 

grains when they are in contact, respectively; )(W is the stress partition function which can be 

represented as 

r
W

















 ,  (2.18) 

where r is an empirical constant. 

The relationship (2.17) may be written more conveniently as 

))(1(
wiwe

ppppP    (2.19) 

or in the following form: 

)()1( WfppP
we

 .  (2.20) 

For determination of the location coordinate 
i

z for the new ice lens formation, the nature of 

the effective stress is used. Since in the course of ice lens formation soil particles will readily 

separate, in this case the effective stress 0
e

p . This fact can be considered as a criterion, and 

therefore from the Eq. (2.20) we obtain, after a simple transformation, the mathematical 

description of the criterion for initiating a new ice lens as 

)()](1[ WfWpP
w

  (2.21) 

In Fig.2.4 we present a graph of the left- and right-hand sides of the equation (2.21) in the 

form  Pp
w
  and )()1( Wf , respectively, as a function of    – a coordinate measured as 

the positive downward distance from the lowest ice lens coordinate 
l

z (Fig.2.1). , The water 

pressure 
w

p is obtained by solving equation (2.10). Both quantities are monotonic and increasing 

with increasing and hence lens initiation will occur when these curves have a tangency. From 

Fig.2.4 it can be seen that the point of tangency for these curves occurs within the water pressure 

boundary layer and the shape of  Pp
w
  arises from the value )(

ll
Wff   at 0  to the 

asymptotic value Pp 


 as  . The character of the water pressure distribution shows that 

within the permeation boundary layer


 pp
w

. In this case according to the solution of the 

equation (2.21) the value of the moisture, corresponding to pressure 
l w l

p p at the boundary of 

lowest ice lens, is
l

WW  . Hence, the criterion for new ice lens formation can be written as 

follows: 
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Fig.2.4.Conditions for ice-lens initiation: distribution of both  1    and 
w

p P as a function of

coordinate . 

Both quantities are monotonic and increasing with increasing and hence lens initiation will 

occur when these curves have a tangency. From Fig.2.4 it can be seen that the point of tangency 

for these curves occurs within the water pressure boundary layer and the shape of  Pp
w
 arises

from the value )(
ll

Wff   at 0  to the asymptotic value Pp 


 as  . The character 

of the water pressure distribution shows that within the permeation boundary layer


 pp
w

. In 

this case according to the solution of the equation (2.21) the value of the moisture, corresponding 

to pressure 
l w l

p p  at the boundary of lowest ice lens, is
l

WW  . Hence, the criterion for new 

ice lens formation can be written as follows:

ll
fpP )1( 


,  (2.22) 

 where )(
ll

W  and )(
ll

Wff  . 

3. Simplification of the model and solution

It should be emphasized, that the dimensionless form of the problem allows to estimate the 

terms of the equations and to consider appropriate simplifications that will permit the solution for 

some cases. For this purpose it can be assumed, as a first approximation, that the crystallization 

process is activated in the vicinity of the final phase transition temperature within the front 

fringe. The physical prerequisite for this assumption arises from the relatively slow character of 

the freezing process in porous media. The redistribution of the temperature and moisture profiles 

in due time occur extremely slowly, and therefore the interval of temperatures in which the 

system, "water-ice-soil", turns from any equilibrium state to the next one is narrow. Accordingly, 

it can be assumed that the length of interval 
f

 of the local phase transition is extremely small. 

The estimation of this interval can be obtained on the base of likeness and dimension analysis
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arising from the following physical considerations and have been discussed in details in study of 

L. Bronfenbrener and R. Bronfenbrener (2010). Here we note only some results.

In particular, the crystallization process and water migration within interval 
f

 (kinetic zone)

should be commensurate. Namely, both effects should be values of the same order of magnitude. 

If 


t  is the characteristic time of the crystallization reaction in the frozen fringe and U  is a 

permeation flux of unfrozen water migration, then the condition of conformity of these processes 

can be written as

 
I

O O
t

 
   

 

U .  (3.1) 

If we set the order of magnitude of each value, taking into consideration Eq. (2.10), we obtain 

in dimensional variables the following relation: 

00

0

UgH

k

w

f




  , (3.2) 

where 

0
H

f

f


  .  (3.3) 

The characteristic values for the parameters into Eq. (3.2) are 1 bar, 
233

10,10 smgmkg
w

 , 11 12

0
10 10k m s

 
 (for fine-grained soils),

0
H 1m. It is 

known from the experimental investigations (Hoekstra, 1969; Ershov,1979a,b; Danielian et al., 

1983; Feldman, 1988) that the characteristic magnitude of water permeation velocity 
8

0
10U m s

 .. By substituting these values into Eq. (3.2) we see that the dimensionless length

of the frozen fringe has changed approximately within interval 23
1010




f
 . This estimation

implies that the frozen fringe can be assumed to be a free planar boundary.

For this purpose it can be assumed, as a first approximation, that the crystallization process is 

activated in the vicinity of the final phase transition temperature within the front fringe. The 

physical prerequisite for this assumption arises from the relatively slow character of the freezing 

process in porous media. The redistribution of the temperature and moisture profiles in due time 

occur extremely slowly, and therefore the interval of temperatures in which the system, "water-

ice-soil", turns from any equilibrium state to the next one is narrow. Accordingly, it can be 

assumed that the length of interval 
f

 of the local phase transition is extremely small. The 

estimation of this interval can be obtained on the base of likeness and dimension analysis arising 

from the following physical considerations and have been discussed in details in study of L. 

Bronfenbrener and R. Bronfenbrener (2010).  

Before deriving the model of the ice lenses formation, that is consequence of the frost heave 

phenomenon, we present the comparison of the calculation results, obtained from the solution 

based on the model described, with experimental investigations. For this purpose we compare the 

modelling results with experiment carried out by Konrad (2005) and related to the new approach 
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for the prediction of segregation potential using frost heave. This approach is based on frost 

heave characteristics of fine-grained soils. According to concept of Konrad the segregationally 

frost heave is calculated as:  

0

0

1 .0 9 ( )

t

s

l

T
h S P e x p a P d t

z

 
   

 
  , (3.11) 

where t  represents time, z is a coordinate; 
0

SP is the segregation potential at zero overburden 

pressure; and a  is a constant related to the soil frost heave sensitivity to overburden pressure P . 

Thus, a phenomenological model of Konrad, based on the experimental procedure for obtaining 

values for segregation potential and the gradient of the temperature  
l

T z  allows to calculate 

according to Eq.(3.11) the segregationally frost heave. We described, in short, the experimental 

test developed by Konrad. The freezing cell used in the experiments was provided with 

thermistors for the measurement of the temperature. The saturated samples were frozen in the 

axial direction from the top downwards. Water was supplied freely at the warm end. The top plate 

was maintained at a constant temperature, generally between –3 and –4 °C, and the temperature of 

the warm end was held constant at a value ranging from +1.0 to +1.5 °C. In the experiments 

freezing progressed to steady state conditions. As an example, we considered the experiment for 

the sample of limestone 3, initial material thickness of which was mmH 97
0
  and water at the 

boundary 
l

z (in our notation), measured after freezing, was 2 1 %
l

W  , respectively. The 

temperatures at the cold and warm boundaries were held constant C 1.4  and C5.1 . 

Figure 3.1 illustrates the comparison of the experimental results for the frost heave distribution 

(Fig. 3.1A) and also for freezing front propagation – frost depth (Fig. 3.1B) in the sample, 

subjected to an overburden pressure of 20 kPa, with calculations obtained by application of the 

present model.  

Fig.3.1.Comparison of modeling with experimental results (Konrad, 2005) for overburden 

pressure of kPa20 :     A – frost heave, B – frost depth (freezing front propagation). 
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It is shown that the calculated frost heave and frost depth curves match the experimental results 

very closely. The discrepancy does not exceed 3.0% for the frost heave and 5.5% for the frost 

depth (see error bar on the graphs). The results of comparison indicate that the model presented 

can satisfactorily reproduce the frost heaving process associated with freezing and can be used as 

both predictor for studied phenomenon at the design stages and for modelling he ice lenses 

formation. 

4. Model of the ice lenses formation

The ice lenses formation in freezing porous media is interesting but at the same time is very 

complicated problem. As was mentioned in introduction the theoretical and experimental studies 

on frost heave phenomenon and ice lenses formation goes back to the 1920s and up to recent 

time (Taber, 1930; Gilpin, 1979; O'Neill and Miller, 1980, 1985; Fowler & Krantz (1994); 

Noon,1996; Konrad, 2005; Rempel, 2007).  

For example Taber (1929) established that the pressure from frost heaving is due to the 

direction of ice crystal growth, which is, in turn, controlled by the direction of heat loss. He also 

observed (Taber, 1930) that the rate of heave is continuous under constant temperatures applied 

at the top and bottom of soil specimens even though the ice lenses are separate and distinct from 

each other. Moreover, the experimental investigations show that the displacement of ice lenses is 

normal to the phase front propagation; spacing and thickness of ice lenses are increased due time 

(Fig. 4.1A). The same results were obtained by Watanabe and Mizoguchi (2000) seventy years 

later (Fig. 4.1B). 

Fig.4.1. Ice lenses formation (the ice lenses appear black): A – experiment by Taber (1930); 

freezing from top of soil specimen. B – experiment by Watanabe and Mizoguchi (2000) (right-

hand side is colder). 

It should be noted that there is sufficiently wide spectrum of mathematical models in 

scientific literature on the freezing in porous media. Nevertheless, there is not common approach 

to the considered problem. 

In our present study on the basis of physical process we try to develop of the mathematical 

model for calculation of the very important parameters of ice lenses formation – distance 
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(spacing) 
l l i

D z z  between lenses and their thickness 
l

h as functions of time. In this 

connection we consider the criterion in the form of equation 2.21 of ice lens formation: 

[1 ( )] ( )
w

P p W f W   . (4.1) 

The capillary pressure can be obtained from Darcy’s law (2.10), which for 1D problem has a 

form: 

0 0

h w

w

k p
U

g H U z






  


. 

Taken into account the relation of derivatives 
w w

p p z      (see Fig. 2.1), the last 

equation can be rewritten as 

0 0

h w

w

k p
U

g H U




 


 


 , (4.2) 

where the hydraulic conductivity 
h

k  is defined by Eq.(2.11). 

By expansion of the function ( )W  in Taylor series in vicinity of the point 0   that 

corresponds to point 
l

z z (Fig.2.1and Fig.2.4) we obtain that 

 
0

0 0

1
w

l l

w

k p
U W W

g H U


 


 



  



or in other form: 

0 0

1
l l w

w l

k W p
U

g H U W






 

  
   

 

, (4.3) 

where 

0

l

l

W
k k





 
  

 

. (4.4) 

According to the properties of the logarithmic function we can rewrite the last equation in 

following form: 

0 0

1
l l w

w l

k W p
U e x p ln

g H U W






 

 
  

    
   
 

. (4.5) 
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By expansion of the logarithmic function in Taylor series in vicinity of the point 0  the 

equation (4.5) can be written as 

0 0

l l w

w l

k W p
U exp

g H U W


 


 

   
   

   

(4.6) 

Now we represent the Eq. (4.6) in the form of differential equation in respect to capillary 

pressure 
w

p

0 0w w l

l l

p g H U W
U e x p

k W


 


 

 
   

  

. (4.7) 

Since U


varies over the length scale of the frozen fringe, whereas the water pressure varies 

over the permeation boundary layer thickness ( 1 ), and 197  , the equation (4.7) can 

be integrated assuming U


 to be constant. Using the boundary condition   w
l im p p





 

 , we

obtain the water-pressure profile as 

0 0w l l

w l

l l l

g H U W W
p p U exp

k W W

 


 


  
    

    

. (4.8) 

Using the condition 
w l

p P at the boundary 0  , that corresponds to 
l

z z (lowest ice

lens), in the form of Eq.(2.16), the solution (4.8) gives: 

 
0 0w l

l l

l l

g H U W
P f W p U

k W



 


   

. (4.9) 

Replacing in Eq. (4.8) the coefficient before exponent by Eq.(4.9) leads to the following 

function for  w
p 

     l

w l

l

W
p p P f W p exp

W


 

 

  
      

   

. (4.10) 

By substituting solution (4.10) into criterion (4.1) and taken into consideration relation 

between derivatives    
0

l
z z

l

W W W z



 

       (
l

z z   ), by invers of the exponent, 

we obtain: 

   

 

11
l
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l l

P p W f WW
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. (4.11) 
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In order to obtain distance between lenses we consider the last equation at the boundary 
i

z z

of the new lens formation (Fig. 2.4). This leads to the following solution:  

   

 

11 i il

l l i

l l

P p W f WW
D z z ln

W P f W p









     
 

      
   
 

(4.12) 

In general it is possible to obtain the second equation relatively to 
i

z and 
i

W by equality of the

slopes (derivatives) of the left and right functions in Eq.(2.21) (Fig.2.4). Nevertheless, assuming 

that 
l i

z z is small (Watanabe and Mizoguchi, 2000) it can be set 
i l

W W  and spacing between 

lenses can be calculated by following expression: 

   

 

11 l ll

l l i

l l

P p W f WW
D z z ln

W P f W p









     
 

      
   
 

. (4.13) 

The thickness of the lenses can be obtained simply from the physical interpretation of the 

phase front velocity 
f

V , heave rate 
s

V and thermal regelation process.  

Let 1n

l
t

 be the time of the formation of the ( 1n  ) th lens. Then n

l
t is given approximately by 

     
1n n l

l l i l l n
z t z t D t


  (4.14)

According to frost heave and thermal regelation processes the thickness of the lens 
l

h can be 

defined as 

   
1n n

l s l s l s
h z t z t t V


    . (4.15) 

In last equation 

1n n l

l l

f

D
t t t

V



   . (4.16) 

By substitution t into Eq.(4.15) we obtain relatively simple model of the lens thickness, 

which is in agreement with experimental results: 

s

l l

f

V
h D

V
  . (4.17) 

In the equations (4.15)-(4.17) 
s s

V d z d t and 
f f

V dz dt are rate of the frost heave and frost 

penetration velocity. 

As an example and verification of the model we give the calculation of the spacing and thickness 

of the lenses in freezing soil. These calculation as well as calculations and analysis of the frost 

heave was carried out on the basis of the program in algorithmic language C++ with following main 

data: high of sample – 
0

1 5H c m ; overburden pressure – 3 0P kP a ; hydraulic conductivity 

9

0
3 .8 10k m s


  ; cooling temperature at the top of sample (

s
z z ) – 1 .8

s
T C   ; temperature at 
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the bottom of sample  (
b

z z ) – 1 .9
b

T C  . In calculation it was considered Gilpin’s model of 

thermal regelation as a general model. In Fig. 4.2 we plot the lens spacing (distance) and thickness 

against time (Fig. 4.2A) and dynamics of the lenses formation in histogram form obtained in present 

study (Fig. 4.2B). In the histogram we also give the values of the heaving surface coordinate
s

z .  

Fig.4.2. Ice lenses formation in freezing soil: A – lenses spacing and thickness against time; B – 

histogram of ice lenses formation at different times. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 2 4 6 8 10Le
ns

 s
pa

ci
ng

  D
l
an

d 
 th

ic
kn

es
s 

 h
l

(b
ot

h 
in

 c
m

)

Time, t (hours)

Gilpin's model,
Overburden pressure P = 30 kPa, k0 = 3.8.10-9m/s

Spacing Thickness

A

252

Nitsan Gusty Sheinberg, ISRAEL



From distributions (Fig. 4.2A) it can be seen that both characteristics are increasing function 

of time that is in agreement with experimental investigations (Taber, 1930; Konrad and 

Morgenstern, 1982; Watanabe and Mizoguchi, 2000, etc.). It is also shown that the absolute 

values of the lenses’ parameters are small. From graphs it can be found that the spacing and 

thickness of lenses formation after 8 hours exceed 1 .2 m m  and 0 .6 m m , respectively.  

5. Conclusions

1. The generalized model for secondary frost heave is discussed. The cryostatic suction

effect that causes an increase in upward water permeation, ice-lens growth during

freezing, and, as a consequence, the increase in soil heave, has been considered as the

main mechanism of moisture transfer.

2. In contrast to the models of other authors (e.g. Fowler & Krantz, 1994) we recognize

the need to determine the distribution of the moisture within the frozen fringe by

approximation of experimental data. The equilibrium unfrozen water content reflects

the complicated interactions between water, ice and mineral skeleton during the

freezing process. The generalization of the Clapeyron relation, which is used in the

work cited above, estimates just the drop in initial freezing temperature and does not

give a connection with external temperature gradient   which is responsible for the

frost heave process.

3. It is very important that the system of equations and as a consequence, solution has

been obtained in the form of characteristic criteria Peclet ( Pe ) and Stefan ( Ste ). This

approach allows obtaining the more general solution as well as to analyze the frost

heave and propagation of the freezing front as dependent on the convective and phase

transition components of the problem.

4. The criterion of the ice lenses formation in fine-grained soils is derived. In this

respect the model for calculation of the lenses’ thickness and spacing is developed.

The histogram of the lenses formation is presented and discussed.

5. The theoretical concepts and the results obtained from the solution presented are in

agreement with appropriate experimental investigations. The model presented

predicts the components of frost heave and the ice lenses formation in freezing soils

with reasonable accuracy, satisfactorily reflects observed phenomena, and thus can be

suitable for engineering practice at the stages design and construction in regions of

the permafrost.
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ABSTRACT 

The resistance of public buildings (embassies, government buildings etc.) against the events such as 

explosion, terrorist attacks, fire causing their destruction and leading to loss of life and property is 

extremely important. In order to protect these buildings against explosions and impacts, various 

construction methods and high-strength construction materials are used.   

In this project, it is aimed to develop an external wall or slab model by using aluminum beverage cans, 

a kind of waste material, in order to minimize the effect of the blast and impact loads in special 

buildings. Four samples reinforced with aluminum cans and four control samples consisting of normal 

concrete were tested under low-velocity and low-mass impact load and no damage was observed in the 

experimental group samples. Subsequently, a higher mass impact load was conducted to the new 

experimental group strengthened with aluminum cans which consisted of four reinforced concrete and 

four unreinforced concrete samples; the percentage of the energy absorbed, the maximum load 

affecting them and maximum crushing amount were measured. It was discovered that a large part of 

the impact energy, as high as 61 % was absorbed by the reinforced concrete sample which has been 

damaged. According to the experiment results, as the crushing amount of the cans increases, also the 

time to reach the maximum load increases and it was determined that they absorb more energy.  

Exploiting their good energy absorbing capacity, easy installation, light and economic properties, the 

usage of the aluminum cans as external walls or slabs is the original feature of this project. Both eco-

friendly and socially beneficial construction materials will be obtained by recycling the used 

aluminum beverage cans. By using this design in the buildings, more secure living spaces can be 

constructed for a significantly reduced price. In addition, we consider that their utilization in the 

construction of important buildings, especially in areas under intense terrorist attacks, will prevent the 

loss of life and the damages to the buildings.  

Keywords: Blast, Impact, Aluminum Can, Eco-Friendly, Building Resistance, Recycling 
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1. PURPOSE

The purpose of our project is increasing the resistance of the buildings by using waste materials such 

as beverage cans. We aimed; 

ü Placing cardboard boxes in and around our school in order to collect the waste cans and create 

awareness about our project.  

ü Recycling the waste cans. 

ü To test the impact resistance of the control group and experimental groups prepared with 

concrete samples reinforced with aluminum cans, 

ü To identify the impact energy absorbed by samples and the magnitude of load these samples 

are able to bear. 

2. INTRODUCTION

In general; public buildings such as embassies, government buildings, airports, military installations 

and police stations are intended to be secure against natural factors like earthquake and wind. Besides 

natural disasters, it is also very important that the buildings are resistant to events that cause loss of 

lives and goods such as explosions and fires due to the increasing terrorist activities taking place 

today. Resistant building materials are used to protect such buildings against explosions and impacts; 

furthermore, the technology is constantly evolving to achieve more resistant structures.  

Existing protection technologies are usually made in the form of steel siding, adding concrete walls 

and spraying of polymer and metallic foam on the coating. The methods of steel siding and addition of 

concrete walls increase resistance of the building against impact load while increasing the dead load 

on the building. This in turn leads to prolonged construction period as well as higher costs and 

unpractical buildings. Also the increase of the building weight is another factor affecting earthquake 

resistance of buildings in a negative way. Among alternative methods, spraying polymer onto the 

structure increases the flexural strength of the supporting elements and reduces debris. But, spraying 

equipment and procedure is costly. (Wu et al., 2011).  

Newly developed portable and lightweight materials such as aluminum foam, sandwich panels and 

steel fibre additives are in great demand due to the lower dead load, lower costs and having a higher 

energy absorptive capacity than conventional technologies and boosting building resilience to 

explosion and shocks. 

In a study by Yongxiang et al. (2009), sandwich panels were used for increasing 

resistance.  Comparison of sandwich panels with concrete structures revealed that width of cracks in 

the structure caused by explosion declined nearly by 10 cm. (Yongxiang et al., 2009). 

Application of aluminum foam to carrier face of protected buildings as a protection layer alleviates 

impacts of the explosion by increasing the resistance capacity of buildings against blast or impact load. 

When the explosion occurs, the foam layer undergoes a large deformation and absorbs a large amount 

of energy. 

In a study, aluminum foam was applied with varying density and thickness into concrete (Table 1), 

and the concrete with the lowest density and highest thickness of foam was found to be most resistant 

sample.(Schenker et al., 2005). 

Table 1  Density and thickness values of aluminum foam types (Schenker, 2005) 

Type A Type B Type C 

Density (g/cm
3
) 0.375 25.4 0.100 

Thickness (mm) 25.4 50.8 76.2 

In another study with aluminum foam, semi-static tests were applied on two different types of 

aluminum foam with the same density but different thickness, and the basic parameters necessary for 
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determining mechanical properties of different types of aluminum foam were obtained. Then, the 

resistance to impact load was investigated on the concrete reinforced with two different types of 

aluminum foam. 4 foam protective coverings containing aluminum foam with different thickness and a 

control tile were tested with impact load. It was found out that the thinner sample has a higher energy 

absorption capacity than the others (Wu et al., 2011). 

One of the most important ways to increase durabilty, fibre contributions have actually been used 

since the ancient times. The most durable and most commonly used type of fibres is steel fibres. 

However, carbon fibres are as economical and durable as steel fibres. In their study using carbon 

fibres, Tabatabaei et al (2013) achieved successful results. Previously, carbon fibres have not been 

used due to their tendency to breakage. However, this problem has been solved with a special 

technique. In an experiment, comparison was made between concrete with type A carbon fibre, 

concrete with type B carbon fibre and concrete without any additive substances. The concrete with 

carbon fibre was found to be more resistant than traditional concrete. In addition, although type A 

concrete is different from type B due to the number of wires, texture and so on in it, no difference was 

observed between resistance of the two types. (Tabatabaei et al., 2013). 

As outlined above, many studies have been carried out to improve the blast and impact resistance of 

buildings. In this project, in the light of those studies, we have developed the hypothesis that waste 

aluminum beverage cans can be used in some special structures to minimize the shock of explosion 

and impact loads, departing from the energy absorptive capacity of foam. 

2.1.Construction Terminology and Construction Materials 

A basic construction material, concrete, is composed of mixing certain amounts of cement, aggregate, 

water and additive agents homogeneously. It is easily molded into shape and hardens over time. It has 

a great importance at the present time with the advantages of the developing technology.  

Cement that hardens under water as well as air is a constraction material that is in a dust form. Cement 

that is obtained by grinding the mixture of limestone and clay after heating at high temperatures only 

achieves bonding properties after it reacts with water. After mixed with water and becomes a plastic 

dough, it gradually solidifies in air or water (Kaplan, 2012) 

Aggregate is one of the basic materials that form concrete with cement and water. It has an important 

place in forming concrete in terms of economic and technical aspects.  Aggregate usage in concrete 

prevents or reduces volume change when concrete hardens and also it increases the resistance of the 

concrete against environmental effects. It is defined as a mixture of limestone and clay which has 

various types. It is one of the basic materials of the buildings that closed a period embedding the stone 

houses in history and opening another age. When it is used properly with steel, it ensures to build 

modern buildings that are safe and long-lasting (Çağlayan, 1999).  

Concrete's relatively low tensile strength is counteracted by the inclusion of steel reinforcement having 

higher tensile strength. The reinforcement is usually steel reinforcing bars and is usually embedded 

passively in the concrete before the concrete sets. They are generally designed to resist tensile stresses 

in particular regions of the concrete that might cause unacceptable cracking and or structural failure. 

2.2. Blast Effect 

Bomb blast is burning of explosive substance very fast due to chemical reaction and the emission of 

air pressure and heat wave in supersonic speed to every direction. This air pressure or blast effect 

proceeds till it balance with atmosphere pressure.  

Demolition process stages: 

1. First pressure wave that reaches the building destroys the windows and the doors at lower

floors and demolishes the external walls (Figure 1).
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Figure 1: The first effect of the pressure wave on the building. (Saatçi, 2010) 

2. Pressure wave that continues to move in the building force to collapse the ground floor by

using force from the bottom to the upper side (Figure 2). Load-bearing walls in the building

collapse and ground becomes instable.

Figure 2: The Second effect of the pressure wave on the building (Saatçi, 2010) 

3. The top floor of the building which is deprived of load-bearing wall in the previous step starts

to collapse by the growth of pressure wave and starting to press the upper parts of the building

(Figure 3).

Figure 3: The last effect of the pressure wave (Saatçi, 2010) 

2.3. Impact Effect 

A structure or a structural component starts to vibrate when it is removed from static equilibrium state.  

This vibration motion is defined as natural vibration motion if there is no external force. Elapsed time 

for the movement to repeat itself once is defined as the natural vibration period.  

If an external load acting on a structure or element is applied in a period shorter that one third period 

of its natural vibration period, that loading is called impact. Impact strength of the materials has close 

relation with atomic bonds of the materials (cohesive strength).  The material remains under the 

influence of a work that is performed by external forces in impact effect. The material transforms in 

order to balance that work and forms internal work. If that transformation exceeds a certain critical 

level, the material collapses by the impact effect (Felekoğlu, 2014). 

Blasts are high level forces which happen in a short time like impact effects. Because of this reason, 

structures show similar behaviour against impact and blast effects. Therefore, both impact and blast 

loads are evaluated in the same category. 

2.4. Existing Precautions in Structures against Blast and Impact 

There is three different approaches about blast and impact resistant structure design. The first one is 

about choosing higher slab, beam and columns dimensions. Joist slabs and flat slabs are avoided. As a 

second approach, structure is placed as far as possible to the road, avoiding overhangs, parking around 

and unshielded columns in order to prevent terrorist attacks. Third approach is to calculate impact and 

blast loads and designs the structure to resist this load.  

There is other precautions to decrease damages such as design heating center in building complexes 

separated from buildings and far enough and cover the surface of potentially explosive volumes with 

elastic material that absorbs the pressure (for example,  polyurethane foam) and design chimneys 

opened to outside to reduce  the pressure  (Topçu, 2014). External doors should be made of steel and 

the windows should be laminated glass. 
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3. METHOD

This study aimed to strengthen concrete structures against explosion and impact by using aluminum 

beverage cans. For this purpose, a concrete plate of 8 cm thick, 50 x 50 cm was selected as the 

structure to be protected. Then, beverage cans were placed on the plate to increase the resistance of the 

structure to the impact load. The 8-cm thick concrete plate represents the external wall or slab model, 

and is fairly suitable for testing the reinforcing method as it is a delicate structure. This plate was 

produced as reinforced, unreinforced and steel fibre reinforced in line with practices encountered in 

the actual structure, and tested under the impact load as a control group. In following stages, 

aluminum can was applied to plates with identical qualifications for reinforcing against explosions and 

impacts. Then, these samples were tested under impact loads. In addition, energy dissipation capacity 

of aluminum cans was also tested with different experimental setups.  

In the experiments, impact loads were applied to the samples instead of blast effect for convenience. 

Experiments of blast effect are not preferred because of the high levels of danger involved, the need 

for explosives expert and difficulty of supplying related legal permits. Instead, it is much more 

practical to make impact experiments and have equivalent qualifications to explosion tests since it 

applies very high loads onto the building in a very short period of time as in explosions. 

Experiments were first conducted with four control samples and four reinforced samples under low 

velocity of impact load. Then, a second group of eight reinforced samples were tested under higher 

velocity impact loads. In addition, various examples consisting of cans only were tested under static 

load (administered at very slow velocity) and impact load to test energy damping capability of cans. In 

the light of the results, quantitative analysis of the reinforcing was done. Steps and details of the study 

are presented in the following sections. 

3.1 Collection of Used Cans 

In order to introduce the project and attract the attention of students; cardboard boxes were prepared 

and placed in canteen, garden and corridors where they can be seen easily (Figure 4). And also, these 

boxes were placed in some restaurants and cafes out of school so plenty of aluminum cans were 

collected in a short time. Collected aluminum cans were washed up and got ready for our project. 

Figure 4. Preparation of cardboard boxes and collection of used cans 

3.2 Preparation of Control Group and Low Impact Velocity Experimental Groups 

At first, four control samples were prepared to test the behaviour of the concrete plate to be reinforced 

against blast and impacts under the impact. These examples are reinforced, unreinforced and steel 

fibre representing the types of external wall or slab model used in practice. At this stage, one of the 

each control samples was reinforced with aluminum beverage cans and they were tested under low 

impact velocity.     

Materials: 

1. Waste aluminum coke and juice cans

2. Portland Cement, Water, Reinforcement, Aggregate (Maximum grain size 4,75 mm)

6. Steel Fiber (Height: 60 mm, Dia:0,75 mm)

7. Impact Load Experiment Design

8. Weights: 22 kg, 300 kg, 420 kg
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9. Water-based white ceiling Paint

11. Mixer (Volume: 100 lt)

12. Electronic Scale

13. Iron Cutting Machine

14. Iron Bending Machine

Preparation of Molds for the Samples: 

Four wooden molds in 50x50x8 cm sizes have been prepared for samples. We sealed the corners of 

molds with silicone for keeping the morter in. After silicone dried out, we put a band inside of the 

mold to designate the height of mortar. 

Preparation of the Concrete: 

The amount of aggregate, water and cement for 0,1 m
3
 (mixer volume) is seen in table 2. Aggregate, 

sand, cement and water are mixed in the mixer to get morter and this morter is used for two molds. 

The same is done for the other two molds but this time it’s added four kilos of steel fiber which is%0,5 

percentage of the volume.(0,1
3
 m

3
 x 0,5\100 x 7800 kg\m

3
=3,9 kg)(Density of steel: 7800 kg\m

3
) 

Table 2 Materials used for during making concrete 

Materials Content (kg) 

Aggregate 131,5 

Cement 60,75 

Water 29,43 

Preparation of Control Group Samples: 

4 control group samples have been prepared. Samples contents: 

1. sample: Concrete with reinforcement and steel fiber. (Volume percentage of the fiber: %0.5)

2. sample: Concrete with reinforcement.

3. sample: Concrete with steel fiber (Volume percentage of the fiber: %0.5)

4. sample: Concrete without reinforcement or steel fiber.

First we prepared reinforcements for first and second sample. We cut our iron sticks with hydraulic

iron cutting machine, then connected sliced reinforcements with the help of wire and nipper.

After putting reinforcements to the first and second molds, we poured steel fibered morter to the first

and third molds. We poured pure morter to the other moldsand .

Preparation of Experimental Group Samples:

Aluminum cans are siliconised each other in five and four combinations for the use of experimental 

group samples as you see in Figure 5 and 6. 

Figure 5. Designing of cans  Figure 6. Siliconizing of cans 

We prepared four different experimental group samples like control group: 

1. sample: Concrete with reinforcement and steel fiber. (Volume percentage of the fiber: %0.5)

2. sample: Concrete with reinforcement.

3. sample: Concrete with steel fiber (Volume percentage of the fiber: %0.5)

4. sample: Concrete without reinforcement or steel fiber.

First we placed the reinforcements then we pour mortar on them. Different from control group, we

placed the aluminum cans vertically before the mortar dried. The spaces among the cans are filled with
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cement and water mixture. Then the top of the cans are covered with steel fibered mortar. (Figure 7 

and Figure 8) 

Figure 7. Display of experimental group samples 

Figure 8.Placing cans into the molds and covering them with morter 

After samples have dried, we paint them to white to see the cracks clearly. (Figure 9) 

Figure 9. Painting the samples 

3.3. Resistance Tests of the Samples under Impact Load 
Test assembly was set up to test the resistance of 8 samples that we prepared. The phases of test 

assembly and the test are as follows: 

· The four-leg steel plate was placed in the middle part and the load gauges were placed into the

slots available on four legs of the place as shown in Figure 10.

· The upholstery was tightened between the plates by means of iron rods and screws so that the

upholstery was ensured to remain stable when the load was applied.

Figure 10. Preparation of impact load test set-up 

· A wooden block was placed on top of the assembly (where the load would remain) and it was

added in the middle of the block by means of a reel of wire. The load that would be left
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downwards was adjusted as to drop just on the middle of the sample and the wooden block 

was fixed at its place.  

· A rope was passed through the reel and a load of 22 kg was attached to one end of the rope.

The other end was fixed.

Figure 11.The final version of the experimental setup 

· The load was left from the maximum possible height so as to allow it to drop as fast as

possible. This height was measured with a meter and the value was recorded as 1,14 m.

· As the load will drop freely, its initial velocity is zero and its strike velocity can be calculated

by taking the gravitational acceleration as g = 9,81 m/s
2
 from the following velocity formula.

! =  "
! + 2#$ = 2 × 9,81 × 1,14 = 22,37

= 4,73%&/' (Equation 1) 

· Tests were performed for the control group at first. It was examined whether the load of 22 kg

damaged the samples in the control group, or not.

· The test results for the samples in the control group are as follows:

Results of Control Samples: When a load of 22 kg was dropped onto the control samples the cracks 

shown in the Figure12 were observed on the bottom and sides of the samples. Cracks were highlighted 

with a marker and made clear. When four control group samples are compared, it is understood that 

the most resistant one is the 1
st
 Sample(Figure 12a) which is reinforced and has steel fiber addition, 

and that the less resistant one is the 4
th
 Sample(Figure 12d) which is unreinforced and has no steel 

fiber addition. 

(a)                               (b)                                            (c)                                               (d) 

Figure 12.Test results of control samples, a)reinforced with steel fiber, b)reinforced without steel fiber, c)unreinforced with 

steel fiber, d))unreinforced without steel fiber 

· In the test group, the influence of cans on resistance was observed by repeating the same

procedures as in the control group.

· The height of the test group samples is 15 cm higher than the control group samples as cans

were available in addition to the control group content and there was a thin concrete layer on

them. Therefore, the maximum height from where the load would be left was measured as h =

98 for the test group. In this case, the strike velocity of the load was calculated as follows:
! =  "

! + 2#$      (Equation 2) 
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! = 2 × 9,81 × 0,98 = 19,23"!/#!

= 4,38!"/# 

· The influence of the load of 22 kg, which caused the control group samples to be damaged and

broken, on the test group samples is given below:

Results of Test Samples:  When a load of 22 kg was dropped five times onto the samples with coke 

cans containing reinforcement and steel fiber in the same manner with the control group, no cracks and 

deformation were observed on the samples.  Only the traces of the load were observed to emerge on 

the sample. No deformation was observed on the samples as shown in the Figure 13 even after 

repeating the same test for five times.  

Figure 13. Test results of test samples 

Since adequate damage was not observed in the control group at the end of the tests performed, we 

decided to prepare small samples with aluminum cans in order to understand that how much energy is 

absorbed by the aluminum cans and how much load they can bear. According to the test results of the 

small samples, control group samples were casted again and resistance tests were repeated under load 

impact. 

3.4. Finding Aluminum Cans’ Energy Absorption Capasity 

New samples were designed and prepared to test and find aluminum cans’ energy absorption capacity. 

For this purpose four samples have been prepared for testing with 2 cm thickness of concrete poured 

on cans. For the samples four 20x20x2 cm sized moulds were used. 4 litres concrete have been used. 

Amounts of aggregate, cement and water were determined as follows by proportioning the amounts 

that has been used for 100 lt of mixer volume before. 

For 4 litres; 

-Aggregate = 131.50 x 4/100 = 5.26 kg

-Cement = 60.75 x4/100 = 2.43 kg

-Water = 29.43x 4/100 = 1.18 kg  (More water was added.)

-Steel Fiber: 0.156 kg were used for %0.5 volume (Unit weight of steel : 7800 kg/m3)

(4x 10-3 m3  x 0.5/100 x 7800 kg/m3)

The amounts of aggregate, cement and water that are indicated above were mixed. While mixing, steel

fibers were added into mortar. Then the moulds were oiled for easily remove the concrete samples

from molds. After mortar was poured into molds, the surface was plastered with a trowel to make it

smooth as much as possible

8 aluminum cans were placed on the mortar for each sample as seen in the Figure 14 and left to dry for

a week.

Figure 14.Placing aluminum cans on mortar 

After one week dried samples were removed from molds. Cement slurry was prepared by mixing 

small amount of cement and water. Then the spaces among the cans and top of it filled with cement-

water mixture (cement slurry) as seen in the Figure 15. Samples left to dry one more week. 
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Figure 15 Filling the spaces among the cans with cement-water mixture (cement slurry) 

Compression test were applied on dried concrete samples by using mechanical testing machine in 

İYTE CMR (Center For Material Research).Firstly, one aluminum can was tested to find how much 

energy it absorbs and how durable it is. The aluminum can placed at the testing machine and a force 

applied to the cans to be compressed 3mm per minute. (Figure 16)  

Figure 16 Testing one aluminum can 

With computer connection, force and compression data were found and F (force)-ΔX (compression 

amount) graphic were drawn as seen in the Figure 17. Then how much energy can the aluminum can 

absorb was found by calculating the area under the curve. When F (force)-ΔX (compression amount) 

graphic is observed, aluminum can is not crushed till it reaches the maximum force. Then the force 

acting on the cans starts decreasing once they are crushed under the maximum force. From the 

maximum value of the force in the Figure 17, it could be said that one aluminum can can carry a force 

of 0.21 kN. 

Figure 17. F (force)-ΔX (compression amount) graph for one aluminum can 

For calculating the area under the curve, we’ve used Trapezoidal Rule 

(https://en.wikipedia.org/wiki/Trapezoidal_rule). According the rule assuming that curves of the 

known variables draw a straight line as seen in the Figure 18, the area under it can be calculated with 

the equation 3. 
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Figure 18. Trapezodial Rule. 

-0,3

-0,2

-0,1

0

0,1

0,2

0,3

0 20 40 60

F
o

rc
e

 (
k

N
) 

Compression (mm) 

One Aluminium Can 

268

A new eco-friendly method for increasing blast and impact resistance of concrete buildings



)(
2

)()(
ab

bfaf
Area -

+
= (Equation 3) 

If Figure 19 discretized into N equally spaced pieces, or N+1 grid points a = x1< x2 < ... < xN+1 = b, 

where the grid spacing is h=(b-a)/N, the approximation to the unknown area become; 
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When we use this formula for Figure 17, One aluminum can can absorb; 

Joule 6,446,44N.mkN.mm  6,44can1 ===S  

With the aim of testing the resistance in the combination of four aluminum cans, the cans were 

sequenced as shown in Figure 20 and the experiments were done twice. The results of the two 

measurements are displayed together in Figure 21. Also as seen from figure, the force acting on cans 

increases until they these cans are crushed. Then, the force acting on the cans starts decreasing once 

they are crushed under the maximum force. Yet, because not all cans are crushed, the load on cans 

falls after reaching the maximum load, and continues to increase by making small peak as cans are 

crushed.  When all cans are crushed, the force is almost fixed. From the maximum value of the force 

in the Figure 21, it could be said that four cans can a force of 1.87 kN in the first experiment and 1,77 

kN in the second, and an average force of 1.82 kN together. To calculate the energy absorbed by four 

cans, the values below both curves are calculated separately to obtain an average value: 

J 35,931-4can =S ; J 25,422-4can =S ; 675,30
2

 25,42 35,93
avg-4can =

+
=S J 

Figure 20. Testing 4 aluminum cans 

Figure 21. F (force)-ΔX (compression amount) graph for four aluminum can 
At last, the samples with 8 cans were tested. In first and second samples, we’ve seen that when the 

force is applied on the center of the sample, 2 cm concrete on the top was started to split and even 

broke into two pieces as seen in the Figure 22 and Figure 23. In this experiment, the force was only 

applied on the center. 
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Figure 22. Testing first sample 

Figure 23. Testing second sample 

In third sample, the force was applied on the whole surface by putting a piece of wood on the top. . In 

this case we have seen that the 2 cm steel fibered concrete on the top didn’t spilt and the sample could 

resist to force more than the other samples. (Figure 24) 

Figure 24. Testing third sample 

F (force)- ΔX (compression amount) graphic for three samples is seen in the Figure 25. From the 

graphic, it could be said that first and second sample can an average force of 13 kN together and third 

sample can a force of 15,8 kN. To calculate the energy absorbed by samples, the values below curves 

are calculated separately: 

J  164,511-sample =S ; J  36,3322-sample =S ; J  65,3343-sample =S

Between this three samples, the third sample absorbed more energy than the others. First and second 

samples’ average calculated because, in these two samples the force was applied on the center: 

J 935,198
2

 36,233164,51
avg-2-sample1 =

+
=S

Figure 25. F (force)- ΔX (compression amount) graph for three samples 

As a result of our experiments, we realised that one aluminum can absorbed nearly 6,5 J and samples 

with 8 aluminum cans absorbed 199 J. We have calculated the energy transfer of 22 kg mass when it 

strokes to the sample with a speed of 38,4=v m/s in the impact load tests that have been performed 

with control and experiment samples. 
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 =
!

"
#$" (Equation 5) 

= 0,5.22. (4,38)" = 211%&'.
#"

*"
= 211%+.# = 211%-/679

Also some of the energy turns into potential energy because of the mass jumps after it strokes 

to the sample. When we consider that our samples with 8 aluminum cans can absorb 199 J, it 

is normal that our experimental group samples with 23 aluminum cans didn’t get damaged in 

impact load tests. For this reason we decided to reprepare our experimental group samples and 

repeat our tests. 

3.5 Reprepation of Experimental Group Samples and Performing High-Speed Impact Load on 

These New Samples 

The experimental group samples were reprepared to repeat impact load test. In these new experimental 

groups there are eight samples with 23 cans. Four of them are reinforced and the others are not. 

23 aluminum cans are sticked to each other for not to scatter around. This process repeated 8 times for 

each sample and waited for cans to dry. We used bali instead of silicon, because in first experiments, 

air bubbles were occured inside the silicon.  

Firstly the molds were oiled and two diameter iron rods were cut with hydraulic iron cutting machine 

for reinforcements which we put inside the molds. 

0,1 m
3 

 (mixer volume) we have used:

- Aggregate, sand: 53 kg

-Cement: 24 kg

-Water:12 kg

Aggregate, sand, cement and water were mixed in the mixer. This obtained mortar could fill only two

molds. The rods have been tapped after they are measured 8 cm. Therefore, poured mortar into the

molds formed in 8 cm length. This process repeated 8 times for each sample.

Sticked aluminum cans were placed in middle of the 8 cm concrete mortar which was poured before. 

After the samples have dried two long iron sticks were placed around cans for each samples to carry 

the concrete easily (Figure 26). 

Figure 26.Placing the aluminum cans and Filling the spaces among the cans with cement slurry 

  For an experimental sample: 

-Undermost 8 cm concrete

-13 cm aluminum cans

-Topmost 2 cm steel fibered concrete

The reason why there is steel fibered layer on the top is not to effect aluminum cans easily from the

load and protect the 8 cm concrete on the bottom. For the steel fibered concrete, first the mortar was

prepared, then 4 kg steel fiber was added into mortar. (0,13 m3  x 0.5/100 x 7800 kg/m3=3,9kg)

(Selfweight of steel : 7800 kg/m3).
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The spaces among the cans are filled with cement and water mixture (cement slurry). Then the top of 

the cans are covered with steel fibered mortar and the surface flatted with trowel and waited for 28 

days to dry (Figure 27). 

Figure 27.Samples before left to dry and after dried 

Impact load test set-up reprepared to perform impact load test on experimental group as seen in the 

Figure 11. During the experiments, the load that may cause damage at the 8 cm area where we thought 

to be the wall that needed to be protected under the cans has been tried to be determined and also, the 

amount of energy that the cans may absorb which protects the bottom area has tried to be found. Depth 

sup to the surface of metal which the samples compressed at the midpoint have been determined by 

the measurements made before and after the experiments. 

4. RESULTS

Reinforced Sample 1: With the first reinforced sample, the 22 kg mass we use in the first trials was 

fallen and from different heights. 

Impact One:m (falling mass)=22 kg,  h (height of falling) = 1,75 m, dpre (pre-testdepth) = 93 mm,   

(velocity at which mass collides the sample); 
! =  "

! + 2#$ (Equation 6) 
! = 2.9,8.1,75 = 34,3%&!/'!

 = 5,86%&/' 

At the end of the first experiment, it showed no damage. Post-test depth was measured as Dpost; 95 

mm. The falling mass caused crushing of 2 mm only.

Impact Two:Due to the crushing of only 2 mm in the first trial, the experiment was repeated after 

increasing the load up to 200 kg. 

m=200 kg, h=22 cm,   = 2 m/s 

Post-test depth was measured as Dpost; 106 mm. At the end of two trials, the sample was crushed by 11 

mm. 

Impact Three: With 200-kg mass, the height was increased to 46 cm for another trial. In the end of the 

trial, it was found out that Dpost; 106 mm. In the end of three trials, no cracks or fractures were found in 

reinforced sample 1. There was only crushing of 53 mm in the central part on which the load was 

applied. There were no cracks or fractures on the lower part of 8cm, which is the part to be protected 

(Figure 28). 

Figure 28. Post-test image of reinforced sample 1 
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The first reinforced experiments were conducted as trial and preparation. Thus, calculations for this 

trial are not provided. 

Reinforced Sample  2: The second reinforced sample was tried with a mass of 200 kg falling from 82 

cm. Pre-test depth was measured as 93 mm, and collision mass velocity was calculated as 4m/s.

In trials conducted with 200-kg mass, the mass was fallen onto the roller of 15 cm diameter from 30 

cm to ensure that it does not touch the iron bars on the samples and the load falls onto the centre of 

sample effectively, as shown in Figure 29. 

Figure 29. Falling the 200-kg mass onto reinforced sample 2 

At the end of the experiment, 7-mm crush occurred in the sample, but there were not any cracks or 

fractures. As the same load was fallen from the same height for the second time, there was a crush of 

only 55 mm on the area exposed to the load as seen in Figure 30, while there was not any damage on 

sides or lower part. 

Figure 30. Post-test image of reinforced sample 2 

With the data obtained by means of load cells for the second reinforced sample, the chart in Figure 31 

was prepared to show the change of load affecting the sample by time. Although the same mass was 

fallen onto the same sample at the same velocity in both trials, the maximum load affecting the sample 

in trial 1 was found to be greater than the load in trial 2 because it was the first trial. Also the 

maximum load was reached in a shorter period of time in the first trial. Furthermore, fluctuations were 

observed in the graphic since the sample was more rigid during the first impact. However, the same 

could not be observed and most of the energy was absorbed due to softening of the sample during the 

second trial. 

Figure 31.Load-time change of reinforced sample 2 

Assuming that the load-time graph was linear up to the point where the maximum load was applied 

onto the sample and maximum crushing occurred when the maximum load reached, the amount of 

energy absorbed by the sample can be calculated. By calculating the maximum amount crushing 
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measured in the end of the experiment and the maximum load affecting the sample based on the Load–

Time graph, the formula of 
 !"#×$%!"#

&
 shows the amount of energy absorbed by the sample below 

the line given in Figure 32. 

Figure 32.Load-crushing graph for reinforced sample 2 

Impact 1  

$'()% = 0,007* = 7** ;+()% = 2467-. × 9,81*/3& = 242015

Absorbed:Energy: ; <) =
+()% × $'()%

2
= 84,7:>?@BC 

Initial:Energy ; <D =
1

2
*F& = 0,G × 200 × 4& = 1600:>?@BC

H:Absorbed:Energy = :
84,7

1600
× 100 = HG,J 

It was seen that the first reinforced sample could absorb G,JH of the energy applied thanks to the 

aluminum cans during the first trial. 

Impact 2 

$'()% = 0,0GG* = GG** ;+()% = 212G-. × 9,81*/3& = 208465

Absorbed:Energy ; <) =
+()% × $'()%

2
= G7J:>?@BC 

Initial:Energy ; <D =
1

2
*F& = 0,G × 200 × 4& = 1600:>?@BC

H:Absorbed:Energy = :
G7J

1600
× 100 = HJ6 

It was found out that reinforced sample 2 could absorb 36 % of the applied energy thanks to the cans 

in it. 

The percentage of the energy absorbed by the same sample at the end of two trials was calculated as; 

H:Total:Absorbed:Energy = :
G7J K 84,7

1600 K 1600
× 100 = H20,GG 

Upon falling of the 200-kg mass on the second reinforced sample for two times, it was found that 

20,GGH of the energy applied was absorbed and the part under the cans was not damaged at all. 

Reinforced Sample 3: As the second reinforced sample was also not damaged, 11 pieces of metal 

mass of 20 kg each were added onto the mass of 200 kg. In this case, the mass of total 420 kg was 

fallen at h = 93 cm height at L = 4,27:*/3 velocity. Pre-test depth was found to be 94 mm.  

At the end of the experiment with reinforced sample 3, cracks occurred on sides and bottom part of the 

sample and the 97-mm crush occurred in the middle part as seen in Figure 33. 
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Figure 33.Image of the crush on the front and fractures on the back and side of the sample at the end of the trial on the third 

reinforced sample  

Figure 34. Load-time change graph of reinforced sample 3 

Figure 34 displays the Load-Time graph for the third reinforced sample. The maximum load affecting 

reinforced sample 3 is greater than the other sample, and the maximum load was reached in a longer 

period of time since it was crushed a lot. Moreover, since it absorbs most of the energy in one impact, 

further fluctuations were not observed. Thus, the load remained unchanged. 

Figure 35.Load-crushing amount for reinforced sample 3 

By using the maximum crushing amount measured at the end of the experiment and the maximum 

load affecting the sample from the Load-Time graph, the amount of energy absorbed by the sample is 

obtained as following by calculating the area remaining below the line in Figure 35. 

!"#$ = 0,097% = 97%% ;&"#$ = 4829'( × 9,81)%/*+ = 47372)-

Absorbed)Energy . 5# =
&"#6: ×  !"#6:

2
= 2297);<>?@ 

Initial)Energy . 5B =
1

2
%C+ = 0,D × 410 × 4,27+ = 3737);<>?@ 

F)Absorbed)Energy = )
2279

3737
× 100 = FG1 

As the mass of 420 was fallen onto the third reinforced sample from 93 cm height, G1)F)of the energy 

applied was absorbed, damaging the sample with cracks on sides and bottom. Due to the cracks, we 

could argue that the reinforced sample is capable of absorbing maximum 61% of the energy applied. 

Reinforced Sample 4: The mass of 410 kg was fallen onto the fourth reinforced sample at a height of 

82 cm to find out if any damage would take place. The depth was measured as 101 mm and collision 

velocity was calculated as 4 m/s prior to the test. However, because the rope connection point was 

held by the connection point during the trial, the load could not be fully applied. Thus, the data 

regarding reinforced sample 4 could not be measured properly. 
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Upon completion of testing with reinforced samples, the tests were started on unreinforced samples. 

Unreinforced Sample 1: Thinking that unreinforced samples can be more easily damaged, the trials 

were began with a 200-kg mass. The data for this experiment were measured as; 

m= 200 kg,  h=82 cm,    = 4m/s, dpre=100 mm 

At the end of the first unreinforced sample test, it was measured as dpost= 144 mm. There was only 

crushing of 44 mm in the middle part. Therefore, the same mass (200 kg) was fallen onto the sample 

again at the same velocity (4m/s). At the end of the second trial, it was measured as dpost= 188. For 

example, despite the crushing of a total of 88 mm in the central part, there was no crack or break on 

sides or bottom of the sample, as seen in Figure 36.  

Figure 36.Post-test image of reinforced sample 1 

In order to examine the cans within the sample at the end of the experiment, the crushed middle part of 

the first unreinforced sample was broken on sides by using a hammer. As seen in Figure 37, the cans 

in the centre were completely crushed and the cans around the centre were greatly damaged. The 

damage on the cans without any cracks or fractures on sides or bottom of the sample reveals that the 

cans could absorb some of the energy not allowing breaking of the sample, resulting in more durable 

concrete. 

Figure 37.Image of the cans contained in unreinforced sample 1 

The load-time chart for the first unreinforced sample following impact 1 and impact 2 is given in 

Figure 38. Though the same mass was applied onto the sample at the same velocity in both of the 

trials, it was seen that the sample received greater load during impact 2 and the maximum load was 

reached in equal amount of time due to the equal crushing amount under both impacts. In addition, the 

sample was not greatly damaged during the second impact as in the first impact; fluctuations can be 

seen in the graph. It implies that the sample could absorb not much energy. 

Figure 38. Load-time change for unreinforced sample 1 

276

A new eco-friendly method for increasing blast and impact resistance of concrete buildings



In the case of unreinforced sample 1, the amounts of absorbed during both trials were obtained by 

calculating the area below the lines given for impact one and impact two in Figure 39: 

Figure 39.Load-crushing amount graph for unreinforced sample 1 

Impact 1 

!"# = 0,044$ = 44$$ ;%!"# = 2051&' × 9,81($/)* = 20120(+

Absorbed(Energy - ." =
%!"# × 3 !"#

2
= 442,6(7:;<> 

Initial(Energy( - .? =
1

2
$@* = 0,5 × 200 × 4* = 1600(7:;<> 

B(Absorbed(Energy = (
442,6

1600
× 100 = B28 

It it noted that the first reinforced sample could absorb 28B of the energy applied during the first trial. 

Impact 2 

3 !"# = 0,044$ = 44$$ ;%!"# = 2641&' × 9,81($/)* = 25908(+

Absorbed(Energy - ." =
%!"# × 3 !"#

2
= 5C0(7:;<> 

Initial(Energy( - .? =
1

2
$@* = 0,5 × 200 × 4* = 1600(7:;<> 

B(Absorbed(Energy = (
5C0

1600
× 100 = BD6 

The percentage of the energy absorbed by unreinforced sample 1 at the end of two trials was 

calculated as; 

B(Total(Absorbed(Energy = (
442,6 F 5C0

1600 F 1600
× 100 = BD1,6 

It was found out that reinforced sample 2 could absorb 32% of the energy applied upon falling of the 

200 kg for the second time, and the area under the cans was not damaged at all. 

Unreinforced Sample 2: Since the first unreinforced sample was not damaged, the mass was 

increased up to 300 kg and dropped at a height of h=82 cm. The collision velocity was calculated as v 

=4m/s, and dprewas measured as 97 mm. At the end of the experiment, crushing in depth of 78 mm 

occurred in midpoint of the sample. But, there were not any cracks or fractures on the bottom or sides. 

Thus, the mass of 300 kg was dropped onto the same sample at a velocity of 4,5 m/s. 

At the end of the second trial, it was found out that there was further crush of 35 mm in the sample and 

it was broken on the bottom part at connection point with cans and there were many cracks, as seen in 

Figure 40 
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Figure 40.Image of unreinforced sample 2 at the end of the experiment 

Figure 41. Load-time changes for unreinforced sample 2 

The load-time change of the second unreinforced sample at the end of both impact 1 and impact 2 is 

displayed in Figure 41. It was found out that the second unreinforced sample reached the maximum 

load level in the case of impact 2 in a shorter period of time than impact 1. The maximum load is 

reached in a longer time while being crushed since it is tested for the first time under impact 1. The 

period of reaching the load becomes shorter in the instance of impact 2 since it was crushed during the 

first impact. Still, it can be said that the sample could absorb a high amount of energy in both instances 

as there were not many fluctuations in the load. Because the sample was greatly crushed absorbing 

most of the energy during the first impact, breaking occurred as a result of the second impact and even 

some cracks were seen on some parts. 

Figure 42.Load-crushing amount for unreinforced sample 2 

In the case of unreinforced sample 2, the amount of energy absorbed in the end of the first and second 

impact is obtained by calculating the area remaining below the Load-Crushing Amount graph in 

Figure 42: 

Impact One 

!"#$ = 0,078% = 78%% ;&"#$ = 2892'( × 9,81)%/*+ = 28370)-

Absorbed)Energy . 4# =
&"#$ ×  !"#$

2
= 1106)5:;<> 

Initial)Energy) . 4? =
1

2
%@+ = 0,B × 300 × C+ = 2C00)5:;<> 
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% Absorbed Energy =  
1106

2400
× 100 = %46 

In the case of unreinforced sample 2, it was seen that 46% of the energy applied was absorbed during 

impact 1. 

Impact 2 

!"#$ = 0,035& = 35&& ;'"#$ = 3780() × 9,81*&/+- = 37081*.

Absorbed*Energy 2 :# =
'"#$ ×  !"#$

;
= 649*<>?@B 

Initial*Energy 2 :C =
1

;
&D- = 0,5 × 300 × 4,5- = 3038*<>?@B 

%*Absorbed*Energy = *
649

3038
× 100 = %;1 

In the case of unreinforced sample 2, it was seen that 21% of the energy applied was absorbed during 

impact 2. 

The percentage of energy absorbed by the second unreinforced sample was calculated as; 

%*Total*Absorbed*Energy = *
1106 F 649

;400 F 3038
× 100 = %3; 

In the instance of the second unreinforced sample, the mass of 300 kg was fallen twice, resulting in 

absorption of 3;% of the energy applied. As a consequence, the sample was broken at bottom part and 

fractures took place on sides. In this way, approximate maximum limit was determined which can be 

borne by unreinforced sample. 

Comparison of the damaged reinforced sample 3 and unreinforced sample 2 showed that reinforced 

concrete can bear higher amount of load by absorbing 61% of the energy. As for the unreinforced 

sample, despite dropping of smaller load, it was damaged with breaking and fractures on some parts, 

by absorbing only 32% of the energy. The results show that reinforced sample is more durable than 

unreinforced samples against impact. 

Unreinforced Sample 3: On this sample, the mass of 300 kg was fallen at a velocity of 4,5 m/s to test 

whether it would be damaged in case of one impact. dprewas measured as 91 mm. 

Figure 43. Post-image of unreinforced sample 3 

As displayed in Figure 43, the third unreinforced sample was not damaged in the first trial. dpost= was 

measured as 160 mm and crushing of 69 mm was seen on the front side.  

Figure 44 reveals the load-time graph for unreinforced sample 3. In this sample, not many fluctuations 

were observed in the load due to the crushing of 69 mm only. 

Figure 44. Load-time changes for unreinforced sample 3 
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At the end of the experiment, the amount of energy absorbed was calculated by using the load-

crushing amount graph given in Figure 45. 

Figure 45.Load-crushing amount for unreinforced sample 3 

! !" = 0,069 = 69## ;$ !" = 3200%& × 9,81 '(
= 31392)*

Absorbed)Energy) + -! =
$ !" × ./ !"

2
= 1083)457:; 

Initial)Energy + -< =
1

2
#>? = 0,@ × 300 × B,@? = 303C)457:; 

D)Absorbed)Energy = )
1083

303C
× 100 = D36 

The third unreinforced sample could absorb 36% of the energy applied resulting in no damage on the 

concrete. 

Unreinforced Sample 4: Since the previous unreinforced sample was not damaged by 300 kg, the 

weight of the mass was increased to 410 kg and dropped onto unreinforced sample 4 at a velocity of 4 

m/s to check if it would be damaged during the first trial. dprewas measured as 101 mm. 

Figure 46. Post-test image of unreinforced sample 4 

At the end of the first trial, it was seen that the mass of 410 kg did not result in any cracks or fractures 

except for the crush of 69 mm in the mid-point (Figure 46). 

Figure 47 .Load-time change graph for unreinforced sample 4 

The load-time graph for unreinforced sample 4 is given in Figure 47. In this sample, there was 

crushing of 69 mm as in the third unreinforced sample. It was seen that the period of reaching the 

maximum load was nearly the same for both samples. However, the maximum load was higher on the 
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unreinforced sample since it was dropped at higher velocity. Thus, it could absorb greater amount of 

energy. 

To calculate the amount of energy absorbed at the end of the experiment, the load-crushing graph in 

Figure 48 was used. 

Figure 48.Load-crushing amount for unreinforced sample 4 

!"# = 0,069 = 69$$ ;%!"# = 4142&' × 9,81
!

()
= 40633*+ 

Absorbed*Energy - ." =
%!"# × / !"#

2
= 1402**57:;< 

Initial*Energy - .> =
1

2
$?@ = 0,B × 410 × 4 = 3280*57:;< 

C*Absorbed*Energy = *
1402

3280
× 100 = C43 

In the third unreinforced sample, 43C*of the energy could be absorbed resulting in no damage at all. 

Table 3. Reinforced and unreinforced sample data and results of calculations 

Sample 
Mass 

(kg) 
Velocity (m/s) 

%!"D( 

(N) 

/ !"D( 

(mm) 

Initial 

Energy (J) 

Absorbed 

Energy 

(J) 

Absorbed 

Energy 

% 

Reinforced 2 
200 4 24201 7 1600 84,7 5,3 

200 4 20846 55 1600 573 36 

Reinforced 3 410 4,27 47372 97 2297 3437 61 

Unreinforced 1 
200 4 20120 44 1600 442,6 28 

200 4 25881 44 1600 570 36 

Reinforced 2 
300 4 28370 78 2400 1106 46 

300 4,5 37082 35 3038 649 22 

Unreinforced 3 300 4,5 31392 69 3037 1083 36 

Unreinforced 4 410 4 40633 69 3280 1402 43 

The data and calculation results obtained from experiments conducted with reinforced and 

unreinforced samples are given together in Table 3. 

Figure 49.Change of absorbed energy by maximum crushing amount for all reinforced and unreinforced samples 
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On the basis of these data, the relationship between crushing amount of cans and absorbed energy by 

drawing the graph showing the change of the maximum crushing amount (DXmax) by absorbed energy 

in Figure 49. Also as seen from the figure, the amount of energy absorbed increases as crushing 

amount of the cans increases. It can be concluded that cans absorb more energy as they are crushed, 

thus crushed cans provide an effective absorption mechanism. 

Figure 50. The changes in time to reach maximum load by the maximum amount of crushing for all reinforced and 

unreinforced samples 

The relationship between the time to reach the maximum load and maximum crushing amount shows 

that, as seen in Figure 50, the time to reach that load increases as the amount of crushing increases. 

The time to reach the maximum load increases at the same extent that the sample is crushed, and the 

amount energy absorbed also increases as a result. 

5. CONCLUSIONS AND DISCUSSIONS

On this project, a model was proposed to be applied onto external walls or slabs of buildings in order 

to increase resistance to fires, explosions and terrorist attacks of special buildings with priority of 

protection such as government buildings, hospitals, and police stations 

As a model to be used in walls of buildings to increase resistance, 4 control groups were formed as 

reinforced, unreinforced, steel fibered reinforced and normal concrete, and 4 experimental groups were 

formed from the same samples after reinforcing with aluminum cans. The samples were tested with 

lower velocity impact load. It was seen in control groups that breaks and fractures were caused by the 

mass of 22 kg, while no damage was seen in samples with aluminum cans after falling of 22 kg four 

times on each. As experimental groups were not damaged, small samples were prepared to calculate 

the amount of energy absorbed by aluminum cans. In the light of these experiments, 4 reinforced 

samples with aluminum cans and 4 unreinforced samples were taken as new experimental groups. 

Impact was applied at high velocity on these samples and following conclusions are drawn: 

· At the end of the lower-velocity impact test; the control groups were harmed under the mass

of 22 kg, while experimental groups remained undamaged. In the instance of the high-impact

test, it was found out that control group samples reinforced with aluminum cans could bear the

load up to 420 kg.

· At the end of the impact load tests; the percentage of energy absorbed by reinforced and

unreinforced concrete, the maximum load and maximum crushing amount were calculated.

· According to the test results, the time to reach the maximum load increases and they absorb

more energy as crushing amount of cans increases.

· According to comparison of the damaged reinforced and unreinforced samples, it was seen

that the former could bear greater load and absorb 61% of the energy. It was found out that

unreinforced sample absorbs 32% of the energy resulting in some cracks and fractures on

some parts of the sample. Thus, it could be said that reinforced sample is more durable against

impacts.
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We have seen on this project that the waste aluminum cans are more economical, lighter and practical 

than abovementioned materials. It is an authentic Project as it uses aluminum cans for the first time to 

improve the resistance of buildings against impacts and blasts. In addition, we designed the placement 

of the cans into the wall in a particular way, not to leave any space and to allow absorption of 

maximum energy. We think that the use of aluminum cans especially in the construction of buildings 

in regions with intense terrorist attacks would avoid loss of many lives as well as damage on buildings. 

As another benefit, using of aluminum cans would reduce the amount of waste in the nature. 

Furthermore, an eco-friendly material could be used which is useful to the community at the same 

time. We believe that it is possible to achieve a safer living area for a more affordable price and 

decrease the loss of life and property by using this design in buildings. 
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ORGANIC PHOSPHOR-CONVERSION WHITE LIGHT EMITTING DIODE 

MEHMET BORA TURAN, UTKU BUDAK  - TAKEV HIGH SCHOOL 

1. INTRODUCTION
In the century we live in, relations between the nations are built around the energy sources. Taking
into account that the fossil fuels which take up the highest percentage of today’s energy sources is
going to run out in a hundred-year time frame, it is important to find alternative energy sources and to
reduce the overall power consumption to be able to deal with the problem of diminishing resources.
Importance of energy efficiency is apparent in Turkey where 62% of the energy is imported from other
countries and the efficiency of the power plants using fossil fuels average around 30%. Ratio of the
energy used for the lighting to the overall energy consumption is high enough to be not neglected. It is
assumed that worldwide, 18% of the energy consumption stems from the lighting. As the energy
consumption increases and the energy sources which can be used to generate electricity remains
limited, importance of the efficiency of lighting systems increases as well (EİE, 2012).
Work have been done to reduce the costs related to inefficient and high power consuming lighting
systems and as a result, LED armatures which have advantages over the conventional lighting systems
such as having lower energy consumption, higher life-span, durability, higher light density, a more
reliable design and to be dimmed have been brought into public usage. With the developments made
in the semi-conductor technology in the past 10 years and the increased efficiency and brightness,
LEDs have started to be used as the new generation lighting source (Basu, Bollen, & Undeland, 2004;
Yurtseven, Onaygil, 2011). Today, research is focused on the techniques that allow the generation of
white light.
Most common methods for achieving white light is to either coating the LED with phosphorus
material or to inject the encapsulating environment with phosphor. Preparation steps of this material
contains quite difficult and costly processes.
Aim of this project is to use Perylene Diimide (PDI) which have relatively easier production process
and high efficiency along with good thermal and light stability, instead of phosphor as a wavelength
transformer coating for the InGaN based blue LED. It is intended to study the electrical and optic
behavior of a white LED prepared using this method.

1.1. LIGHT AND ILLUMINATION 
Part of the electromagnetic radiation which can be perceived by the human eye is called the 

‘visible light’. This region is between the wavelengths of 400 nm to700 nm as shown in Figure 1 
(MTA, 2014). According to the dictionary released by International Commission on Illumination 
(CIE), which was found in 1913 and since then a complete authority on the subject, lightning is 
defined as application of light on objects and onto the environment so that they can be perceived 
(YFU, 2014). At its core, main objective of the lighting is to simulate the visible light spectrum at the 
places where natural light sources cannot reach. 

Proceedings of 24th First Step to Nobel Prize in Physics (FSNPP 2016)



Figure Wavelength and frequency spectrum of the electromagnetic radiation. 

1.2. HISTORY OF LED 
1907 The Englishman Henry Joseph Round discovers that inorganic materials can light up when 

an electric current is applied. In the same year, he publishes his discovery in the journal 
"Electrical World". Since, however, he was working mainly on a new direction-finding 
system for marine transport, this discovery initially is forgotten.  

1921 The Russian physicist Oleg Lossew again observes the "Round effect" of light emission. In 
the succeeding years, from 1927 to 1942, he examined and described this phenomenon in 
greater detail.  

1935 The French physicist Georges Destriau discovers light emission in zinc sulfide. In honor of 
the Russian physicist, he calls the effect "Lossew light". Today Georges Destriau is credited 
as the inventor of electroluminescence.  

1951 The development of a transistor marks a scientific step forward in semiconductor physics. It 
is now possible to explain light emission.  

1962 The first red luminescence diode (type GaAsP), developed by American Nick Holonyak, 
enters the market. This first LED in the visible wavelength area marks the birth of the 
industrially-produced  

1971 As a result of the development of new semiconductor materials, LEDs are produced in new 
colors: green, orange and yellow. The LED's performance and effectiveness continues to 
improve.  

1993 Japanese Shuji Nakamura develops the first brilliant blue LED and a very efficient LED in 
the green spectrum range (InGaN diode). Some time later he also designs a white LED..  

1995 The first LED with white light from luminescence conversion is presented and is launched 
on the market two years later.  

2006 The first light-emitting diodes with 100 lumens per watt are produced. This efficiency can 
be outmatched only by gas discharge lamps.  

2010 LEDs of a certain color with a gigantic luminous efficacy of 250 lumens per watt are 
already being developed under laboratory conditions. Progress continues to surge ahead. 
Today, further development towards OLED is seen as the technology of the future.  
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Figure 2.LED and symbol Figure 3. LED chip 

An important part of LED is LED Chip is made of semiconductor material. According to colour of 
LED which is wanted to light, Semiconductor materials are doped with different ratio of Chemical 
materials, Aluminium, Nitrit,…(GaAIAs, GaAs, GaAsP, GaP, InGaAIP, SiC, GaN). For example: For 
red colour GaAlAs (660nm), Yellow colour InGaAIP (595nm) , Green Colour GaP (565nm) , Blue 
Colour GaN (430nm)  

1.4. HOW LED WORKS? 
Diode is a special type of semiconductor that has many uses. One of the principle uses though is 

to control the direction of the flow of electricity. The most common type of diode does this by using 
something called “p-n junctions As the electricity jumps across the p-n junction, the electrons from the 
“n-type” side “fill holes” in the “p-type” side. During this process, the electrons end up changing their 
state. During this state change, a photon is emitted. More specifically what is going on is, as electrons 
move around orbiting a nucleus of an atom, electrons with different orbits have different amounts of 
energy. Electrons with orbits farther away from the nucleus have greater energy and ones closer have 
less energy. 

Figure 4. P-n junction on LED 
So in order for an electron to change its orbit, it needs to either lose energy or gain energy. What 

we are interested in with LEDs are the electrons going from a higher orbit to a lower orbit, thus losing 
energy in the form of a photon of light. When the electrons from the n-type side “fill the holes” in the 
p-type side, they then lose energy in the form of these light photons. Figure 6. Forward bias Voltage 
on LED  

The size of the gap determines the frequency of the photon -- in other words, it determines the 
color of the light. If the frequency ends up being in the human visible spectrum (the range our eyes can 
see), then we’ll see the light being given off by the LED.  

1.5. WHITE LIGHT FROM AN LED 
There are three main methods of mixing colors to produce white light from an LED:  
1.Blue LED + green LED + red LED (color mixing; can be used as backlighting for displays)

286

Mehmet Bora Turan, Utku Budak, TURKEY



Figure 5 . blue LED + green LED + red LED  

2.Blue LED + yellow phosphor (two complementary colors combine to form white light; more
efficient than first two methods and more commonly used)[ 

Phosphor-converted white light: Another approach to generating white light is by use of 
phosphors together with a short-wavelength LED. For example, when one phosphor material used in 
LEDs is illuminated by blue light, it emits yellow light having a fairly broad spectral power 
distribution. By incorporating the phosphor in the body of a blue LED with a peak wavelength around 
450 to 470nanometers, some of the blue light will be converted to yellow light by the phosphor. The 
remaining blue light, when mixed with the yellow light, results in white light. 

Figure 7. PL Emision Spectrum 
3.Near-UV or UV LED + RGB phosphor (an LED producing light with a wavelength shorter

than blue's is used to excite an RGB phosphor) 

2.EXPERIMENTAL METHOD

Experimental works are done in the Ege University Institute of Solar Energy and include 3 stages: 
determining the absorption and photoluminescence (PL) spectrums of PDI, preparation of Perylene 
solution and coating the blue LED with prepared sample.  

Materials 
� Perylene Diimide (Supplied from Institute of Solar Energy)

� Epoxy Resin (Ossila)

� Chloroform (Riedel de Haen)

� Blue LED Stripe (Proled)

� Glass Pasteur Pipettes (ISO Lab)
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Experiment Instruments 
� Perkin Elmer Lambda 950 UV/VIS/NIR Spectrometer

� Edinburgh FLSP920P Florescence Spectrometer

� MBRAUN 200B Glove Box

Keithley 2400 Power Supply 

� Fiber Optic Spectrophotometer (Hamamatsu C10083MD)

� Integrating Sphere (Hamamatsu C10083MD)

� IKA Vibrax VXR Shaker

� Ultrasonic Bath (Everest Cleanex)

� UV Lamp

2.1. ABSORPTION AND PHOTOLUMINESCENCE (PL) SPECTRUMS OF PDI 
In this work, green-red emitter Perylene Diimide (PDI) is used as a substitution for phosphor. 

PDI attract attention because of their high thermal stability (degradation temperature > 400°C), high 
fluorescent quantum efficiencies (quantum efficiency � 1) and their ease of synthesis. However, as it 
is solvable in organic solvents, it is classified as a pigment and its application areas are limited. This 
problem can be overcome by attaching branched alkali chain groups into the main structure of PDI. 
The PDI used in this project is a derivation which was rid of these issues (Kozma, E., Mróz, W., & 
Galeotti, F. 2015). 

Figure 10. Chemical structure of Perylene Diimide. 
Absorption and photoluminescence (PL) spectrums of PDI is determined by using UV/VIS/NIR 

spectrometer and Florescence spectrometer devices. On the absorption spectrum of the PDI two peaks 
can be seen at 492nm and 528nm wavelengths (Figure 11a). On the emission spectrum, a green 
emission peak at 547nm and an orange emission peak at 590nm is observed (Figure 11b). 

Figure 11. Perilen Diimidin (a) absorption (b) PL spektrumları 
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2.2. PREPARATION OF PERYLENE SOLUTION 
First, in order to be coated upon the Blue LED (InGaN), green-orange light emitting PDI, which 

is in the powder form, is dissolved in a chloroform to form a solution with 10 mg/ml density.After the 
solution is mixed inside the shaker for one night, is it added into epoxy resin with a 2:1 ratio. For the 
final solution with PDI and resin to be homogeneous, the mixture is processed for 30 minutes inside 
the ultrasonic bath. 

Figure 12. Perlyen solution Figure 13. Ultrasonic bath 

Figure 14. Coating of PDI onto LED. Figure 15. Coated LED under UV light. 

Figure 16. Perylene coated Blue LED. Figure 17. White LED radiation. 

3. MEASUREMENT AND RESULTS
Electro-Optic characteristics such as luminescence performance (cd/A), luminous efficacy (lm/W),
color rendering index (CRI) and chromatic coordinates (CIE) are measured inside the Glove Box
system under room temperatures and forward feeding. Fiber optic spectrophotometer is used for the
measurement and characterization of the devices. Integrating sphere allows for the simultaneous
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measurement of electroluminescent, color, luminescence and electrical performances of LED devices. 
Measurements are done in the Ege University, Institute of Solar Energy.  

3.1. ELEKTRO-OPTİK KARAKTERİZASYONLAR 
The operating voltage of the LED is very important in terms of availability. Voltage was applied 

for determining diode characterization with the help of a power supply. On graph 1 blue LED and 
wavelength conversion of current density increased with voltage shows the curve of a diode. 

Graph 1. Current density-Voltage Graph 2. Light gleam-Voltage 

Graph 3. Power efficiency Graph 4. Light glean efficiency-Voltage 

4.8 V blue LED's in light gleam performance and power efficiency of Maxi-beyond our 
respectively 7 cd/A and 1.7 lm/W. Blue polyimide covered with the perilen di LEDin device for these 
values in 8.5 V 2.22 lm/W and 6.35 cd/A, while the blue LED of the perilen di polyimide covered with 
hermetically sealed with resin to which device and 8.5 V 23 cd/A and 5.3 lm/W values reached (Chart 
2-4). Blue LED, blue LED's sorrowful perilen di polyimide covered and with the blue LED of the 
perilen di polyimide covered with hermetically sealed with resin which devices and glitter, 
respectively, 9342, 19550 and obtained as 33450 cd/m2. 
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Graph 5. Blue LED EL spectrum and Perylen diimidin absorbsion spectrum 

Blue LED chip when prompted, perilen di polyimide 547 nm green emission and 590 nm 
Orange emission. As can be seen from Graph 12 ' perilen diimid Blue LED on absorption and 
luminescence (EL) overlaps the spectrum and energy transfer between them. 

Figure 181. Blue LED Spectrum  Figure 19. Blue LED and Perlyen diimid Spectrum 

Figure 20. White LED CIE coordinates 

The result of the measurements made in integrated, 37 mA current at 12 V with 465 nm blue light 
emitting LED chip color coordinates are x = 0 y = 0.15. Blue LED chip (Figure 12). Polyimide coating 
of phosphor on the perilen di obtained according to the spectral distribution, phosphor material perilen, 
blue LED's by the photon emitted by absorb longer wavelengths 547 nm and emits a greenish-orange 
light 590 nm (Figure 18). Figure 20colour coordinates shown in absorblanma's left of photons with a 
wavelength of the material transformation and phosphorus from x = 0 y = 030 has been getting the 
cold white light.  
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Table 1. Performance of device 

As outlined in table 1 along with the increase in the current saturation in blue LED (color coordinate 
y) increase, while white light color coordinates remain unchanged. The use of wavelength conversion
in resin to increase both performance and mechanical as expected resistance has had a positive effect.
We don't get white light Perilen di polyimide and to increase an efficiency of approximately 3 times
the reference. But the current into heat of photons on devices with increased due to drops of light
gleam performance and power efficiency. They illuminate the bodies of light sources to present the
colors "color rendering Index (CRI)" or "color separation Index is determined by the Ra. CRI is
theoretically the maximum value is 100. As a result of this combination white light CRI value varies
between 70-80. General lighting is desired is the range of 85-90. In this study, white colour of light
yield (Ra) and back color temperature increase.

4. RESULTS AND DISCUSSIONS
In this project, a device which is made from InGaN blue LED and resin with green-orange 

radiating PDI phosphor is prepared successfully. As a result of optical works, cold white light with the 
property of Ra = 90 and 4700K at color coordinates CIE x = 0.35; y = 0.30 was achieved. With the 
application of PDI resin upon the original blue LED, performance of the device has been observed to 
increase threefold. 

Organic PDI dye was chosen over inorganic phosphor as a color changer for generating white LED for 
the reasons of more convenient production and lower costs. Improvement of efficiency, especially by 
the Ra value, provided by the PDI over phosphor greatly boosts its usability in the general lighting 
applications. Most significant drawback of the prototype was found to be the performance drop with 
elevated voltages due to photon energy turning into heat.  

5. SUGGESTIONS
To resolve the issues faced in this project, it is possible to work on the effects of different PDI-

Resin ratios. Additionally, in order to increase and achieve the desired color saturation a work can be 
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done by attach different groups to PDI. When the heating and saturation properties improved, LED 
produced by using PDI would become a low cost, easy to manufacture alternative and would find 
applications in vehicle and indoor lightning such as museums and residences. 
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Abstract: 

This project analyzes the morphology of galaxies, using data from the Sloan 

Digital Sky Survey, that have had two component fits done to their light profiles. I looked 

at the bulge ratios (bulge mass/total mass) of galaxies to see how they changed as the 

total mass increased. This research anticipated that the total mass would increase as the 

galaxies became more bulge oriented, or elliptical, because more mergers lead to bigger, 

more bulge dominated galaxies. This proved true for mass, so the same results were 

expected for luminosity and were confirmed. It was found that bulge luminosity 

increased with the total luminosity. There was a discrepancy between the mass and 

luminosity, indicating that neither is the “true” bulge ratio. I also looked at how galaxy 

zoo classifications changed with the bulge ratios and total mass. Galaxies classified as 

elliptical seemed to have bigger bulge ratios and total masses, but spiral galaxies had 

oddly high bulge ratios for galaxies that should be mostly disk. The results indicate that 

these spiral galaxies may be misclassified and should be called elliptical, or sometimes 

small, luminous bulges yield high bulge fractions, but most of the galaxy is still a disk. 

Word Count: 196 
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Introduction: 

Galaxies are large systems of stars, dust, and gas (Avila-Reese 2006). In the 

1920s, Edwin Hubble proposed a system of classifications of galaxies based on their 

visible appearance; this system is still in use today. Galaxies that appear rounder or more 

bulge-like are classified as “elliptical” and those that are flatter or more disk-like are 

classified as “spiral”; additionally, some spiral galaxies are classified as “barred spiral” 

galaxies. Barred spiral galaxies are galaxies that have a bar-like collection of stars across 

the center (as illustrated in the lower right of figure 1). Hubble believed that elliptical 

galaxies would later evolve into spiral and barred spiral galaxies. This hypothesis of 

galaxy evolution is illustrated in the diagram known as the Hubble Tuning Fork (see 

figure 1). Hubble’s classification led to the misleading names of “early-type” galaxies (in 

reference to elliptical) and “late-type” galaxies (in reference to spiral), which contradict 

more recent understandings of galaxy evolution (Chaisson 2014).  

Currently, it is believed that galaxies form hierarchically in a process called 

“downsizing” (itself a misleading 

term). Downsizing is when less 

massive star systems combine to 

form more massive systems; thus, 

less massive systems are younger 

than their more massive 

counterparts. It is observed that 

elliptical galaxies are generally 

more massive than spiral ones; Figure 1: Hubble’s Classification Scheme or 

Hubble’s Tuning Fork (“The Hubble Tuning Fork,” 

n.d. 

http://skyserver.sdss.org/dr1/en/proj/advan ced/

galaxies/tuningfork.asp) 
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therefore, elliptical galaxies are now thought to be older. Another indication that elliptical 

galaxies are older is that they tend to emit light toward the redder end of the spectrum 

than the bluer spiral galaxies. Higher mass stars tend to be bluer and such high mass stars 

burn hotter and die more quickly, so when a group of stars is mostly blue it is probably 

younger because the blue stars have not had time to die yet. By contrast, red stars tend to 

have lower mass, lower temperature, and longer lifespans, so when a group of stars are on 

average more red, the group is probably older because the bluer stars have already died. It 

is believed that this generalization holds true for galaxies too, for they are largely made 

up of stars (Chaisson 2014). 

Since the 1920s astronomers have sought to refine Hubble’s system and to create 

more specific categories to classify galaxies. One statistic astronomers have used is the 

bulge ratio which is involves measurements of the bulge of the galaxy over the same 

measurements of the total. Different approaches have involved using properties such as 

the mass, the luminosity, and the radius. The purpose of this project is to find a useful 

bulge ratio that more accurately represents the traits of galaxies. A well-chosen bulge 

ratio can help in studying the clustering of galaxies, allowing a person to not only 

understand how the morphology of a single galaxy evolves, but opens the possibility of 

understanding how a cluster of galaxies interacts.  

For example, one could study the correlation of bulge ratios of nearby galaxies. 

Further developing this relationship over distances one can create a correlation function 

that relates the strength of the correlation to different distances. This correlation function, 

or two-point function, would take the bulge ratio of a certain galaxy and yield the 

likelihood of finding another galaxy with a similar morphology at a designated distance 
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away (Coil 2012). If galaxies with a certain morphology are more correlated, then 

galaxies of that morphology tend to be more clustered. The correlation function takes the 

form of a graph, and in the case of galaxies, a graph with a higher amplitude indicates 

that the galaxies that function represents are more correlated are more correlated than 

another function with a lower amplitude (Coil 2012). This correlation function would be 

useful because it would help the scientific community to better understand how galaxies 

evolve as a group. It would help our understanding of how the morphology of galaxies 

affect those around them, if at all. It would help to answer questions like “is a galaxy of a 

certain morphology more likely to exist if there is another galaxy with the same 

morphology nearby?” and other related questions. 

Applying the idea of bulge ratios to Hubble’s classification, one can observe that 

spiral galaxies have lower bulge ratios than ellipticals, this suggests a criterion for 

evaluating candidate bulge ratios: galaxies with higher bulge ratios should be generally 

older than smaller bulge ratios. So if one saw that as galaxies got bigger the bulge ratio 

stayed the same or got smaller, one might question the method of how the bulge ratio or 

total mass were calculated. After confirming the way one finds these measurements, it 

would be useful to look at other bulge ratios (like bulge luminosity/total luminosity) to 

see the differences between these qualities. This project made use of a paper in which the 

bulge and disk masses and luminosities were both derived from the light profiles of the 

galaxies, so they should be fairly similar (Mendel et al. 2013). For disks the light profile 

is observed to be exponential, but in ellipticals they follow a different formula called R to 

the quarter profile or de Vaucouleurs profile. There are times, though, when this 

relationship breaks down; for instance, when two galaxies are merging and there is no 

299

Galaxy morphology dependence on mass and luminosity



clear bulge and there is a divergence from reasonable values. So if the mass and 

luminosity values are too different than one can infer that neither the mass ratio nor the 

luminosity ratio is the most reasonable bulge ratio. The sought after value maybe be 

between these two values or just somewhat similar. 

Materials and Methods:  

Using Anaconda Python (a programming environment) I analyzed the 

morphology of galaxies that had two component fits done to their light profiles (Mendel 

et al. 2013 and Simard et al. 2011). The original data pertaining to these galaxies was 

gathered by the Sloan Digital Sky Survey (SDSS). I used the libraries astropy and 

matplotlib to supplement my python library. I began by looking at the values in terms of 

their mass. I defined the bulge ratio as the mass of the bulge (Mb) divided by the total 

mass (Mt). The total mass was a value that had been calculated in the article by looking at 

the light emitted from the galaxy. This bulge ratio yielded problematic results. It said that 

sometimes the bulge mass was greater than the total mass, which makes no sense 

fundamentally (see figure 2).  

Figure 2: Graphs of bulge ratio vs. log of total mass for Mt and Mbd. This 

shows the difference between using the total mass (Mt) as given by the data 

(Mendel 2013) (right) and redefining it as mass of disk + mass of bulge (left). 

On the left it shows that the bulge ratio (mass of bulge/total mass) is bigger than 

the total mass, which makes no sense. On the other hand, on the right the bulge 

ratio is never greater than the total mass. 
300

Natasha Sarah Abrams, USA



 

This may have occurred as a result of the way the total mass was defined; the total 

masses were derived from the total luminosity, but this did not take into account color. 

Color can play a role in determining the mass of a galaxy, for example blue stars are 

generally more luminous than red stars, so without looking at the color it may seem like 

one blue star has the same mass as a few red stars. I ended up redefining the total mass as 

the bulge mass (Mb) + the disk mass (Md) to assure that the bulge mass and disk mass 

were smaller than the total mass (now Mbd). This new bulge ratio (Mb/Mbd) yielded much 

more reasonable results and aligned with the generally supported hypothesis (bulge ratio 

increases with total mass) (see figure 2). To see this trend I graphed Mb/Mbd vs Mbd and 

saw a general trend that as the total mass increased, the bulge ratio did too. To make this 

trend clearer, I separated the data into seven bins or sections. This appeared to level off 

after ~2.0x10
11

 M☉ so I focused on the time before the bulge ratio leveled off and found a

clear trend of an increasing bulge ratio with total mass. To make this trend clearer and to 

cover a larger range of masses, I used the logarithm of the masses (see figure 3).  

 

 

 

Figure 3: Bins of total mass (Mbd) separating disk 

ratio and bulge ratio based on the measurements. 

Originally, I made six bins that broke galaxies up by 

total mass from 0.5x10
11

 to 3.5x10
11

 M☉ then

noticed the bulge ratios even out at about 2.0x10
11

 M

☉. So I narrowed the focus of the bins so that it only

included galaxies until 2.2x10
11

 M☉. To make the

trend of bulge ratios getting larger with total mass

and disk ratios getting smaller more obvious, I used

the logarithms of the masses (see left). The picture

on the left also shows the bulge ratio increasing as a

mirror to how the disk ratio decreases, which, given

the nature of the definition of the total mass, should

be the case.301
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If the bulge ratio gets larger with total mass, then one would expect the disk ratio 

(Md/Mbd) to get smaller with total mass. So when I added that in I was pleased to find that 

the disk ratio mirrored the bulge ratio (getting smaller with total mass instead of bigger). 

The next step was to look at the ratios in terms of their luminosity counterparts. It 

expected that the luminosity ratios would be similar, if not the same as, the mass ratios 

for the same galaxies because they were derived from the same light profiles (Simard et 

al. 2011). Any differences in the bulge/disk ratios would indicate that the most reasonable 

bulge ratio is something different than luminosity or mass. 

Another aspect of galaxy morphology is the classifications. Elliptical galaxies 

should have a higher bulge ratio and spiral galaxies a higher disk ratio (Chaisson 2014). 

If these generalizations align with the data, then the bulge ratios are more reasonable 

measurements. The classifications that were used are from Galaxy Zoo, a citizen science 

project that classified millions of galaxies. It has been found that crowd sourcing many 

people yields accurate results, so any discrepancies between the bulge ratios and 

classifications would probably be a result of problems with the component fits (Lintott et 

al. 2008). Strange results such as spiral galaxies with high bulge ratios can be 

investigated using Sloan Digital Sky Survey Sky Server. Luminous but small bulges 

might be misclassified using the component fits, so optically humans can easily 

determine this mistake and a more accurate bulge ratio. 

Results and Discussion: 

The main goal of this project was to find a reasonable bulge ratio: where some 

measurement of the bulge divided by the measurement of the total galaxy yielded a ratio 

that was accurate for the vast majority galaxies. Instead of finding this ideal ratio, I found 
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that certain characteristics were not reasonable. When the trend of Mb/Mbd ratio vs total 

mass was observed, it was found that bulge ratio increased with total mass (as was 

expected because older galaxies are more elliptical). As expected it was observed that the 

Lb/Lbd ratio increased with total luminosity in L b/Lbd ratio vs total luminosity (similar to 

its mass counterpart). However, there was a difference between the exact trend of the 

mass graph and the luminosity graph (see figure 4). The bulge ratio changed in different 

ways for different components (mass and luminosity), so mass and luminosity have been 

eliminated as possibilities for this ideal bulge ratio.  

 

I also looked at the how the type of galaxy (spiral or elliptical) changed with total 

mass and the bulge ratio. For the most part it appeared that elliptical galaxies were larger 

and had higher bulge ratios than spiral, as was expected (see figure 5).  There were, 

though, many spiral galaxies that seemed to have high bulge ratios; by definition spiral 

galaxies are mostly disk, so this should not be the case.  

Figure 4: Comparison of Bulge Ratio (Luminosity) vs. Log of Total Luminosity 

and Bulge Ratio (Mass) vs. Total Mass. The two graphs of similar trends (bulge 

ratio increases with total), but they seem to differ somewhat. 
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So I used Sloan Digital Sky Survey Sky 

Server (http://skyserver.sdss.org) to look 

at the galaxies visually. This server allows 

the viewer to see actual images of the 

galaxies as taken from the SDSS telescope. From these images I found that the bulges of 

the spiral galaxies with high bulge ratios actually had fairly small bulges, but they were 

so luminous that they were misclassified as large ones (see figure 6). As is shown in 

figure 6, the bulges of the galaxies are not even half of the total width of the galaxy. Both 

of the galaxies in figure 6 were classified as having bulge ratios of 0.9 or higher. In other 

words, the bulges make up 90% of the galaxies total luminosity. 

Conclusion: 

In this project I have rejected two candidate bulge ratio: one based on mass and 

one based on luminosity. A well-chosen bulge ratio could be used to study the 

Figure 5: Bulge Ratio vs. Log of Total 

Mass distinguishing between Spiral 

Galaxies (blue) and Elliptical Galaxies 

(red). 

Figure 6: Two spiral galaxies with misclassified bulges. 

The images were both generated from the Sloan Digital 

Sky Survey Server “Navigate” function 

(http://skyserver.sdss.org). 
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morphology of galaxies and why certain galaxies have certain shapes. The bulge ratio 

could also be used in a correlation function. Such a function could be used to compare 

how galaxies with different morphologies clump differently. Besides seeing how galaxies 

with different bulge masses or luminosities clump, one can see how correlated galaxies 

with a certain bulge color or radius interact. This function has the potential to compare 

many different characteristics that could enhance the scientific community’s 

understanding of how galaxies within clusters interact. Is there some significance to, say, 

elliptical galaxies being more correlated than spiral ones, or galaxies with red bulges 

being more correlated than one with blue bulges? If certain traits, say color, seem not to 

affect the clustering of the galaxies then it can be concluded that other characteristics, say 

bulge ratio, is more important in determining the clustering. With the understanding of a 

more accurate bulge ratio one could explore questions about how galaxies of certain 

morphologies arise and their evolution in galaxy clusters. 
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The Mechanism of Blender Lift 

Cai Kangjia  

(Nanjing Foreign Language School, Nanjing, China, 210008)

Abstract： A cylinder filled with water can be lift by lifting only the hand blender immersed under water in the 

cylinder. Aiming at the phenomenon, this paper gives its mathematical models, represents the experimental device 

about hand blender lift, describes experimental process, obtains the experimental data of water pressure on the 

bottom of cylinder and its fitting curve, explains mechanism of hand blender lift and proposes the condition about 

an immersion hand blender lifting the cylinder and the water. 

1. Introduction

On the “Physics Teacher” Chris Chiaverina reported
 1

 that science

educator and magician Bob Friedhoffer recently shared a demonstration 

when he performs with an immersion hand blender and a glass of water. He 

first submerges the blender’s blade in a glass of water. With the blade near 

the bottom of the glass, he turns on the blender and, voilà, lifts the glass and 

its contents off the table, as shown in picture 1. Bob reported that he has 

tried producing the effect with glasses and cylinders having different shapes 

and sizes. In some cases lift was achieved; in others it was not. The paper 

researches on the phenomenon about immersion hand blender lift, and 

expounds its mechanism of hand blender lift.  

  Figure 1 Blender lifts a glass 

2．Mathematical Model 

We put a hand blender at the bottom of a cylinder filled with water, turned on the blender. Water begins to 

flow around the center line of the blender and the cylinder. When water flows steadily, we lift the hand blender 

and the cylinder filled with water also follows up with blender. Aiming at the phenomenon, we set up the 

mathematical models of the blender, the cylinder and water. 

In the situation that hand blender lifts a cylinder filled with water, we neglected viscous force on the blender, 

so the equilibrium equation of the blender in the vertical direction is 

1 1a
a handlift c BlenderS S

P ds pds F F M g                        （1）

where p is the water pressure on the blender, 1S  is the contact area between water in the cylinder and the 

blender, aP  is the atmospheric pressure, 1aS  is the contact area between the air outside the cylinder and the 
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blender, BlenderM is the blender mass, g is the gravity acceleration, handliftF  is the hand force applied on the 

blender, cF  is the cylinder force applied on the blender. 

Atmospheric pressure acts outside the bottom and wall of the cylinder. Water is flowed by blender blades spin. 

Shear force and pressure of water act on the cylinder. When the cylinder is lift by the blender, ignoring the shear 

force of the water on the cylinder sides in vertical direction, the equilibrium equation of the cylinder is 

2 2a
a b cylinderS S

P ds pds F M g      （2） 

where 2S  is the contact area between the water and the cylinder. 2aS  is the contact area between the air and the 

cylinder. cylinderM is the cylinder mass. g is the gravity acceleration. bF  is the blender force applied on the 

cylinder, it is equal to negative cF . 

  In vertical direction, the equilibrium equation of water is 

2 3 1a
cylinder a blender waterS S S

p ds P ds p ds M g      （3）  

where cylinderp  is the pressure of the bottom of the cylinder on the water. blenderp is the pressure of the blender 

on the water. cylinderp  and blenderp are equal to the water pressure on the cylinder and the blender, but in the 

opposite direction. 3aS  is the contact area between the water and air. WaterM is the water mass in the cylinder. 

If Equation (1), Equation (2) and Equation (3) are combined, we get 

( )handlift Blender water cylinderF M M M g    （4） 

The force on the blender applied by hand is equal to the weight of cylinder, the water and the blender. This 

conclusion is consistent with the actual situation. 

    Water flow is related to spinning speed of the blender blades in the cylinder, water flow affects water 

pressure on the cover of the blender. Suppose that water flow is steady, incompressible, nonviscous flow, water 

pressure and water flow speed meet the following Bernoulli's Equation along streamline 

2

2

p V
h const

g g
      (5) 

where p is the water pressure,  is the water density, V is the water speed， h  is the water elevation. 

Let us consider such a streamline: point A is located under the rotation axis of the blender blades near the 

bottom of the cylinder, the other point B is located on the free surface of water near a wall of the cylinder. 

Suppose the point A elevation zero, the point B elevation H, equation (5) becomes 

2

2
aPp V

H
g g g 
     (6) 

Water pressure near the bottom of cylinder is 
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2ap P gH V     (7) 

3. Experimental device and Results 

Using a commercial hand food blender, a commercial pressure transmitter and a cylinder, acquisition circuit 

experimented to study the blender lift.   

Experimental study was done with a hand food blender Braun MQ300, as shown in Fig 2, its technical 

specifications were as follow:  

Power 450W

Frequency 50Hz

Blade speed 11000 -13000rpm / min 

Blade diameter 50 mm 

Diameter of stirring cover 70 mm 

Figure 2 Hand Blender Braun MQ300 

The cylinder was made of plexiglass with an inner diameter of 82 mm, height 270 mm; there were many holes 

at the bottom of the cylinder along the radial direction, to measure the pressure water pressure on the bottom of 

the cylinder with the change in radius, shown in Figure 3. 

Figure 3 Experimental cylinder 

The water pressure on the bottom of the cylinder was measured by a pressure transmitter used differential 

amplification circuit, the pressure transmitter converted water pressure value in a voltage signal 0-5 Volt, its 

measuring range was -0.4atm ~ 1.2atm, accuracy 0.5%, and supply voltage 12-36V DC. An MCU C8051F120 

module was used in the pressure signal acquisition system, its sampling frequency was 10Hz, ADC serial output 

was 115200 baud rate. Pressure transmitter and Signal Acquisition Module are shown in Figure 4. A computer 

received the serial data, real-time displaying and depositing the pressure voltage value. 
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Figure 4 Pressure transmitter and Signal Acquisition Module 

We put the hand blender Braun MQ300 into the cylinder filled with water, used a crusty tube to connect the 

pressure transmitter with the pressure measurement holes, switched on the blender and recorded the water 

pressure applied on bottom of the cylinder. Water pressure at the center of the bottom of the cylinder changed with 

time, as shown in Figure 5. After the speed of the blender blades was steady, water flew steadily, and the average 

water pressure value on the center of the bottom of the cylinder was 47.95 10 Pa, its variance was 1%. This 

shows that when water was in a stable flow, the water pressure at the center of the blender cover was less than the 

atmospheric pressure outside the cylinder. 

Figure 5 Water pressure changed with time at the center of the bottom of the cylinder 

Water pressure was measured along the radial direction of the bottom of the cylinder from the inside to 

outward. When the speed of the blender was stable, pressure data was recorded and averaged to obtain the average 

pressure at each point. Measurement data was fitted to give the following four order polynomial curve. 

4 3 2P=0.030344 R -3.1702 R +89.773 R 100.73 R+79056             (8) 

The pressure unit is Pa，sample variance of the test curve is 51%(10 )Pa . Measurement data and the fitting curve 
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are shown in Figure 6. From Figure 6 we can see that there is the negative pressure zone under the blender cover 

within blade radius. The biggest negative pressure value is on the center of the bottom of the cylinder. As the 

radius increased, water negative pressure of the bottom of the cylinder became smaller.  

Figure 6 Measurement data and fitting curve 

We put 500ml water into a 575g cylinder, switched on blender. After 15 seconds, when water began to flow 

and got to a steady state, we lift up the hand blender, recorded the water pressure variation at the bottom center of 

the cylinder. Water pressure with the time variation curve is shown in Figure 7. 

From Fig. 7 we can see that water pressure at the bottom of the cylinder was stationary water pressure at the 

start. When the blender is swithed on, water pressure at the bottom of the cylinder decreased rapidly, and soon 

reached a steady state. After 15 seconds, we lift the blender, the cylinder was attracted by the blender, and they 

lifted together. At this time the water pressure was maintained constant. Later, water pressure slightly increased at 

the bottom of the cylinder, because the blender slightly offset the center position. Figure 8 is the cylinder filed 

with water lift by the blender. 

Figure 7 Water pressure curve at the center of the bottom when the blender lift the cylinder, 
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Figure 8 Experiment lifting a cylinder with a blender 

We put 700ml, 1000ml and 1500ml water into 145g cylinder, recorded the water pressure value at the center of 

the bottom of the cylinder from the start to steady state, the pressure curve is shown in Figure 9. In Fig. 9, water 

pressure at the bottom of the cylinder increases with elevation at still water level. 

Figure 9 Water pressure curves at the bottom center for different amounts of water filled 

4. The mechanism of Blender Lift

If the water pressure of the external blender cover is considered approximately as static pressure in the 

cylinder, then the second term of formula (2) can be written as follow  

2 2 1
er 1wat aS S A

pds M g P A pds


        （9） 

Where erwatM is the water mass in the cylinder, 1A  is the cylinder bottom area outer the blender cover. 

Combined with the Equation (2) and Equation (9), the condition of blender lifting the cylinder filled with 
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water can be written as follow 

2 1
cylinder er( ) ( )a watS A

P p ds M M g


     （10） 

When the condition (10) is satisfied, the blender can lift the cylinder filled with water. 

Integrating four order polynomial (8), we obtained the water pressure on the bottom of the cylinder. 

2 2

2 494.09
S S

pds p rdr N    （11） 

Air pressure applied on the outer bottom of the cylinder is as follow 

2

2 509.32a aS
P ds P R N   （12） 

Pressure difference inside and outside the bottom of the cylinder is as follow 

2 2

15.23aS S
P ds pds N    （13） 

Under this pressure difference, the atmospheric air can hold about 1.50kg heavy cylinder filled with water. 

Cylinder was sucked by the negative pressure within the blender cover. When the weight of the cylinder filled 

with water was less than 1.50kg, the cylinder was extracted by a blender hanging in the air.  

The condition for lifting test was verified. We put 1000ml water into a 145g cylinder, switched on the blender 

and attained rotating speed stabilization, slowly lift the blender, and the cylinder was lifted, as shown in Fig. 10. 

Figure 10 Blender lifting the cylinder filled with water 

We continued to put 400ml water into the cylinder above. The total weight of the cylinder with water was 

1545g. We turned on the blender and slowly lift it. The cylinder filled with water was not lifted up together with 

the blender. And then put blender again at the bottom of the cylinder. We recorded water pressure at the center of 

bottom of the cylinder during the entire process of lifting; the water pressure curve is as shown in Figure 11. At 

14.7 seconds we lifted the blender, the cylinder bottom pressure increased rapidly, approaching the value of static 

pressure.When the blender was put onto the bottom of the cylinder, the water pressure of the bottom of the 

cylinder returned to the original negative value. 
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Figure 11 The water pressure curve at the center of bottom of the cylinder 

5. Conclusion 

We put the hand blender at the bottom of the cylinder with water, switch on the blender, the water under the 

blender was driven up by the high-speed rotation of the blades, where the water pressure is lower than the 

atmospheric pressure outside the cylinder. Due to the pressure difference between two sides of the bottom of the 

cylinder , the blender and the cylinder are attached tightly to each other. When the difference of atmospheric 

pressure and water pressure inside the blender cover is greater than the total weight of the cylinder and water, 

blender can lift the cylinder filled with water. 
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ABSTRACT 

At present day although energy can be obtained from renewable sources such as Nuclear 

Energy, Solar Energy, Wind Energy, Wave Energy, Natural Gas, Geo-Thermal Energy, 

Hydraulic, Hydrogen and Bio-Mass, it is not possible to store this energy as an alternating 

current (AC). Energy produced can only be stored in batteries as direct current (DC). Direct 

current (DC) with the help of inverters is transformed into alternating current (AC) and is used 

as such. However, during the DC-AC transformation process some of the energy is lost. This 

loss, depending on the quality of the transformer, can vary between 2%-10%. 

Unlike existing devices, this study designs an energy bag that is portable and can 

produce 230 Volt/50 Hz current with an optimum efficiency during the transformation of 

energy produced from renewable resources and stored in new generation lithium iron phosphate 

batteries of 7 to 10 years of life span and with a 1 kWh power (that can be increased up to 6 

kWh). The device is called the “Alterna-Tesla Energy Bag” and will be referred to as such in 

this study. 

The Alterna-Tesla Energy Bag can be used in any type of residence. It is also designed 

with the aim of energy saving and meeting the electrical energy demands of the military as well 

as sporting purposes. 

When the below statistics are checked, the importance of the Alterna-Tesla Energy Bag 

will be highlighted for its benefits to the country’s economy. 

Key words: Lithium iron phosphate batteries, renewable energy resources, charge control 

units, AC – DC converters 
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AIM OF THE PROJECT 

This study aims to produce a portable generator that can be used when necessary. This 

generator will store energy provided by renewable resources in new generation lithium iron 

phosphate batteries which have a long cycle life and high efficiency.    

By proving the usability of this device through efficiency experiments, saving energy 

and contributing to energy efficiency are also among the aims of this study.  
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1. INTRODUCTION

The rapid rise of the world’s population continuously increases the demand for energy. 

The limited fossil resources and the environmental pollution they cause have led scientists to 

look for alternative resources. In the beginning of the 21st century, the renewable energy 

resources have attained increased importance; investigations and investments in this field have 

also increased. 

At present day although energy can be obtained from renewable sources such as Nuclear 

Energy, Solar Energy, Wind Energy, Wave Energy, Natural Gas, Geo-Thermal Energy, 

Hydraulic, Hydrogen and Bio-Mass, it is not possible to store this energy as an alternating 

current (AC). Energy produced can only be stored in batteries as direct current (DC). Direct 

current (DC) with the help of inverters is transformed into alternating current (AC) and is used 

as such. However, during the DC-AC transformation process some of the energy is lost. This 

loss, depending on the quality of the transformer, can vary between 2%-10%. 

Unlike existing devices, this study designs an energy bag that is portable and can 

produce 230 Volt/50 Hz current with an optimum efficiency during the transformation of 

energy produced from renewable resources and stored in new generation lithium iron phosphate 

batteries of 7 to 10 years of life span and with a 1 kWh power (that can be increased up to 6 

kWh). The device is called the “Alterna-Tesla Energy Bag” and will be referred to as such in 

this study. 

The Alterna-Tesla Energy Bag can be used in any type of residence. It is also designed 

with the aim of energy saving and meeting the electrical energy demands of the military as well 

as sporting purposes. 

When the below statistics are checked, the importance of the Alterna-Tesla Energy Bag 

will be highlighted for its benefits to the country’s economy. 

According to Turkey Electrical Distribution (TEDAŞ) data, announced by the Chamber 

of Electrical Engineers in 2013, 44.97 billion kWh electricity was consumed in residences. 

TEDAŞ also announced that it has 29.43 million users as of 2013. According to this the: 

Average annual electricity consumption per residence is 44.971.483.000 / 

29.438.169 = 1528 kWh 

The majority of electricity consumed is for lightening and refridgeration. The study also 

shows that the monthly electricity consumption of a family of four is 253 kWh which is 3036 

kWh annually. Such consumption translates to the billed amount of 1184 TL annually according 
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to the national fees as of 01.04.2014 with all tax and refunds included. The electricity unit fee 

that this study applies is 0,39 TL, tax included. 

Graphic 1: Distribution of electricity consumption in residences 

According to this study, the electrical devices necessary for daily life, their monthly 

electrical consumption and the Turkish Lira equivalent as billed for a family of four are shown 

in the chart below:  

Chart 1: Monthly electrical consumption levels per house (family of 4) 

Device Monthly Consumption 
(kWh) 

Monthly Fee (TL) 

Light bulb 72,10 28,21 
Fridge 70,70 27,66 
Television 37,80 14,79 
Oven 20,10 7,87 
Washing Machine 14,50 5,67 
Dish Washer 13,30 5,20 
Iron 10,10 3,95 
Computer 8,50 3,33 
Vacuum cleaner 6,10 2,39 
TOTAL 253,20 kWh 99,08 TL 
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In light of this data, with the application of the Alterna-Tesla Energy Bag, which will 

provide energy from solar or portable wind resources assembled on a roof or balcony, within 

four years the complete system will pay off its initial cost and start becoming profitable in the 

long run.      

2. COMPONENTS OF THE ALTERNA-TESLA ENERGY BAG

 2.1. Pure Sine Wave Inverters 

Pure Sine Wave Inverters are developed to save energy and is a device used for 

transforming frequency. The device has three phases. It can transform from alternating current 

(AC) to direct current (DC), and from direct current (DC) to alternating current (AC), and it 

regulates both frequency and tension. 

Pure Sine Wave Inverters transform the 12, 24 or 48V DC battery voltage into 230V 

AC 50 Hz voltage by putting it through a filter circuit and cleaning the disruptive electrical 

fluctuations such as tension fluctuations that come from the general network. They work at 

minimum and maximum pauses. Televisions, lighting bulbs, computers and electrical 

appliances used at homes can be activated in mobile environments such as cars, boats and 

camping sites with pure sine wave inverters [1]. 

 2.2. Lithium Iron Phosphate Batteries 

Batteries called Lithium Iron Phosphate or, known in the market as Lithium-Iron 

Phosphate, another type of Lithium-ion batteries, are produced with lithium metal phosphate 

material rather than lithium metal oxide which is a cathode material.  

Lithium Iron Phosphate battery technology was scientifically studied by Akshaya Padhi 

of Texas University in 1996. Mass production of Lithium Iron Phosphate (LiFePO4) batteries 

which are better for production and performance was started for commercial use. 

It is stated that the performance values are enhanced by the cathode produced as “Nano 

Phosphate” by the American company A123. New batteries that have this model of cathode can 

reach a capacity of 90% of charging in just 5 minutes. The same batteries in 7000 (100%) cycle 

only reach good cycle numbers by losing 20%.  

Depth of Discharge-DoD:  is the ratio between a fully charged battery and when it is 0% 

charged. An 80% DoD means the capacity shown in Ah is discharged up till 80% [2]. 
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High energy density (220 Wh/lt, 100-140 Wh/kg), high charge efficiency (> %90), long 

cycle time (>2,000 cycle @ 80% DoD), heat performance (-20 ... +55 oC) 

• Basic chemical reaction: LiFe(II)PO4 Fe(III)PO4 + Li + e- 

Photo 1: Lithium Iron Phosphate Battery 

 2.3. Charge control units 

Charge control units are the brain of charging systems and their primary tasks are the 

following:  

• Charging and discharging the battery in the most convenient circumstances.

• Heat, thunder risk control, protection and insurance qualities.

• Controlling data received from renewable energy resources from the computer.

• Functioning with minimum power consumption efficiently in the range of 5A-150A.

In charge control devices, users can define features such as stopping to charge when the 

battery’s voltage has reached the required value. Users may also allow for the automatic 

shutdown of the load anchorage in cases where the voltage has reached a detrimental value in 

order not to damage the system.     

3. METHOD

The Alterna-Tesla Energy Bag is composed of three basic parts. 

The first part is the charge control unit. Since frequencies from different renewable 

energy resources are variable, they have to be made stable. Therefore, within the system is a 

charge control unit designed especially for this reason in mind. It is inserted into the pure sine 

wave inverters, thus establishing a control unit that percepts and regulates different frequencies 

from various renewable energy resources (Diagram 2). This circuit controls the frequency and 

provides regularity for the energy to flow into the batteries.    

The second part is the batteries that store the energy. In the batteries, energy stored as 

direct current (DC) in the third part is sent to pure sine wave inverters. Pure sine wave inverters 

transform the 12 Volts of direct current (DC) to the 220 Volts of alternating current (AC). This 
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is known as the network current and is ready to be used. In the system a 12 Volts 250 watts 

lithium iron phosphate battery block is used. Batteries are attached serially and thus reach a 

capacity of storing energy of 1000 and 6000 watts.  

Diagram 1: Pure sine wave inverter circuit of the Alterna-Tesla Energy 
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Diagram 2: Charge control circuit of the Alterna-Tesla Energy Bag 

In the third part, a pure sine wave inverter is used. It transforms 12 Volts direct current 

to 220 Volts alternating current and can be bought ready-to-use in the market. The device 

transmits data to the computer using software and hardware already installed and provides a 

regular control of the system in function.    

Photo 2: Lithium Iron Phosphate battery block of 12 Volts 250 Watts 
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Diagram 3: Functional structure of the system 

4. EXPERIMENTS

Various experiments and evaluation tests have been held for the Alterna-Tesla Energy 

Bag. First of all, the portability of the device was tested by measuring the total mass of the 

device depending on the power provided (including the battery and the bag). These values are 

shown in Chart 2.    

Chart 2: Total mass of the system according to the produced power 

Total Mass of 12Vdc 

1000 W System (kg)

Total Mass of 12Vdc 

6000 W System (kg) 

12.2 19 

To evaluate the feeding performance of electrical appliances, the Alterna-Tesla Energy 

Bag was tested by gradually increasing the battery numbers and the charge amount when the 

batteries were fully charged. The results of these tests are shown in Chart 3 and Chart 4.  

326

"ALTERNA-TESLA" alternative energy bag that can store energy from renewable resources



Chart 3: Feeding performance of electrical appliances of the Alterna-Tesla with a 1000 Watts 
battery 

ALTERNA
TESLA

POWER 
DRAWN FROM 

ALTERNA 
TESLA 

(WATTS)

FEEDING TIME OF ELECTRICAL 

APPLIANCES OF ALTERNA TESLA WITH A 

1000 WATTS BATTERY 

(MINUTE) 

P= I.V 
(Wh=A.V)  

100 766 

200 335 

300 198 

400 139 

500 112 

600 95 

700 81 

800 62 

900 55 

1000 50 

Graphic 2: Feeding performance of electrical appliances of the Alterna-Tesla with a 1000 Watts 
battery 
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Chart 4: Feeding performance of electrical appliances of the Alterna-Tesla with a 6000 Watts 
battery 

Graphic 3: Feeding performance of electrical appliances of the Alterna-Tesla with a 6000 Watts 
battery 
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Photo 3: Images from the experiments 
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The charging performance of charge control system batteries at various frequencies was 

tested by an oscilloscope and was deemed compatible with all renewable energy resources. 

The Alterna-Tesla Energy Bag batteries were charged by both the network electricity 

during night hours, when electricity is cheaper, and by a 40 watts 17.6 Volts solar panel which 

were used during the tests.   

For the Alterna-Tesla Energy Bag, batteries charge a photovoltaic solar panel of 10 units 

that has a current strength of 5 Ah and can be attached in parallel. The charging time of the 

batteries vary depending on the power of the battery and of the energy produced by the 

photovoltaic solar panels.      

5. CONCLUSION AND DISCUSSION

According to the results of the experiments and after Graphic 2 and Graphic 3 are 

analyzed, it can be seen that when low power is drawn from 1000 and 6000 watts batteries, they 

can activate electrical appliances for long periods of time. When more power is drawn from the 

batteries, the duration is relatively reduced. This situation shows that the power drawn from the 

batteries and the time duration to feed the electrical appliances is inversely proportional.     

The advantages of the Alterna-Tesla Energy Bag are the following: 

• The device saves a significant amount of energy since it charges itself by using renewable

energy resources. 

• The device can constantly charge itself with the installation of a solar or mini wind generator

assembled on the roof or in the balcony. 

• It can be used during earthquakes, on boats, in caravans and during mountaineering and

scouting activities as well as for military purposes. 

• It can be used for charging electrical home appliances as well as smart phones (IOS, Android

based systems), mp3 players, PSP, cameras, etc. 

• It reduces carbon dioxide emissions and the greenhouse effect since it does not use network

electricity. 

• It can be taken everywhere using its wheel bag.

• It is user friendly and its functioning principle is plug and use.

The improvable areas of the Alterna-Tesla Energy Bag are below: 

• The batteries are heavy although their feeding efficiency and cycle time are high which might

cause a slight disadvantage for its portability. 
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• With new developments in technology, chargeable batteries that have a higher capacity to

store energy and are lighter will increase the efficiency of such systems. 

• The cost of the prototype with everything included is 1280$. If over 100 units are produced,

the cost will be reduced by half. 

In conclusion, it has been demonstrated and proven that the Alterna-Tesla Energy Bag 

can be used to obtain electric energy with high efficiency in an environmentally sensitive way. 

In future studies, it is recommended to investigate lighter and high efficiency batteries.  
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1 Introduction

Every object emits radiation from its surface depending upon its material and tem-

perature T . Only the amount of energy E from the black body per unit time and unit

area is known theoretically (Stefan-Boltzmann’s law),

E = σBT
4, (1.1)
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where

σB = 5.67× 10−8W ·m−2K−4 (1.2)

It is known to be larger than the radiation from any other bodies.

Since the radiation from other bodies are not known precisely, we would like to

study them. In this paper, we take up a ceramic heater; its surface is white and smooth

so that the comparison with the black body will be interesting.

In order to find the power of the thermal radiation of our ceramic heater, we chose

to measure the electric power input in the heater to keep its temperature constant

at a given value, in the expectation that they are equal if the heater is placed in a

evacuated vessel to suppress the energy loss through the air. If they are indeed equal,

measurement of the input power (voltage × current) tells us the radiated power. To

be more precise, we have to take into account the radiation incoming to the heater

from the environment. This is the first experiment we report in §2.

The measurements in our first experiment showed, however, that the input power

exceeded the power to be radiated theoretically by a “black body” heater. The cause

for the excess, we thought, was the insufficient vacuum. Indeed, the lowest pressure

we could reach with our vacuum pump was about 4000Pa.

The Annual Table of Scientific Constants [1] tells us that the thermal conductivity

of any gas is constant over the range of pressure from several hundred Pa to several

Mega Pa. But, it was found out in our second experiment that the electric power

needed to keep the temperature of the heater constant varied with the air pressure as

shown by Fig.4 or Table 2. There must be some causes for the energy loss from the

heater in addition to the heat conduction. One of the causes may be convection of the

air, which is difficult to handle theoretically.

Nevertheless, we found a way to separate the pressure-dependent energy loss Jf by

extrapolating to zero pressure by using the graph in Fig.4, Indeed, the input energy

extrapolated to zero pressure is expected to be free from the pressure dependent energy

loss, being equal to the sum of the energy losses due to heat conduction Jc and thermal

radiation Jr, both of which are independent of the air pressure.

A remark is in order about the extrapolation to zero pressure. At extremely low

pressure p < 7.6×10−2 Pa as we explain in §3.2, the mean-free path of the air molecules
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exceed the size of the vessel and consequently the heat conduction turns into the so-

called free-molecule thermal conduction [2], which decreases abruptly to zero with the

air pressure.

But, this pressure range is outside the reach of our vacuum pump, and the extrap-

olation using our measured data in Fig.4 is free from this peculiar conduction.

As for the energy loss by the heater by thermal conduction Jc, we have found a

way to calculate it as will be explained in §4. There is an analogy with the static

electric potential, which helps us very much in calculating the outgoing heat flow from

the surface of the heater.

Thus, we can extract the power of thermal radiation Jr from the power input into

the heater J0(p) as extrapolated to zero pressure:

Jr = lim
p→0

J0(p)− Jc. (1.3)

The radiation from our ceramic heater calculated in this way turned out surpris-

ingly to be equal to the radiation from the black body, solving the puzzle of the excess

energy loss we have started our study with. It is remarkable that the ceramic heater,

which is white and smooth, emits radiation equal in power to that of the black body.

The tasks for future study will be discussed in the final section.

2 The first experiment

Our aim of this experiment was to measure the energy radiated per unit time and unit

area at a given absolute temperature of objects we use in our daily life. We chose a

ceramic heater to begin with.

The system we used for our experiment is shown in Fig.1 and the heater setting

in Fig.2. The energy is supplied to the heater by a direct electric current of variable

voltage.

Thus, a ceramic heater of the size given in Table 1 is fixed horizontally in a vacuum

vessel on a nail driven into wooden base.

In our fist experiment, we measured the electric power supplied to the heater to

keep its temperature constant at a given temperature, in the expectation that the

power should be equal to the power of the thermal radiation from the heater, if the
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Figure 1: experiment device

Figure 2: The heater is installed in this way.

vessel is evacuated by using a vacuum pump. We used oil clay to stop air leak through

the contacts of vessel and the wooden base and the rubber stopper at the mouth of

the vessel and the conducting wire through the stopper to supply the electric power

to the heater.

long side narrow side thickness
Length /10−3m 50.0 25.0 1.83

Table 1: Size of the heater

We thought indeed that it was a good idea to measure the power (energy per unit

time) of the thermal radiation from the ceramic heater at a given temperature T by

measuring the electric power supply needed to keep its temperature constant at T .
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We measured the temperature of the heater with an E-type thermocouple attached

to the heater with a small piece of aluminum tape. It took about 10 minutes for the

heater to reach equilibrium.

Fig.3 shows the plot of the measured electric power P supplied to the heater divided

by the area S of the heater surface against T 4−T 4
0 where T is the absolute temperature

of the heater and T0 is that of the outside of the vessel. The reason why we took

T 4 − T 4
0 as abscissa is that we wished to compare the input power with the power of

the black body, σT 4 being the power of the radiation outgoing from the unit area of

the heater surface and σT 4
0 being the power incoming to the same area of heater from

the environment.

Figure 3: Electric power per unit area (P/S)/W ·m−2 and (T 4 − T 4
0 ) /K

4

Against our expectation, the power supply needed to keep the temperature of the

heater constant turned out to exceed the power of black-body radiation, which must,

theoretically, be larger than the power emitted by any other bodies. We looked for

the reason for the excess, and finally found that it must be the insufficient vacuum.

The lowest air pressure in the vessel was 4000 Pa.

3 The second experiments

In the next experiments, we measured the electric power supply to keep the tempera-

ture of the heater constant at a given value, but varying the air pressure in the vessel,

and repeated the measurements changing the air pressure inside the vessel.
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We repeated this experiment for three different temperatures.

At first, we kept the temperature of the heater at 80◦C, and varying the air pressure

inside the vacuum vessel from 40 hPa to 1013 hPa and measured the power supplied

at each pressure.

We made the same measurement at the temperature 100◦ and 120◦C, obtaining the

graph shown in Fig.4, its ordinate being the electric power P and its abscissa being

the air pressure p in the vessel.

Figure 4: The air pressure p/hPa in the vessel and the electric power P/W

We see that the electric power needed to keep the heater at constant temperature

varies with the air pressure.

Of course radiation does not vary with air pressure, and the heat conduction into

the air can not vary in this range of pressure as mentioned above. Therefore, there

must be some other causes for this pressure dependent energy loss, and one of them

may be air convection.

To find out the thermal radiation, we must take away the pressure dependent loss

and the loss by heat conduction from the input energy.
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3.1 How to take away the pressure dependent part of the
energy loss

The part of the energy loss of the heater free from the pressure-dependent one can be

obtained by extrapolation to zero pressure as was explained above.

To extrapolate the graph in Fig.4, linear approximation cannot be used. Instead,

we use the equation,

(a+ p)(b− P ) = c (3.1)

that fits with measured values well as shown in Fig.5, where p is the air pressure in

the vessel, P is the electric power consumed by the heater, and a, b, c are constants

depending on the temperature of the heater as given in Table 2.

T p1 P1 p2 P2 p3 P3 a b c
120.0 66 3.190 188 3.567 1023 4.769 8.1× 102 6.3 2.7× 103

100.0 74 2.368 170 2.577 998.3 3.444 7.8× 102 4.4 1.8× 103

80.0 72 1.606 200 1.857 1001.8 2.457 5.0× 102 3.0 7.9× 102

Table 2: The constants in the equation (3.1). T in unit of ◦C, pk and a in hPa, Pk

and b in W and c in hPa · W.

Figure 5: The measured values of P and the curves (3.1) fitting them
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We can extrapolate the curves to the air pressure p = 0 in Fig.5 to remove the

pressure dependent energy loss, the extrapolated P giving the sum of the power of

thermal radiation Jr and the heat conduction into the air Jc:

lim
p→0

P = Jr + Jc =


2.9W at 120.0 ◦C

2.2W at 100.0 ◦C

1.4W at 80.0 ◦C

(3.2)

3.2 Free-molecule conduction

A remark is in order about our extrapolating the pressure dependence of the energy

loss of the heater.

The thermal conductivity of air turns into free-molecule one [2], decreasing abruptly

to zero when the pressure is nearly 0. Therefore, the actual p - P curve is different

from Fig.5, making honest extrapolation lim
p→0

P = Jr, the radiation only.

We examine this problem here and prove that we have (3.2) in our extrapolation.

The free-molecule thermal conduction arises when the distance d, over which we

measure the heat conduction, is less than the mean-free path λ of air molecules; this is

the situation when the pressure is sufficiently close to 0. But, how close is sufficient?

The mean-free path λ is given by [2]

λ =
1

4
√
2nσ

(3.3)

where n is the number density of the air molecule and σ is its cross-section.

If we use the equation of state for the ideal gas,

ν

V
=

p

RT
,

for ν moles of molecules in a volume V , exerting pressure p under temperature T with

R being the gas constant, we get for the number density of molecules,

n =
νNA

V
=

pNA

RT
, (3.4)

where NA is the Avogadro number.

Take for example the case of the oxygen molecule. Since its diameter l is

(3.5)l = 3.64× 10−10m
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from its viscosity coefficient, its cross-section is

σO2 = π

(
l

2

)2

= 1.04× 10−19m2 (3.6)

From (3.3), (3.4), (3.6), the mean-free path of the oxygen molecule is

λ =
R

4
√
2NAσO2

× T

p

=
8.3

4
√
2(6.0× 1023)(1.0× 10−19)

× T

p

= 2.45× 10−5 × T

p
(3.7)

since R = 8.3 J K−1mol−1 and NA = 6.02× 1023 mol−1.

If we compare the mean-free path with the distance L between the heater and the

wall of our vessel, we get from

L < λ = 2.45× 10−5 × T

p

the upper limit for the pressure giving rise to the free-molecule thermal conduction,

p < 2.45× 10−5 × T

L
(3.8)

If we put L = 0.1m and T = 300 K, then

p < 7.6× 10−2Pa. (3.9)

This is much smaller than the interval of pressure we measured (see Fig.4.), so that

the extrapolation process we used in §3.1 overlooks the free-molecule heat conduction,

leading to (3.2).

4 Theory of heat conduction

4.1 Heat conduction from surface area of the heater

Now, we proceed to calculate the amount of the energy flowing out of the rectangular

heater into the air by heat conduction.
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4.1.1 The equation of heat conduction and its solution

We assume the thermal conductivity κ of the air in the vessel is constant.

Then, the flow of the heat per unit area and unit time is given by

j(r) = −κ grad t(r)

where t(r) is the temperature at position r and j(r) is the energy flow at r per unit

time through unit area perpendicular to the vector j.

In a stationary state with the heat source distributed over space as Q(r) the con-

servation of heat energy gives

−κ div grad t(r) = Q(r)

In particular, if Q(r) is a point source at r0, then we have

div grad t(r) = −Q

κ
δ(r− r0)

This equation has the same form as the equation for electrostatic potential due to a

point charge Q. Therefore, its solution is

t(r) =
Q

4πκ
× 1

|r− r0|
(4.1)

if we consider the case of infinite space.

As we get away further and further from the point source, the temperature t

approaches 0, so that t must be taken to be the temperature T (r) and the temperature

T0 of the environment:

t = T − T0 (4.2)

We proceed to solve the equation in case of rectangular thermal source, regarding

it as composed with an assembly of point sources. For the source, like our heater, on

the x-y plane occupying the rectangle, −a1 < x < a2, −b1 < y < b2, we sum up the

flow from all the points on the heater, obtaining the temperature T (X,Y, Z) of an

arbitrary point (X,Y, Z),

T (X, Y, Z)− T0 =
Q

4πκ
×

∫ b2

−b1

∫ a2

−a1

1√ dx dy, (4.3)
(X − x)2 + (Y − y)2 + Z2 
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where we place the origin of our coordinate system arbitrarily at

(
a2 − a1

2
,
b2 − b1

2

)
in the heater, the reason for this choice will be clear below. Here we have pulled the

factor Q out of the integral on the tentative assumption that Q is a constant. This

assumption will be justified later.

At the origin, X = 0, Y = 0, Z = 0, (4.3) becomes

T (0, 0, 0)− T0 =
Q

4πκ
×

∫ b2

−b1

∫ a2

−a1

1√
x2 + y2

dx dy (4.4)

The part of the Integral turns out to be

I1 =

∫ b2

−b1

∫ a2

−a1

1√
x2 + y2

dx dy (4.5)

= b2 log

√
a22 + b22 + a2√
a21 + b22 − a1

+ b1 log

√
a22 + b21 + a2√
a21 + b21 − a1

+a2 log

√
a22 + b22 + b2√
a22 + b21 − b1

+ a1 log

√
a21 + b22 + b2√
a21 + b21 − b1

. (4.6)

Let us consider first the case with the origin taken to be at the center of the

rectangle. For the heater in this experiment, we have from Table 1 a1 = a2 = b1/2 =

b2/2 = a = 1.25× 10−2m. Therefore,

I1 = 2a log

√
(2a)2 + a2 + 2a√
(2a)2 + a2 − 2a

+ 4a log

√
(2a)2 + a2 + a√
(2a)2 + a2 − a

= 9.62a

= 1.203× 10−1m. (4.7)

According to the Annual Table of Scientific Constants, the heat conductivity of

the air at T = 120◦C is κ120 = 3.27 × 10−2W/m−1K−1. We use this value for other

temperatures also, remembering this rough approximation by putting the temperature

as subscript to κ. Thus,

T − T0 =
Q

4πκ120

× I1

For T = 120◦C, T0 = 0◦C, we get

Q = 3.41× 102W/m2 (4.8)

4.2 Integrating (4.4) for various origins

When we calculated the integral (4.3), we assumed Q to be a constant and pulled it

out of the integral. To assure the approximation, we move the origin of the coordinate

465

Taiki Takahashi, JAPAN



system to different positions as shown in Fig.6 over the surface of the heater, in place

of taking different positions (X, Y ) for (4.4).

Figure 6: The origins taken on the heater

The results given in Table 3 shows that I1 is almost independent from the positions

of the origin, a result confirming our assumption of Q being a constant.

origin O1 O2 O3

I1 1.20× 10−1 1.15× 10−1 1.13× 10−1

Table 3: value of I1 at various origin

4.3 Calculating heat flow at the surface of the heater

We now calculate the heat flow out of the surface of the heater directly by multiplying

the temperature gradient normal to the surface by the heat conductivity.

For the temperature gradient at the origin placed at

(
a2 − a1

2
,
b2 − b1

2

)
on the

surface of the heater, we have to calculate

I2 = − ∂

∂Z

∫ b2

−b1

∫ a2

−a1

1√
x2 + y2 + Z2

dx dy

=

∫ b2

−b1

dy

[
xZ

(y2 + Z2)
√

x2 + y2 + Z2

]x=a2

x=−a1

(4.9)

and take the limit lim
Z→0

I2.

If we put x = ξZ and y = ηZ, then (4.9) becomes

466

Extracting the energy of thermal radiation from input electric power



I2 =

∫ b2/Z

−b1/Z

dη

[
ξ

(η2 + 1)
√

ξ2 + η2 + 1

]ξ=a2/Z

ξ=−a1/Z

(4.10)

In the limit Z → 0, then a1/Z, a2/Z, b1/Z and b2/Z → ∞.

(η2+1) is much smaller than ξ2 because η is a variable of integration including η = 0,

and

lim
Z→0

I2 =

∫ ∞

−∞
dη

[
1

η2 + 1

ξ√
ξ2 + η2 + 1

]ξ=∞

ξ=−∞

≈
∫ ∞

−∞
dη

[
1

η2 + 1

ξ

|ξ|

]ξ=∞

ξ=−∞

Since
ξ

|ξ|
=

{
1 (ξ > 0)

−1 (ξ < 0)

we have

lim
Z→0

I2 = 2

∫ ∞

−∞

1

η2 + 1
dη = 2

[
tan−1 η

]∞
−∞ = 2π (4.11)

With this result we get

−κ
∂t

∂z
=

Q

4π
× 2π =

Q

2
. (4.12)

This result clarifies the meaning of Q/2 to be the heat flow per unit time from the unit

area of the heater surface into air and shows that it is independent from where we put

the origin to evaluate the integral, proving the truth of our assumption of constancy

of Q.

Therefore, we multiply Q/2 = 1.71W/m2from (4.8) by the surface area, the sum

of the upper and lower faces 1 2.5 × 10−3 m2. and get following values. Similarly we

can calculate the values for 100◦C and 80◦C.

Jc =


1.71× 102 × 2.5× 10−3 = 0.428W (at 120.0◦C κ120 = 3.27× 10−2Wm−1K−1)

1.34× 102 × 2.5× 10−3 = 0.332W (at 100.0◦C κ120 = 3.17× 10−2Wm−1K−1)

0.960× 102 × 2.5× 10−3 = 0.241W (at 80.0◦C κ120 = 3.07× 10−2Wm−1K−1).

(4.13)

1Lateral areas of the heater is very small, so we estimate only both surfaces, neglecting small side
surfaces.
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5 The energy of radiation from the heater

We have separated the pressure dependent part of P , isolating Jr + Jc, from which we

subtract Jc calculated theoretically, obtaining the radiation part Jr, or its value per

unit area of the heater, Jr/S = jr we are interested in.

The results are given in Table 4.

T Jr + Jc Jc Jr/S
120.0 2.9 0.428 9.0× 102

100.0 2.2 0.332 6.9× 102

80.0 1.4 0.241 4.6× 102

Table 4: The radiation from the heater. T is the temperature of the heater in unit of
◦C, J ′s are the energy flow per unit time in unit of W.

Using these values, we draw the Fig.7. The ordinate is the energy of radiation of

the heater per unit area per unit time jr = Jr/S with the area S of the heater, and

the abscissa is T 4 − T 4
0 .

Figure 7: radiation of the heater and black body

The results shows the radiation from our heater is almost the same as that of the

black body. This does not contradict anything, in contrast with the puzzling problem

we started our investigation with.

6 Future task

We have much work to do.
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It is remarkable that the thermal radiation from the heater, having a white and

smooth surface, appears to follow the Stefan-Boltzmann’s law violating the monopoly

of the black body. But, we should have more measurements to make sure of the

relationship between jr and T 4 − T 4
0 . On the theoretical side, we must treat the

temperature-variation of the thermal conductivity of the air more carefully.

We have found a method to extract the energy the heater emits as thermal radi-

ation from the total energy supplied to the heater. We must make it surer by more

experiments.

This method is not quite free from problems. We assumed that the extrapolation

to the zero pressure of the energy loss separates the heat conduction and radiation.

But, the pressure-dependent part and some portion of the pressure-independent part

may have a common cause.

We would like to study what the pressure dependent energy loss is. Is it caused by

air convection or not ? And also it is a task to establish our theory of heat conduction

with highly accurate measurement.
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1. Introduction
One of the problems arising from industrialization, unplanned urbanisation and development 

of modern technology is noise pollution. Noise pollution is caused by unnecessary sounds 

arising in the environment. Although human beings physically adapt many conditions, they can 

not adapt noise. Sound pollution has many physical and psychological negative effects on 

human health. Noise pollution can create temporary and permanent effects on auditory system. 

Persons exposing to noise over a certain limit get angry, irritated and distressed. Sudden noise 

leads to deterioration in heartbeat, blood pressure, breathing and metabolism rate. As a result 

of this, situations such as insomnia, migraine, ulcer and heart attack may arise. Effect of noise 

is higher at planes, vehicles and places open to traffic. Minimising noise pollution at residences, 

workplaces, educational institutions and hospitals is significant to human health. Therefore, 

design of noise-minimising systems maintains its significance.   

1.1 Properties of Sound 
Sound is a periodical pressure change which can be detected by living creatures. It arises from 

oscillation of molecules in a medium and carries energy. Sound is a longitidunal wave. Velocity 

of sound does not depend on its frequency or intensity. Velocity of sound only depends on the 

medium which it propagates. [1]  

The speed of sound increases as the particles come closer. Thus, velocity of sound decreases 

from solid to liquid and gas respectively. Sound waves propogate as longitudinal waves may 

propogate as transverse waves in solids. [1, 2] 

Like light and all the other waves, sound waves also have the properties of reflection, refraction, 

diffraction and interference. Sound waves reflect from the surface by angle of incidence. 

Therefore, sound waves can be focused by being reflected from spherical surfaces as light. 

Reflection property of sound can create acoustic problems in concert and meeting halls. These 

are tried to be solved by covering reflective surfaces with noise insulation  materials. [3]  

Reflection of sound Acoustic of room 
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Sound waves refract by entering a different medium. The magnitude and direction of sound 

waves change when they pass to a different medium. When sound waves pass through an 

obstacle or a gap, boundaries of that obstacle act like a secondary sound source. This is called 

as diffraction. Sound can be heart at the corners due to this characteristic.  

Moreover, sound waves lead to constructive and destructive effects when they overlap. They 

can strengthen or weaken each other. Acoustic of a hall can be arranged by using this property 

of interference. [3] 

Sound waves are characterized by velocity, pressure and intensity. A method of determining 

intensity of the sound wave is to examine the change created in atmospheric pressure by the 

wave. As human ear is very sensitive, it can feel even a pressure shift of one in billion in the 

atmosphere. An average human ear is sensitive to frequencies between 20 Hz and 20 kHz. The 

frequency range that can be heart by every living creature is different. [4] 

Sound intensity is the sound 

power per unit area and its SI unit 

is Watt/m2. The appliances 

measuring sound intensity are 

defined according to IO, threshold 

hearing intensity. Sound intensity 

is generally described in decibel 

(dB). The lowest sound intensity 

which can be heart under ideal 

conditions is 0dB. On the other 

hand, the sound intensity of 

120dB is the pain threshold and 

may harm the human ear.  

Standard hearing threshold sound pressure can be expressed as following: 

𝑃0  = 2 ∙ 10−5 𝑁𝑚−2
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P in the equation can be used as amplitude of the pressure wave. Intensity/energy ratio of the 

wave is directly proportional to the square of its amplitude. [5] 10dB and 30dB changes in 

sound intensity correspond to increase by 10 times and change by 1000 times respectively. The 

change is not linear but logarithmic. [6] 

1.2 Displacement of Sound Waves in Resonator 
Resonance frequencies of air channels depend on length and geometric structure of air column 

in addition to velocity of sound in the air. 

These longitudinal pressure waves 

reflecting from closed or open ends form 

the standing waves. It is significant to 

correctly show anti-nodal and nodal points 

of pressure and location changes of air 

columns. [23] Standing waves arising in 

open and closed ended cylindrical vessels 

are different from each other. As air inlet and outlet are opened to atmosphere in pipes of which 

both end are open like flute, pressure at the open end is close to atmospheric pressure. 

Sound wave, like reflecting from a movable end, reflects without any phase difference. As 

internal pressure is approximately equal to external pressure, these areas are within the range 

of atmospheric pressure. A nodal point for displacement corresponds to anti-nodal point for 

pressure. [8] 

The image below shows displacement and pressure changes of the air column at open and 

closed ends. Pressure is maximum at the location where air column is pressed. [8] 

1.3 Helmholtz Resonator 
Another medium through which sound propogates is Helmholtz resonators. Helmholtz 

resonators are open-ended short-neck spherical or cylindrical vessels. Air in the neck behaves 

like a mass and air in the vessel behaves like a spring. When air column in the neck region is 

pushed inside by a pressure difference, it compresses the air inside the vessel. Compressed air 

flows out of the neck and returns back to equilibrium position. The expansion of the inner air 

pulls the outside air column towards inside. In this case, air starts to vibrate like the mass at the 

end of a spring. Resonance frequency depends on velocity of sound in the air, length of neck 

part, cross-sectional area of the entire region and volume of the vessel. While long-neck and 

high volume vessels produce low-frequency sound waves, necks with large cross-sectional 

Image 2: Displacement and pressure changes in air column

Image 1: Displacement in open-ended container
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areas produce high-frequency sound waves. [13] 

1.4 Sound Insulation 
Sound insulation materials are products regulating reflection time of sound waves in a closed 

system and transforming sound energy to mechanical and thermal energy by its resistance.  

Although sound insulation is usually interpreted as the separation of sound and protected 

medium, it is not possible to avoid sound completely. However, intensity of sound and 

undesired sound waves like echo are tried to be brought to desired levels. [18] 

Energy of sound waves are absorbed or reflected by boundary walls and items in the room. 

Appropriate sound absorption allows sound in the room to be perceived better. Sound 

absorption is to minimize penetration of sound coming to a surface to the backside without 

echo. The purpose is to reduce penetration of sound to the backside without increasing the noise 

at the front side. [21] On the other hand, noise insulation is to prevent penetration of a coming 

sound into back of the surface. In other words, the purpose of noise insulation is to minimize 

penetration of sound on a surface. [21] 

The materials absorbing echo in a 

room are generally soft, light and 

fluffy. These materials are used to 

decrease echo by softening the 

surface. [22] 

The products blocking sound are 

heavy, intense or placed so as to 

divide the surface. Noise 

permeability is reduced by the use of 

such a configuration. [21] Some of 

the methods used for noise insulation 

can be summarized as increasing the 

distance between sound source and 

receiver, using noise barriers to 

reflect or absorb the sound waves 

and using absorbers like sound 

baffles. 

Sound absorbing is to prevent 

reflection of incoming sound waves. 

Image 3: Helmholtz Resonator Figure 1: Helmholtz Resonator
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When the sound wave collides with the acoustic material, it vibrates fibres of the absorbing 

material. This oscillation creates little heat and sound is absorbed by transforming this energy 

into heat. The more fibrous the structure is; the better the noise is absorbed and the more intense 

the structure is; the less noise is absorbed.  

Surface geometry is as significant as the absorption capacity of the material for noise insulation. 

Materials which are capable of absorbing sound waves are made from polymer group chemicals 

and they can be easily shaped. These products are known as acoustic sponge and they have 

different surface shapes such as egg, pyramid and labyrinth. 

The materials’ capability of absorbing sound waves depends on surface geometry. [10] While 

more insulation is obtained via porous surfaces, the threaded surfaces are more acoustic. The 

factors that determine acoustic performance of a material are the number and area of the holes 

as well as the depth and thickness of thethreads.[18] 

Micro-hole surfaces are those reducing intensity of sound by 

absorbing it. These surfaces are formed by making small holes 

on a thin plate made of different materials. These plates are the 

alternatives to other sound absorbers with their porous 

textures. MPP's thickness is generally around 0.5 and 5mm. 

Holes generally cover 0.5% / 2% of the total area and their 

diameters are lower than 1mm. Energy of the air molecules 

oscillating in the absorber turns into heat due to friction. 

Conventional sound absorbers are porous surfaces such as 

glass wool, plastic and polyester. It is not appropriate to use 

these materials on hard surfaces as machine components. The disadvantages of these materials 

are the risk of burning, the lifetime and environmental pollution they create. They are popular 

because they donot have porous surfaces. Micro-hole (perforated) metal panels of 1-to-10mm 

are formed by sound absorbing cages and the big holes are used to transmit the sound to an 

absorbing surface. [12]  
Another system especially used for motor vehicles in noise insulation is mufflers. In the motors 

for which a muffler is used, noise level is reduced by nearly 10dB. There are holes placed 

perodically inside the mufflers. These holes are placed so as to ensure sound reflection and 

absorption by blocking each other. Mufflers are installed into the exhaust systems of the 

combustion machines but they do not have any function other than noise insulation. Mufflers 

are noise insulators aiming to reduce the noise and sound pressure generated by the machine 

via acoustic silencing. [24] 

 A: Large-scaled perforated cylinder to ensure noise 

insulation. 

B: Stainless steel wire, resistant to high 

temperatures, ensuring extra noise insulation and 

preventing explosion. 

C: High-temperature resistant insulating material to 

ensure maximum noise insulation. 

D: Welding to prevent vibration and ensure that parts 

fit well with each other. 

E: Aluminated stainless steel coating to ensure long-

term endurance. 
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1.5 Design of Air Permeable Noise Filtering Panel 
Generally, solid materials are used to prevent ambient noise. It is even known that obstacles 

with more solidness trnasmits sound less than the other materials. On the other hand, use of 

panels with perforated front surface has also increased as it has been observed that sound 

permeability losses of such panels are better. [30] It has been observed in the recent years that 

perforated panels have also blocked sound at ultrasonic frequencies. [31] However, scientific 

studies on structures based on acoustic metamaterial to reduce intensity of noise within our 

hearing limits in our daily lives started but these systems have not been commercialised yet. 

Moreover, suggested structures have air transparent designs. Sang-Hoon et al. [20] have 

suggested design of a window which is air-permeable but soundproof. 

It is possible, by this system, to produce soundproof but air 

permeable mediums by using acoustic metamaterial mediums. 

Therefore, noisy machines are both cooled and their noise levels are 

reduced. In addition, such panels can also be used as window in the 

residences. 

Electromagnetic waves are transverse waves and do not need a 

medium to propagate. On the other hand, sound waves are 

longitudinal waves and cannot propagate without medium. Sound 

is buried into the medium by pressure. Thus, it is not surprising that 

medium and sound are inseparable. If sound and medium can be separated, it will be impossible 

for us to hear the sound as it cannot propagate without medium. However, the reason why we 

still feel the medium or air pressure is that the medium can propagate without sound. The idea 

of negative refraction in electromagnetic waves was suggested by Vesaloga in 1968 [1] and 

this idea has recently been proved by metamaterials. [2] The medium suggested by Vesaloga 

is an isotropic medium with homogenous negative index of 

refraction and created artificially. This physical phenomenon 

observed for electromagnetic wave lead to development of a 

similar property by acoustic metamaterials. Both dielectric 

structures and structures with negative permeability are 

metamaterials with double negativity. Metamaterials are artificial 

structures with dynamic properties not found in the nature. As 

light and sound have many common wave characteristics, it was 

thought that materials with acoustic double negativity could also 

be designed for sound waves. As acoustic mediums with negative 

bulk modulus has not existed until very recently, double negative structure could not be 

produced. In the recent years, this problem has been solved by the use of very thin membrane 

as acoustic medium. [34] However, differences between geometric symmetries of both systems 

lead to appearance of problems in the structure. Double negativity with composite systems, in 

other words with a single resonance structure, has only been submitted theoretically and 

experimentally in the studies conducted in the recent years in limited numbers. [34, 36] It can 

be ensured by monitoring the reaction to electromagnetic wave by the metamaterials that 

periodically installed Helmholtz resonators shall also respond similarly.  
Negative parameters are at the centre of the metamaterial researches. Regarding acoustic, bulk 

modulus and mass are the two opposites characterizing mechanical properties of a medium. By 

creating damped wave via negative effect, noise insulation can be ensured. Resonance is the 

keyword to create effective negative effect in acoustic metamaterials. 

Movement of the longitudinal wave in air channel is affected by input-output of the air entering 

the channel. Bulk modulus of the medium can be turned to negative by using the Helmholtz 

resonator. Bandwidth can be modified by changing the number of resonators. Changing 

number of bands leads to change in impedance. [32, 33] 
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1.6 Theory 
First requirement for manufacturing a noiseproof but air permeable panel is strong diffraction 

and the second requirement is the Helmholtz resonator. Diffusion of wave inside the resonator 

is ensured thanks to strong diffraction. According to Huygens diffraction principle, each point 

of a wave front acts like a secondary wave source by functioning like a point source and these 

secondary waves propagate in all directions. However, conventional bottle-type Helmholtz 

resonator is not appropriate for occurrence of such phenomenon. Thus, we benefited from the 

diffraction resonator design of S.H. K. et al. [20] within the scope of this project. This is a panel 

separating medium and sound. By the air channel in the centre of this resonator, diffraction 

effect is maximized. If wavelength of the incoming wave is much bigger than the size of air 

channel’s diameter, more diffraction will be observed. 

 Diameter of the air channel should be much lower than wavelength of the applied sound wave 

in order for occurrence of strong diffraction. Thus, upper limit of the soundproof frequency is 

restricted to the requirement of diffraction.  

Dff  (4) 

fD is the critical frequency for strong diffraction. Strong diffraction is not observed in 

frequencies bigger than this frequency. 

The second requirement for sound-medium separation is the negative bulk modulus of sound 

separating resonators. Negative bulk modulus for resonators absorb the acoustic wave. 

Effective bulk modulus is expressed as following: 
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In this expression; 0 is angular resonance frequency,  is damping parameter and F is 

geometric factor. Dependence of effective bulk modulus on frequency has been indicated in 

Figure 2. Negative area of real section is stop band of the wave and F determines the width of 

this band. [32, 33] Intensity of the wave is damped within this frequency region. The frequency 

region in which soundproofness is ensured depends on extent of F by the following equation: 

00 1 fFff  (6) 

Resonance of the waves piled in the resonator reacts to the pressure applied in some special 

frequency values. This principle bases on the same principle as muffler systems of the motor 

vehicles. During this process, amplitude of the sound wave is exponentially absorbed in the 

advancement direction by virtual velocity or virtual wave vector. 

Figure 2: Dependence of ingot modulus on frequency in the vicinity of resonance area. The part 

indicated by arrow is the section where real part of the frequency is negative. 
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Both 5 and 6 requirements should be satisfied together for the soundproof panel (Figure 3). 

Smaller-diameter air channel and lower resonance frequency enables a larger range for 

soundproofness. Larger-scale air channel enables air to pass through the medium but decreases 

the critical frequency. Smaller volume or inlet area corresponds to lower resonance frequency. 

Minimum air channel length for soundproofness is calculated by using the virtual wave vector: 

 /||2 xnikx eek  (8) 

In this expression, |n| is refractive index of the resonator and its value is approximately one. 

The x length for which amplitude will decrease to the value of 1/e is x = /2π. Due to 

background noise level, it is not necessary for the air channel to be very long. Air channel 

length of the panel was determined to be 40mm for this reason. 

In line with the conducted researches, a panel which becomes air permeable but soundproof 

within a certain frequency range was designed by benefiting from Helmholtz and muffler 

principle. The most efficient soundproofness requirements were determined in order to ensure 

maximum airflow in the system. The resonator structure used within the scope of this project 

is different from conventional Helmholtz resonator. In this structure, there are air channels in 

the middle sections of the periodically aligned resonators. Dimensions of the resonator cell are 

150mm x 150mm x 40mm. Each cell is connected to each other and they form a steady index. 

My aim is to research what kind of effects do different resonance cell panels have on sound 

permeability without affecting air permeability. 

Figure2: Blue and yellow sections are the frequency areas where diffraction and negative modulus exist 

respectively. The green section where both collided is the frequency area where soundproofness is 

ensured.
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2. Method
Experiment was conducted in three stages for design of air permeable but soundproof panel. 

1. Design of testing room

2. Panel design

3. Collecting data with different panels and panel combinations

2.1 Design of Testing Room 
Professional sound testing rooms are used to examine the sound transfer losses. These are large 

rooms and satisfy ISO and ASTM E 90:2004 testing standards.  This testing equipment is called 

''mini cell'' and two sequential rooms are separated from each other by a gap. The system by 

which sound permeability loss or gain will be detected will be placed to this gap. The size of 

partitions where the noise source and receiver are located is approximately 0.25m3. The noise 

is given by a loudspeaker in the section where the noise source is located and intensity of noise 

depending on frequency is recorded by a wi-fi microphone situated in the same medium. A 

microphone is used again to measure intensity change in the sound passing through, in other 

words change in sound pressure. Internal part of the room may be covered by a not reflective 

but irregular internal coating to prevent formation of standing waves. The details on 

construction of the test room are given in Appendix 2. 

Design of testing room 

Form of placement of insulation 

materials 
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2.2 Panel Design 
Dimensions of the panel are 150mm x 150mm x 40mm and it consists of cells with air channels 

in the middle. Cells have one, two, four or eight resonators. Diameter of air channels is 32mm. 

The panel consists of 9 cells (dimensions of 150mm x 150mm x 40mm) placed periodically 

and glued with chloroform. Panels are made of transparent PVC material of 5mm thickness. 

Dimensions of the panels, resonators and cells used in the test are as following:  

Panel 1: 1-Cell Panel 

Width: 15 cm 

Length: 15 cm 

Height: 4  

Cylinder diameter: 3.2 cm 

Volume of each cell: 

900 − 4𝜋(1.6)2

1
= 867.8 𝑐𝑚3

Panel 2: 2-Cell Panel 

Width: 15 cm 

Length: 15 cm 

Height: 4 cm 

Cylinder diameter: 3.2 cm 

Volume of each cell: 

900 − 4𝜋(1.6)2

2
= 433.9 𝑐𝑚3

Panel 3: 4-Cell Panel 

Width: 15 cm 

Length: 15 cm 

Height: 4 cm

Cylinder diameter: 3.2 cm 

Volume of each cell: 

900 − 4𝜋(1.6)2

4
= 216.9 𝑐𝑚3

Panel 4: 8-Cell Panel 

Width: 15 cm 

Length: 15 cm 

Height: 4 cm

Cylinder diameter: 3.2 cm 

Volume of each cell: 

900 − 4𝜋(1.6)2

8
= 108.5 𝑐𝑚3
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2.3 Collecting data by Different Panel Combinations 
After the test chamber is placed into the sound system, measurements were taken with different 

variations by using styropor and Plexiglass panels. Firstly, measurements were taken by panels 

with 1, 2, 4 and 8 cells and 4cm thickness. Then, single cell panel of 8cm thickness was tried. 

After testing the 2+4-cell combination and 1+4-cell combination, measurements were taken by 

2-cell panel + 9mm gap + 4-cell panel combination. Measurements were repeated by installing

spirals into the single cell 4cm and 8cm panels. Finally, the measurements were completed by

testing the spherical shaped panel.

Panel 5: 1-Cell 8 cm Panel 

Width: 15 cm 

Length: 15 cm 

Height: 8 cm 

Cylinder diameter: 3.2 cm 

Volume of each cell: 

1800 − 8𝜋(1.6)2

1
= 1735.7 𝑐𝑚3

Panel 6: Parabolic 

Width: 15 cm 

Length: 15 cm 

Height: 8 cm 

Cylinder diameter: 3.2 cm 

Volume of each cell: 

1800 − [[
𝜋(3.3)2

3
(3 ∙ 4 − 3.3)] + 𝜋(1.6)2 ∙ 4.7]

1
= 1669 𝑐𝑚3

Final shape of the panels
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3. Results

3.1 Calculations
Resonance frequencies of the panel used in the tests were obtained by using the equation below: 

𝑓0 =
𝑣

2𝜋
√

𝑆𝐻

𝑙𝑒𝑉𝐻
 (1) 

The ''H'' sub-index in the first part of this equation defines the extent for the Helmholtz 

resonator. SH and VH are area of neck section of the Helmholtz resonator and volume of 

resonator respectively. S and V are surface area of the cylindrical air channels of the diffraction 

resonator used in this project and resonator volume (150mm x 150mm x 40mm) and 𝑉𝐻 = 𝑉 𝑁⁄
and 𝑆 = 𝜋𝐷𝑡/𝛮 ≅  𝜋𝑟𝑒

2. 𝐷, 𝑡 and 𝑁 are the diameter of the air channel, length of the air

channel and number of resonators in the cell respectively.𝑙𝑒 is the length of neck section of the 

resonator and 𝑙𝑒 = 𝑙 +  0.85𝑟𝑒. 𝑟𝑒 is effective radius of the inlet of the diffraction resonator 

and 𝑟𝑒 = √𝐷𝑡 𝑁⁄ . When structure of the resonator used in the project is taken into

consideration, as l<<re, the following can be deduced:𝑙𝑒 = 𝑙 +  0.85𝑟𝑒 ≈ 0.85𝑟𝑒. In this case, 

resonance frequency of the resonator can be approximately calculated to be as following: 

𝑓0 ≅
𝑣

2𝜋
√

𝜋𝑟𝑒

0.85𝑉
=

𝑣

2𝜋
√𝜋√𝑁𝐷𝑡

0.85𝑉
 (2) 

In fact, this equation was created from the equation of the Helmholtz resonator and modified 

for the diffraction resonator; therefore, it is only an equation which can be used for the 

diffraction resonators in the project. 

The panels with following combinations were used in the tests: single resonator 3x3-cell panel 

made of styropor of which cell dimensions are 150mm x 150mm x 40mm, air channel diameter 

(D) is 47mm and length (t) is 40mm; 3x3 panels made of plexiglas with one, two, four and

eight resonators of which air channel diameter (D) is 32mm and length (t) is 40mm and a 3x3

plexiglas panel with single resonator of which air channel diameter (D) is 32mm and length (t)

is 80mm.

As seen in Equation 2, resonance frequency depends on volume of the resonators and 

dimensions of the air channel. Resonance frequencies, geometric factor and the frequency 

range in which the bulk modulus will take negative values calculated via equation 2 according 

to the geometry of panels used in the tests were given in Table 1. Velocity of sound (v) was 

taken as 343m/s. As seen in Table 1, resonance frequency shifts to higher frequencies as 

diameter of the air channel gets bigger. The fpeak values given in Table 1 is the frequency 

corresponding to the peak point of the frequency band in which change in sound transfer 

depending on frequency is higher. 

While calculating the fpeak values in the Table 1, the operations were conducted by taking the 

values given in the study by Kim et al. [20] into consideration. The detailed calculations 

showing connection between this study and our project can be seen in the Appendix 1. 

F was calculated for the panels with 2 and 4 resonators by benefiting from the results of the 

study. By using calculated F and f0 values in the Equation 3 given in the Appendix 1, fpeak 

values were calculated.  
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All obtained values have been given in Table 1. The frequency limit which can be used by the 

diffraction resonator used within the scope of the project was calculated according to the details 

explained in the Appendix 1. Accordingly, when v = 434m/s and D = 32mm are taken basis, 

frequency limit to observe strong diffraction is obtained as fD = 3572Hz. Therefore, the 

diffraction resonators do not operate in case of f > fD situation. 

Table 1: Calculated sizes of the panels 

 The spectrums, recorded by microphone next to the loudspeaker in the soundproof test 

chamber and receiver microphone, of the noise signal of 10Hz-20kHz range used in the tests 

have been given in Figure 2. Between both signals, intensity difference caused by distance 

difference of microphones is observed. The software ''Pro Tools'' is sound analysis software 

and is used in the sound studios. This software was used for data recording and analysis within 

the frame of the project capabilities. Intensely negative (-) values are recorded in the software 

and shifting of data to larger negative values show existence of sound signal in lower intensity. 

In this analysis software, this is the ratio of input and output signals of 0dB appliance and 

corresponds to maximum sound intensity. 

 Figure 2: The signals recorded by the microphones in noise resource and receiver sections are red line and blue 

line signals. 

Intensity of white noise sound signal between 10-20 kHz ranges was measured by SPL and 

maximum value was detected to correspond to 99dB. The signal obtaining its maximum value 
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around 2188Hz actually corresponds to the value of 99dB measured by SPL. While there is a 

difference of nearly 5dB between both microphones at low frequency values, the difference 

raises to 10dB when frequency exceeds 450Hz. 

In the Figure 3, spectrum of the background noise within the test chamber has been given. The 

background noise measured by SPL in the medium is around 40dB. Microphone positions were 

adjusted in a way background noises of the both microphones would be equal and background 

signal was checked before each measurement.  

Figure 3: Spectrum of background noise in test chamber. Red and blue indicate the sounds recorded from 

transmitter and receiver microphones respectively. 

Change of source noise observed via the SPL was measured from position of the transmitter 

microphone and frequency related change within the range of 70dB-99dB was observed within 

the range of 10Hz – 20 kHz. When a frequency related change occurs in the signal used for 

measurement shall affect the results. In order to neutralize this effect, received data should be 

normalized according to the white noise source curve and background noise. Net intensity 

changes observed in Pro Tools software are identical to the intensity changes observed by SPL. 

Therefore, making a relative comparison is possible by using Pro Tools. However, importing 

data from the software is not possible and the software is restricted to only save spectrum and 

read data via it. Therefore, experimental data will be interpreted from the data imported from 

the software. Therefore, normalisation has not become possible. Comparison of dependence of 

the sound signal passing through panels to White Noise spectrum will be sufficient to provide 

information on performance of the panels, in other words how many dB signals they absorb.  

3.2 Data Analysis 
In the Figure 4, the result obtained from the single cell resonator panel (D = 47mm t = 40mm) 

of which prototype was developed by using styropor. If compared to the spectrum received 

when the panel in Figure 2 does not exist, a maximum sound intensity decrease of 20dB at 

2188Hz (a few dB at low frequencies by styropor panel) was observed. Nonetheless, air 

advances towards the other panel through air channels. While maximum intensity change from 

the receiver microphone in Figure 2 was observed to be 10dB, this loss raised to 20dB by 

raising 10dB in the diffraction resonator made of styropor. 
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Figure 4: Spectrum obtained from the styropor prototype with single cell resonator; spectrums obtained within 

(a) 10-22 kHz range and (b) 214-5400Hz range

Following the preliminary results obtained by the 

prototype, the panels were made with a more rigid 

form from plexiglas materials so as to have cells 

in different numbers and resonator panels of 1, 2, 

4 and 8 cells were placed into the testing chamber 

respectively. Variation in number of resonators in 

the panels change the frequency values to be 

absorbed by the panels as seen in Table 1 and 

leads to expansion in frequency band. 

(a) 

(b)
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Spectrums obtained from diffraction resonators with cells in different numbers have been given 

in Figure 5a, 5b, 5c and 5d. 

Figure 5: Sound transmission spectrums of diffraction panels with different cell numbers; a) 

single cell, b) 2 cells, c) 4 cells and d) 8 cells.  

(a) 

(b) (c) 

(d)
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When Figure 5 and Figure 2 are compared, the frequency areas within which white noise signal 

increases (688 Hz < f < 4720 Hz) and sound transmission losses by plexiglas diffraction panels 

within the ranges of 4720 < f <5000Hz are observed. This loss is expected at the frequency 

band of 662-1158Hz for the single cell resonator as specified in Table 1. However, change of 

white noise source intensity depending on frequency prevents clear detection of the frequency 

band.  

However, when compared to the Figure 2, a change in sound intensity was observed within the 

range of 17dB-22dB as theoretically obtained for the single cell panel within the range of 

688Hz – 1013Hz. Moreover, a noise loss reaching up to 23dB which was caused by the panel 

was observed within the high frequency area (3200 < f < 5400Hz). 

When Figure 5b and Figure 2 are compared, sound intensity decreased by 18-26dB for 2-cell 

diffraction panel. The result observed for a lower frequency range is equal to the situation when 

there is no panel. 

2-cell resonator functions as a filter operating within a frequency band of 1100-3200Hz. This

frequency range (stop band) is larger than theoretically expected range of 787- 2392Hz (Table

1).

There is a frequency band within a small frequency range of 1010-1500Hz in the spectrum 

obtained from 4-cell diffraction panel shown in Figure 5c. The loss amount within this range 

is around 25dB. Even though a frequency band was theoretically expected to be observed at 

956-5434Hz, performance of the diffraction panels rapidly decreases at frequencies of

approximately fD > 3572Hz which is the strong diffraction limit.

Spectrum for 8-cell diffraction panel was shown in Figure 5. In this design, cell geometry is

triangular and a very similar spectrum as 4-cell model was observed although a much higher

frequency band compared to those observed in other cells was expected to be observed. This

may be because diffraction of the frequency band is nearer to the observation boundaries of

diffraction.

As cells in different numbers mean existence of filtering within different frequency bands, 

panels were placed into the testing chamber in 2-cell + 4-cell and 1-cell + 4-cell order 

respectively and renewed by measurement. As seen in spectrums given in Figure 6a and 6b, a 

sound transmission loss of approximately 19dB was obtained within the range of 1100-1716Hz 

for 2-cell + 4-cell situation and within the range of 612-1132 Hz for 1 + 4 cell situation. Sound 

transmission losses of 20-to-25dB were caused by the panel at higher frequencies. Frequency 

bands occupy a lower frequency band at 1+4 compared to 2+4 because frequency band of the 

single cell diffraction resonator begins from lower values. Frequency bands form a filtering 

area by unification of frequency range of each cell. Therefore, the frequencies to be filtered 

may be altered by combination of number of cells and different cells. 
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In figure 7, a gap of 9mm was left between the two panels in an order 2 cells + 9mm gap + 4 

cells. The target is to absorb more sound. This is because the sound filtered through the two-

cell diffraction panel will reach to air medium with a lower intensity and then be absorbed more 

by entering the resonator of different cell number (four-cell). When spectrum obtained from 

Figure 7 is compared to Figure 6a, absorbed frequency area increased up to 2168Hz. 

Figure 6: (a) 2-cell + 4-cell 

Figure 6: (b) Spectrums obtained from 1-cell + 4-cell panels 
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In order to examine air channel length related change in the sound waves, which cannot 

advance in the medium due to negative ingot modulus and damp through the advancement, the 

single cell diffraction resonator with air channel length of 80mm (D = 32mm) was designed. 

The spectrum obtained from this panel was given in Figure 8. 

When Figure 8 and Figure 5a is compared, it is seen that the diffraction panel provides decrease 

in sound intensity by 17-21dB within the range of 1344- 2188Hz by extension of the air 

channel. Therefore, it is clear that a longer air channel is required for absorption of the waves 

advancing within this frequency area in a single cell panel with a channel length of 40mm. 

Figure 7: Spectrum obtained when a 9mm air gap exists between two and four-cell resonators 

Figure 8: spectrum obtained from the single cell diffraction panel (t = 80 mm) 
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Plastic spiral hoses were placed into the air channels to examine effect of air channel length. 

Thus, it was targeted that the sound wave would make more way while advancing in the 

medium and deceleration capacity of sound in the frequency area where the ingot modulus took 

negative values could also be examined. The sound spectrums obtained from single cell 

diffraction panels with 80 and 40mm channel lengths have been given in Figure 9a and 9b 

respectively. It was observed that sound transmission loss in the entire spectrum area could be 

increased a bit more in case it was spiral but the frequency band in Figure 8 shifted to higher 

frequencies in Figure 9a and it was narrower. The spiral used in this channel can lead to 

dispersion in wavelengths comparable to spiral ranges and modify the frequency area where 

metamaterial properties will be observed.  

Figure 9: Spectrum obtained from the spiral single cell diffraction resonators with a) channel length of 

80mm (b) channel length of 40mm. 

(a) 

(b)
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When Figure 5a was compared to Figure 8 and Figure 9b, it was observed that a frequency 

band arose within the range of 1013- 1600Hz and the loss in this area was higher compared to 

single cell resonators of 40mm by placement of spiral into the 40mm channel. However, when 

characteristic of 40mm spiral is compared to the channel length of 80mm, frequency band of 

resonator with 80mm channel length is larger. In terms of loss, 40mm with spiral is superior to 

80mm without it. In this case, extending the way of sound caused more absorption of the wave 

in advancement direction and contributed in appearance of a net frequency band compared to 

the 40mm resonator without spiral. Spectrum of the sound passing through the single cell panel 

with global air channel inlet which was designed to increase the sound wave entering the air 

channel and thus the pressure difference to be created and examine the shift effect in sound 

transmission by collecting the sound waves in the chamber, where noise source exists, via a 

global surface air channel has been given in Figure 10. When Figure 10 and Figure 8 are 

compared, it is seen that the sound passing through the panel with global design is absorbed 

less and the frequency band observed in the air channel of 80mm length does not exist in Figure 

8. This may be because design of a longer air channel is required to absorb the sound waves of

such intensity as length of the air channel decreased to 49cm by placement of the spherical part

into the air channel although resonator length is 80mm and incoming sound intensity focuses

on the inlet of the air channel. Moreover, as the diameter in the geometry of air channel inlet

has increased, it will be misleading to compare the resonance frequency and frequency band

values to the panels given in Figure 5a and Figure 8. However, an approximate loss of 20dB

was obtained by global inlet design within the frequency range in which white noise is intense.

The panel was located reversely in the testing chamber in order to examine effects of exposure 

of the wave, which is not absorbed while going out, to gradual pressure change as spherical 

design is located at the outlet of the air channel. Thus, it was ensured that there would be 

straight inlet at the side of noise source and a part with global geometry in the chamber where 

the receiver is located. However, a result similar to the one shown in Figure 10 was also 

obtained in this design. 

Figure 10: Spectrum obtained from the single cell panel with a global inlet and length of 80mm 

491

Sound insulation panel design with selective frequency and airflow



Waves advancing in reverse direction circulate in the air channels with frequency areas where 

metamaterial properties are observed and the sound wave is trapped in the air channel and 

passage to other side is also prevented. The wave advancing within these frequency values are 

exponentially absorbed. It was theoretically observed in the pressure change calculations made 

by Kim et al. [20] that the waves coming to resonator at the frequency values at which 

metamaterial property is observed created back pressure towards to noise source. When 

spectrum of the white noise source indicated in red in the spectrums shown above is compared 

to the white noise spectrum obtained without the panel in Figure 4, difference caused by 

structure of the diffraction panel draws attention. While the panels decrease the noise level 

penetrating outside, the noise increases inside depending on cell number in the resonator due 

to the wave coming towards inside through the air channels and the wave advancing in the 

reverse direction. In addition, this proves that the sound wave advances towards back or noise 

resource in other words. For instance, while the sound level read from the microphone at the 

noise level side is -18dB at 2118Hz, it raised up to -14dB and -10dB for the single cell panel 

and two-cell panel respectively. As the panel number increased, the sound level increased up 

to -5dB for example in 1 cell + 4 cell situation. 

While the sound level of microphone at the noise source side was read as 99dB in another 

measurement performed via the SPL device, it was read as 108dB inside the channel of 80mm 

and a difference of 25dB arose outside the panel and all these findings indicate that the sound 

wave was trapped inside the air channel. 

4. Conclusion
The results of our experience can be summarized as following: 

1. Change in resonator number leads to frequency values filtered by the panels and

bandwidth. As number of resonator increases, frequency band range increases

exponentially.

2. When resonator volume is reduced, higher frequency sounds are absorbed.

3. When panels with different cells are integrated, a new filtering area arises by unification

of frequency range of each cell.

4. The gap to be left between the panels leads to higher absorption up to a certain level.

Determination of range values is subject to a new study.

5. It has been seen that loss in sound transmission decreases more and frequency band

range becomes narrower on the panels on which spiral is installed

Basing on these data, it is possible to ensure sound insulation without preventing air 

permeability. For this, a geometric design to reveal an efficient negative bulk modulus by 

ensuring a strong diffraction is required. In my project, panels satisfying this condition without 

preventing air permeability and decreasing sound intensity within certain frequency areas have 

been designed. It was observed that panels with resonators in different numbers decreased the 

sound intensity by at least 25dB in the high frequency area disturbing our ears depending on 

their geometries. A decrease of 15-to-20dB was obtained with even the styropor panel used in 

prototype development. It was observed that the areas where sound intensity decreased 

depended on resonator dimensions and geometry and dimensions of the air channel. Thanks to 

this system, undesired sound can be filtered from the medium by adjusting the appropriate 

geometric figure. If we are in environment including sounds at high and low frequencies, we 

can hear the sound we desire by filtering the sounds disturbing us. These panels can both enable 

the motor to let air in and prevent engine noise from circulating outside to a great extent by 

being installed to a side of the noise creating motor equipment. In all kind of motor equipment, 
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frequencies at which motors generate noise can be blocked by design of appropriate panel. The 

problem can be solved by designing panels appropriate for the frequency level wished to be 

absorbed in the regions with high traffic noise levels, residential systems near to airports and 

around the factory machines creating high level of noise. Our quality of live can be improved 

by forming the low frequency area which these panels allow propagation from sounds which 

will not disturb our ear. Thanks to these systems which will ensure minimization of the noise 

pollution without disturbing air permeability, healthier environments can be created by forming 

sound-selective mediums.     

5. Further Suggestions
While obtaining experimental results, dependence of noise source intensity on frequency 

should be as low as possible. If such a measuring assembly will be used, its output should be 

linear at the studied frequency level. If both conditions cannot be satisfied, sound analysis 

software by which the data can be imported in appropriate format should definitely be used for 

normalization of the obtained signal.  

Another option is to perform measurements in professional rooms for measurement of sound 

transmission loss. However, even the results obtained by using the existing capabilities showed 

that a sound loss of at least 20-25dB could be obtained by using resonators with different 

geometries and sound filtering could be ensured at special frequency values at which the 

medium acts as metamaterial, in other words, has a negative ingot modulus. Even by using a 

cheap material like styropor as diffraction resonator material, a sound transmission loss of 15-

20dB can be observed. The formula used to determine at which frequency level sound 

transmission loss is observed at the greatest level and derived for Helmholtz resonator should 

be modified depending on the structure of the resonator used because calculated values and 

experimental results do not match completely. It can be ensured by taking care of the structure 

of the resonators with the geometry used in the experimental system and simulating 

advancement of the sound wave in this medium via a simulation program that designs which 

weaken the sound transmission in the desired area but does not prevent air permeability will be 

developed with a greater certainty. 
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27 

7. Appendices

Appendix 1: 
In Figure 1, sound transmission loss - frequency changes, obtained from the measurements 

performed by Kim et al. [20] in line with the ISO 10140:2010 and ASTM E 90:2004 testing 

standards within a 5m3 volume sound cell of the sound-insulating panels manufactured by 

using air channels of 20mm and 50mm diameters, were indicated. An 85dB noise resource 

within 400-5000Hz range was used in these measurements. 

In the figure, spectrum of sound transmission losses of the A1, A2 and A3 panels with air 

channels of 20mm diameter and resonators in different numbers (A1 single, A2 two, A3 four) 

as well as the B1 and B2 panels with air channels of 20mm diameter and resonators in different 

numbers (B1 single, B2 two) were specified. The frequency areas at which losses increase 

within certain frequency ranges correspond to the frequency band at which ingot modulus of 

the resonators are negative (stop band). In these loss curves, maximum loss values in each band 

correspond to the value called fpeak. By using the experimentally determined fpeak and resonance 

frequency (f0) calculated from the equation 2, the geometric factor (F) can be determined via 

the formula below by considering each frequency band as symmetric: 

√1 + 𝐹 =
2𝑓𝑝𝑒𝑎𝑘

𝑓0
− 1 (3) 

Kim et al. [20] calculated the geometric factor values as  F = 3.3 ve F = 1.2 for single resonator 

panels with diameters of 20mm and 50mm respectively by using the spectrum given in Figure 

1 and equation in Figure 2. Moreover, they approximately determined the result of 𝐹 ∝ 𝑁2.

By benefiting from these findings, F was considered to be 1.2 for an air channel of 47mm 

Figure 1: Sound transmission loss of panels with air channels of 20mm and 50mm diameters in a sound-

insulating room [20] 
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diameter and it was considered to be 2.06 per single resonator for an air channel of 32mm 

diameter deducing from the findings of Kim et al. F was calculated for panels of 2 and 4 

resonators by benefiting from the relation of 𝐹 ∝ 𝑁2. 

By using the calculated F and F0 values in the Equation 3, fpeak values were obtained. On the 

other hand, the frequency band (stop band) at which effects of the negative ingot modulus will 

be seen or in other words ambient transmission of the wave will be banned has been calculated 

from the relation below:  
00 1 fFff  (6) 

All obtained values were given in Table 1. The frequency range within which the diffraction 

resonator utilized within the scope of the project can be used has been stated to be 𝑓𝐷 ≅ 𝑣 3𝐷⁄
by using the Bessel functions enabling calculation of diffraction intensity of the global waves 

in a cylindrical wave guide. Accordingly, when velocity and diameter are considered to be 

434𝑚/𝑠 and 32𝑚𝑚 respectively, limit frequency value for observation of strong diffraction 

is obtained as 𝑓𝐷  =  3572𝐻𝑧. Therefore, diffraction resonators do not function at the 

frequency where the situation of 𝑓 >  𝑓𝐷 is seen. 
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Appendix 2 

Design of Testing Room: 

Equipment used: 6 wool rock panels of 3mm thickness, 6 rigid styropor panels of 2cm 

thickness, 7 acoustic sponges of 3cm thickness, 8 mastics, 4 packs of silicone, 1 pack of hot 

silicone, 6 woods (poplar), 40 iron screws of 4cm, 8 t-corner fixers, 1 pack of high-power band 

and 1 weather strip. 

In the project, a sound-insulated chamber of two rooms which we designed to measure the 

change in sound permeability was used. Width, height and length of the testing chamber are 60 

cm, 60 cm and 120 cm respectively and its total volume is 0.432 m3.  

In order to insulate the testing chamber from external sound, its outer part was made of 

laminated poplar of 12mm thickness and rock wool of 30mm thickness, rigid styropor of 20mm 

thickness and acoustic carbon sponge mastic of 30mm thickness were laid on this chamber 

respectively. Intensive rigid materials are used to absorb the sound and porous materials are 

appropriate for keeping the sound. Therefore, such materials were selected for insulation of the 

box. As we aimed to both block the sound and absorb the echo, we selected our materials with 

two purposes while designing the testing chamber. Rock wool, rigid styropor and acoustic 

carbon sponge preferred for inner surface were used to decrease echo and wooden stiff surface 

was used to block the sound.  

Density of the materials we used is as following: 

Acoustic carbon sponge: 1.8 g/cm3

Styropor foam: 0.013 g/cm3 

Stone wool: 0.0712 g/cm3 

Populus (Poplar tree): 0.37 g/cm3 – 0.45 g/cm3

Figure 2.1.a: Technical drawing of the Testing Room 
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There is a 30W loudspeaker in the testing chamber. A Wi-Fi microphone was located 20cm 

away from the panel. Another Wi-Fi microphone was positioned 38cm away from the panel 

(As there is a phase difference of 180 degrees between the signals coming from the first 

microphone and signal of the second microphone, the second microphone was located 38cm 

away from the panel). 

The loudspeaker was connected to the Digidesign 002 sound card via the amplifier. The setting 

was formed in a way that data collected by the connection established between the sound card 

and computer would be transferred to Blue Cat’s FreqAnalyzer, a plug-in of Pro Tools 10 which 

is a sound processing software. Wi-Fi microphones were located 38cm away from the panel to 

be examined after being connected to digi 002. After closing the cover of the sound insulation 

box and checking whether it was affected by external sounds, calibration was carried out via 

the preamplifier on digi 002 in a way that their sound levels would be equal and functioning of 

the system was tested by obtaining background spectrum. A 30-second sound file in WAV 

format which we can call as white noise altering between 200Hz and 5000Hz was downloaded 

to the Pro Tools software from the website of Wavetone. The downloaded file was transferred 

to Pro Tools. As this white noise file of 200-5000Hz does not have a constant decibel, white 

noise of 99dB in average was transmitted to the loudspeaker of 30W by making adjustment in 

the software via equalizer and limiter. Due to characteristic of the microphones fixed in the box 

and as the distances between microphones led to phase difference, wireless lapel microphones 

with the same characteristic were used. An average noise of 99dB was measured via SPL 

(sound pressure level) meter at first microphone level when white noise was sent to the 

loudspeaker. When the noise was measured at the spot where the second microphone was 

located, an average noise of 89dB was measured with 10dB difference caused by distance and 

it was determined after seeing a difference of 10dB between the first and second microphones 

when a white noise printout was taken that no problem existed in terms of system calibration. 

However, as spectrum analyser is an interface software used in sound system and its sound 

level varied between -120dB and 0dB, all of the results we obtained were within this range. 

We can have an understanding for the results by comparing the results measured by SPL meter. 
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Appendix 3 

Design of Panel: 

Equipment used: 6 styropor plates, 12 plexiglas plates, 24 plexiglas tapes, 36 plexiglas 

cylinders, plexiglas sections to divide the pane, silicone, chloroform, mastic, wood for mould 

frame, syringe. 

Insulating panels manufactured in line with the functioning principle of the Helmholtz 

resonator are made of Plexiglas. Silicone, chloroform and mastic were used to fix Plexiglas 

components to each other. Parts directly procured for manufacturing of the panels are front and 

rear surfaces of the panels, cylinders, side parts and parabolic surfaces of the panels. Moreover, 

spiral pipes purchased to examine effect of air flow path on sound insulation were also directly 

procured and cut in dimensions and lengths to match with cylinders. In order to Plexiglas panels 

before manufacturing them, a test panel was produced by calculating the dimensions by 

styropor foam and cylindrical mastic box. The following procedure was followed for 

manufacturing of the panels:    

1. Wooden mould in frame form was formed to attach panel parts.

2. Panel surface was placed, cylinders were assembled and they were fixed onto the panel

by injecting the chloroform drawn into syringe on the points of junction.

3. Side components of the panels were installed and fixed onto the surface by chloroform.

4. Length of the components used to divide the cells were measured by digital calliper and

fixed onto the surface by chloroform.

5. Other surface of the panel was attached to the panel by silicone.

6. This process was repeated by panels with 1, 2, 4 or 8 cell(s) and a panel of 8cm height.

7. Directly procured global Plexiglas additionally purchased for manufacturing of the

parabolic surface panel was made appropriate for the panel by being sanded and then

attached to the panel.

8. Spiral pipes were cut and adjusted by craft knife and cutter and located inside the

cylinders in the panels for examination purposes.
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Appendix 4 

Measuring With Different Panel Combinations: 

Equipment used: Computer: Macbook Pro, Pro Tools: Blue Cat's Freqanalyst Pro spectrum 

analyser, Wavtones signal generator, SL814 Digital Sound Level meter, 4 plexiglas panels of 

4cm height with 1, 2, 4 and 8 cell(s), 1 panel of 8 cm height with single cell, 9 spirals of 4cm 

length and 9 spirals of 8cm length, global panel, Microsoft Office Excel 2013, Digidesign Digi 

002 sound card, Fender 15 Watt Amplifier, 2 Wi-Fi microphones, 2 Pro-star Wi-Fi receivers 

and 30W loudspeaker.  

Before starting to measurements, frequency-dependent ambient noise change was recorded in 

both microphones by using the Blue Cat’s spectrum analyser plug-in running in Pro Tools. The 

frequency range of 200Hz and 5,000Hz was taken basis. 

 Using Wavetone software, frequency dependent change of white noise given by

loudspeakers during 30 seconds was recorded invariably from both microphones.

 When the box was open, sound intensity levels were measured by locating the SL814

Digital Sound Level meter in both microphone positions, near and away from the

loudspeaker.

 For preliminary tests, low-cost single cell styropor panel was used.

 The styropor panel was located in the chamber of 12cm width which was 24cm away

from both microphones.

 First of all, the sound level in the position of the microphone near to the loudspeaker

was measured and then the sound level in the position of the microphone measuring the

signal passing through the panel was measured when the chamber was open

 The box was closed and indications of the frequency-dependent change in sound

intensity of the created white noise were measured by the specified software.

 The same procedures were repeated with panels of 80mm thickness with 1, 2, 4 and 8

cell(s) and frequency-dependent change in sound was measured in all of them.

 Spirals were located in the holes of the panels and the same measurements were

repeated

 After finishing measurements with single cell panels, spiral version of 1-4, 24 and same

combinations were recorded.

 In the graphics recorded, the signal recorded by the microphone at the side near to the

loudspeaker was determined to be red line and the signal recorded by the microphone

measuring the signals passing through the panels were determined to be blue line.

 All points were recorded by referring to the lines on the graphic and peaks and bottoms

of the line.

 Parabolic surface panel was placed and frequency-dependent change in white noise was

recorded from two microphones.
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MEASURING VISCOSITY BY USING STOKES-EINSTEIN EQUATION 

Oguz Baykut, TURKEY 

AIM OF THE PROJECT: 

Viscosity of Newtonian fluids can be calculated by measuring two dimensional ink diffusion 

coefficient. Based on this, the aim of this project is to produce a cheaper and portable 

viscometer. 

INTRODUCTION: 

Viscosity measurement is mainly used in food, petroleum and cosmetics industries. In food 

industry viscosity is measured for quality control. In petroleum industry for quality control 

and in cosmetics industry viscosity measurement is used largely because some creams must 

have a certain viscosity. Price of these viscometers starts from 1000$[1].  

Basically viscosity is the resistance a liquid to the flow [2]. All fluids, (liquids and gases) have 

a viscosity. Viscosity is also related to the force of friction applied to an object that is moving 

inside the fluid. For example, force of friction on a free falling object in a liquid is dependent 

on both the objects speed and the liquids viscosity. 

Different fluids have different viscosity. It is hard to stir liquids with high viscosity. For 

example liquids like tar, syrup, and glycerine are hard to stir and these are qualified as 

“viscous liquids”. On the other hand liquids like water, oil, ethanol and acetone that have low 

viscosity are easy to stir and they are qualified as “non-viscous liquids”. 

Some tools used for measuring viscosity [3]: 

1. Ostwald Viscometer

2. Falling Sphere Viscometer

3. Rotational Viscometer

4. Vibrational Viscometer

Ostwald Viscometer Falling Sphere Viscometer

Proceedings of 24th First Step to Nobel Prize in Physics (FSNPP 2016)



Liquids with high viscosity are hard to stir because diffusion is slow. Diffusion is the net 

movement of a substance from a region of high concentration to a region of low concentration 

caused by the random movement of the particles. This is also referred to as the movement of a 

substance down a concentration gradient [4]. 

Brownian motion has been observed by Robert Brown in 1828. Brown saw that when he dropped 

pollen particles that was about 1 micron diameter into water, the pollen particles began to dance. 

This motion was explained later by Albert Einstein in his PHD thesis in 1905. Einstein wrote that big 

pollen particles move randomly when they collide with small water particles [5]. 

Before Einstein, it was impossible to calculate the movement of the pollen particles over time with 

classical mechanics because 1021 collusions were happening every second and this made it impossible 

for us to solve the problem. But Einstein showed us that all together movement of pollen particles 

provides the diffusion equation. Density of the pollen particles could be provided by a solvable 

equation.   

Random walk model is needed for this random motion to be understood [6]. For example if the 

distance between two consecutive collisions is L, and time period is t then the diffusion coefficient is 

written as � =
��

�
. If it is two dimensional then the equation is � =

��

��
  and if it is three

dimensional the equation is � =
��

��
  . Of course diffusion coefficient is related to the

temperature and activation energy but we kept the temperature fixed through our 

experiments. 

� is the friction coefficient which defines the friction that molecules which are diffusing in the fluid are 

exposed to. For electrically neutral colloidal particles Stokes-Einstein equation is: �� = 	
� [7, 8, 9, 

10]. On this equation � is diffusion coefficient, � is friction coefficient, 	
 is Boltzmann constant and

T is temperature. For spherical particles with the radius R, friction coefficient � is � = 6��. In this 

case, any fluids viscosity can be written like this:  

� = 	
	
�	

6��

Stokes-Einstein equation is universal [7]. It doesn’t matter which particle or which fluid, it will give the 

same result for its constant value. Even though diffusion coefficient and viscosity are parameters that 

are dependent on the temperature, their multiplication is dependent on the temperature linearly 

(	
�). The experiments, measurments and calculations in this project have been made using this 

principles [11]. 
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METHODS AND TECHNIQUES 

Used Equipments: 

Petri dish, dropper, ethanol (%96), acetone, water, oil-paint, gasoline, oil free stamping ink, 

camera, ruler, beaker, graduated cylinder, metal rod, tripod, spirit level. 

Constants that have been used in this project are listed below. 

1st Step: Finding the Calibration Constant
1
 Using Water 

• This step has been done at room temperature (240C).

• 20 ml of water was measured and poured into a petri dish.

• It was checked with a spirit level if the table was level or not.

• When we saw that the table was level and the water was still, we dropped one drop

of ink in the middle of the petri dish. If there isn’t any convection, the ink drop should

expand to form a round shape. If the shape hadn’t been round, the experiment was

repeated.

• Camera has been put over the petri dish. 5 minutes of video was recorded after the

ink drop.

• Same procedures were repeated 3 times.

• 20 seconds after the ink drop had been dropped, we started to take measurements.

We used an application called desktop ruler to measure the diameter of the diffusing

ink drop.

• We draw the square of diameter/time graph using an application called Vernier

Logger Pro (We did the best fit using this application).

• The slope of the best fit (� =
��

��
	) gives us the diffusion coefficient. 

1
 It is explained why we needed the calibration constant in the results and discussion part. 

Parameters Values 

	
�	(����	�����������) 4.11 × 10!"#	$��%�& or 4.11	�'	(� 

�)*(����	�����������) 0,001	N. s/�" 
/(calibration constant) 1,01466 x 10-6 
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• Using Stokes-Einstein equation, water’s viscosity (0.001 N.s/m2), and average radius

of the ink molecules (R = 500 nm) we calculated the calibration constant (1,01466 x

10-6).

2nd Step: Measuring Ethanol’s, Acetone’s, Gasoline’s and 50% Gasoline + 50% 

Hexane Solution’s Viscosity 

• This step has been done at room temperature (240C).

• 20 ml of ethanol was measured and poured into a petri dish.

• It was checked with a spirit level if the table was level or not.

• When we saw that the table was level and the ethanol was still, we dropped one

drop of ink in the middle of the petri dish. If there isn’t any convection, the ink drop

should expand to form a round shape. If the shape hadn’t been round, the

experiment was repeated.

• Camera has been put over the petri dish. 5 minutes of video was recorded after the

ink drop.

• Same procedures were repeated 3 times.

• 20 seconds after the ink drop had been dropped, we started to take measurements.

We used an application called desktop ruler to measure the diameter of the diffusing

ink drop.

• We draw the square of diameter/time graph using an application called Vernier

Logger Pro (We did the best fit using this application).

• The slope of the best fit (� =
��

��
	) gives us the diffusion coefficient. 

• Using Stokes-Einstein equation, calibration coefficient and average radius of the ink

molecules (� = 	
012	

3�45�
), viscosity had been calculated. (	/=calibration constant)

• Every step for these measurements were done using the same ratio for ethyl alcohol

and acetone.

• Every step for these measurements were done using the same ratio for gasoline and

%50 gasoline + %50 hexane solution. Oil paint was used instead of ink.
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Datas, Graphs and Findings 

Results of the 1st Step: Water and Stamp Ink 

Graph for Water-Stamp Ink 
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Results of the 2nd Step: Ethyl Alcohol, Acetone-Stamp Ink and Gasoline, 50% Gasoline 50% 

Hexane Solution- Oil Paint 

Ethyl Alcohol and Stamp Ink Measurements 

Time (s) 

Position of Left 

Edge (cm) 

(± 0.25 cm) 

Position of Right 

Edge (cm) 

(± 0.25 cm) 

Diameter (cm) (± 0.5 cm) 
(Diameter)

2

(cm)
2

(± 0.25 cm
2
) 

20 2,50 4,50 2,00 4,00 

30 2,40 4,50 2,10 4,41 

40 2,30 4,50 2,20 4,84 

50 2,20 4,60 2,40 5,76 

60 2,10 4,60 2,50 6,25 

70 2,00 4,60 2,60 6,76 

80 1,95 4,62 2,67 7,13 

90 1,90 4,65 2,75 7,56 

100 1,90 4,65 2,75 7,56 

110 1,85 4,65 2,80 7,84 

120 1,85 4,65 2,80 7,84 

130 1,83 4,65 2,82 7,95 

140 1,80 4,70 2,90 8,41 

150 1,80 4,70 2,90 8,41 

160 1,80 4,70 2,90 8,41 

170 1,80 4,70 2,90 8,41 

180 1,80 4,70 2,90 8,41 

190 1,80 4,70 2,90 8,41 

200 1,80 4,72 2,92 8,53 

210 1,80 4,73 2,93 8,58 

220 1,79 4,80 3,01 9,06 

230 1,79 4,80 3,01 9,06 

240 1,79 4,81 3,02 9,12 

Graph for Ethyl Alcohol-Stamp Ink 
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Acetone and Stamp Ink Measurements 

Time 

 (s) 

Position of Left 

Edge (cm) 

(± 0.25 cm) 

Position of Right 

Edge (cm) 

(± 0.25 cm) 

Diameter (cm) (± 0.5 

cm) 

(Diameter)
2

(cm)
2

(± 0.25 cm
2
) 

20 2,20 4,50 2,30 5,29 

30 2,00 4,60 2,60 6,76 

40 1,85 4,70 2,85 8,12 

50 1,70 4,75 3,05 9,30 

60 1,60 4,80 3,20 10,24 

70 1,50 4,80 3,30 10,89 

80 1,30 4,80 3,50 12,25 

90 1,20 4,80 3,60 12,96 

100 1,10 4,80 3,70 13,69 

110 1,00 4,80 3,80 14,44 

120 0,80 4,80 4,00 16,00 

130 0,70 4,90 4,20 17,64 

140 0,60 4,90 4,30 18,49 

150 0,50 4,90 4,40 19,36 

160 0,50 5,00 4,50 20,25 

170 0,45 5,00 4,55 20,70 

180 0,40 5,00 4,60 21,16 

190 0,30 5,00 4,70 22,09 

200 0,20 5,00 4,80 23,04 

210 0,15 5,00 4,85 23,52 

220 0,10 5,00 4,90 24,01 

Graph for Acetone-Stamp Ink 

(D
ia

m
e

te
r)

2

 (
cm

2

)  

Time (s) 
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Gasoline and Oil Paint Measurements 

Time 

 (s) 

Position of Left 

Edge (cm) 

(± 0.25 cm) 

Position of Right 

Edge (cm) 

(± 0.25 cm) 

Diameter (cm) (± 0.5 cm) 
(Diameter)

2

(cm)
2

(± 0.25 cm
2
) 

5 3,50 4,70 1,20 1,44 

10 3,35 4,75 1,40 1,96 

15 3,30 4,80 1,50 2,25 

20 3,30 4,85 1,55 2,40 

25 3,29 4,90 1,61 2,59 

30 3,20 4,90 1,70 2,89 

35 3,15 4,90 1,75 3,06 

40 3,15 4,95 1,80 3,24 

45 3,13 4,95 1,82 3,31 

50 3,10 4,95 1,85 3,42 

55 3,10 5,00 1,90 3,61 

60 3,10 5,00 1,90 3,61 

(D
ia

m
e

te
r)

2

 (
cm

2

)  

Graph for Gasoline and Oil Paint 

Time (s) 
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50% Gasoline  50% Hexane Solution and Oil Paint Measurements 

Time 

 (s) 

Position of Left Edge (cm) 

(± 0.25 cm) 

Position of Right Edge (cm) 

(± 0.25 cm) 
Diameter (cm) (± 0.5 cm) 

(Diameter)
2

(cm)
2

(± 0.25 cm
2
) 

5 3,60 4,50 0,90 0,81 

10 3,50 4,55 1,05 1,10 

15 3,40 4,58 1,18 1,39 

20 3,30 4,60 1,30 1,69 

25 3,30 4,65 1,35 1,82 

30 3,25 4,65 1,40 1,96 

35 3,20 4,66 1,46 2,13 

40 3,10 4,70 1,60 2,56 

45 3,10 4,70 1,60 2,56 

50 3,05 4,75 1,70 2,89 

55 3,05 4,77 1,72 2,96 

60 3,00 4,77 1,77 3,13 

Graph for 50% Gasoline 50% Hexane Solution- Oil Paint
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)  

Time (s) 
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 RESULTS AND DISCUSSION 

Within this project a unique viscometer has been developed [3]. With this method that has 

been used in this project for the first time ever in literature, first diffusion coefficient has 

been measured with experiment, then viscosity of the liquid has been calculated using 

Stokes-Einstein equation. Because this system consist of only a cell phone camera and one 

bottle of ink it is cheap, portable and compatible with mobile devices so it has a huge 

potential. 

The calibration step was done first in this project. In this step a calibration constant has been 

calculated using the water experiments to reduce the systematic errors between the results 

our model has foreseen and results we got after the experiments. To reduce random errors 

all measurements were repeated 3 times. 

To explain why we need a calibration constant we first need to take a look at ink’s structure. 

Ink is a liquid so when you drop ink into another liquid you have both liquid-liquid mixture 

and the diffusion of ink molecules [11]. Because of this there is a systematic error in every 

measurement. To be able to fix this error we used the measurements we had done using 

water which we know the viscosity of. We used the constant we got from this in all 

measurements. 

� =
�"

4�

When you drop ink into a liquid in a petri dish there are both ink and water molecules in the 

dish. The diameter of the water molecule is approximately 0.30 nanometres. The average 

radius of the ink molecules is 500 nanometres. Big ink molecules move randomly by colliding 

with smaller water molecules. The measurements in this projects were built on the 

observation of mutual average movement of multiple ink molecules and the speed of 

diffusion caused by this movement was related to the diffusion parameter. Diffusion 

parameter that has been measured for ink was related to viscosity on Stoked-Einstein 

equation thus allowing us to measure viscosity for ethanol and acetone. 

Petri dish was closed with a transparent lid in ethanol and acetone experiments. The reason 

for this was the convection caused by the rapid vaporizing. When we didn’t close the petri 

dish with lid we saw that circle of diffusion breaks down fast creating an asymmetrical 

structure. 

In the table below you see the calculated viscosity values. Viscosity of water had been taken 

from literature and the calibration constant has been calculated. After that other liquids’ 

viscosity has been calculating using the calibration constant and the equation below: 

η = 	
k8T	

/6πRD
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Viscosity for acetone, ethanol and gasoline was calculated using Stokes-Einstein equation. It 

was calculated that acetone’s viscosity was 0.000464 N.s/m2, ethanol’s was 0,002174 N.s/m2 

and gasoline’s was 0,001165 N.s/m2. It was observed that these values were matching with 

the values found in literature. For example according to literature [12] acetone’s viscosity is 

0,000316 N.s/m2 and ethanol’s viscosity is 0.001095 N.s/m2. 

In gasoline and gasoline-hexane mixture we used oil-paint instead of stamp ink. The main 

reason for this was that gasoline and water don’t mix. As results of experiments gasoline’s 

viscosity was calculated to be 0,001165 N.s/m2 and %50 gasoline %50 hexane mixture’s 

viscosity was 0,001065 N.s/m2. According to literature [12] gasoline’s viscosity is 0,0006 

N.s/m2 and hexane’s viscosity is 0,0003 N.s/m2. Because the margin of error is higher in the

experiments with gasoline the difference between the viscosity of gasoline and gasoline-

hexane mixture was under the influence of measuring error. In our experiments that will

take place in the future we will work on a testing apparatus that can detect the difference

between gasoline’s and its derivatives’ viscosity. For this an alternative oil based dyes for oil

paint will be researched.

Viscometer are sold with prices starting from 1000$. With the method we developed within 

this project a camera and one bottle of ink is enough to measure viscosity. The resolution of 

a cell phone camera is enough for the measurements [13]. If we assume that everyone has a 

cell phone the cost of this project is limited to only one bottle of ink. 

If TÜBİTAK supports this project we will apply for a patent. But first there will be studies on 

using different dye types. We will focus especially on an experiment that would allow us to 

measure gasoline’s quality in a fast and cheap way. It is foreseen that this will make a great 

contribution on national economy. 
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Diffusion 

(μm
2
/s) 

Radius 

(nm) 

Viscosity 

(N.s/m
2
) 

kT 

(N.m) 

Water 43,69 500 0,001000 4,114x10-19 

Acetone 94,22 500 0,000464 4,114x10-19 

Ethanol 20,09 500 0,002174 4,114x10-19 

Gasoline 37,48 500 0,001165 4,114x10-19 

Gasoline 

Hexane 

Mixture 

41,00 500 0,001065 4,114x10-19 
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ABSTRACT 

Nowadays, sound can be transmitted with or without cable through devices such as 

microphone, speakers and telephone. In these systems, it is possible to easily access personal 

information in interpersonal communication by externally intervening in receiving and 

transmitting sources with high-tech devices.  Leading-edge technology and high-cost 

cryptographic devices are developed to prevent this problem.  

Also, the advances in fibre optic technology made the transmission of sound and data 

through light waves popular; however, it is also possible to access confidential and private 

information by externally intervening in these systems.  

In this study, a frequency modulation circuit is used preventing external intervention in 

the system by electronic means, and modulating the analogue sound signal and transmitting the 

laser light over long distances by converting it into sound through a receiver-transmitter. 

Laser focusing is made on a light-dependent resistor (LDR) receptor in the laser-sound 

converter circuits known and used nowadays; however, as the photo resistors (LDR) in the 

market have very small surface, focussing over long distances is extremely difficult and 

distortions and losses occur in the transmitted sound.  

In this study, usability of large surface photovoltaic solar panels instead of a small 

surface light-dependent resistor (LDR) receptor for the same purpose is tested as distinct from 

the existing systems.  

Following the tests being carried out, it is demonstrated and proven that the system can 

be used safely in communication in open areas and between skyscrapers without data loss and 

information leakage.   

KEYWORDS: Sound transmission through laser, photovoltaic solar panel, LDR, laser. 
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AIM OF THE PROJECT 

In this study, a simple and cost-efficient system converting laser light to sound 

frequency is designed and installed. Focusing problem is experienced over long distances as 

the receptors used in this kind of systems are small surface photo resistors (LDR). Utilization 

of photovoltaic panels having large surface area instead of LDR in order to remove focusing 

problem is tested. In this way, it is intended to demonstrate that the system could be used as a 

safe communication mean in open areas and between skyscrapers over long distances for 

military and logistics purposes.     
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1. INTRODUCTION

Nowadays, sound can be transmitted with or without cable through devices such as 

microphone, speakers, telephone, etc. In these systems, it is possible to access personal 

information in interpersonal communication easily by externally intervening in receiving and 

transmitting sources by use of electronic circuits. Leading-edge technology and high-cost 

cryptographic devices are developed in order to prevent this problem. Also, the advancements 

in fibre optic technology made transmission of sound and data through light waves popular; 

however, it is also possible to access confidential and private information by externally 

intervening in these systems too.   

In this study, a frequency modulation circuit is used preventing external intervention in 

the system by electronic means, and modulating the analogue sound signal and transmitting the 

laser light over long distances by converting it into sound through a receiver-transmitter.   

Laser focusing is made on a light-dependent resistor (LDR) receptor in the laser-sound 

converter circuits known and used nowadays; however, as the photo resistors (LDR) in the 

market have very small surface, focussing over long distances is extremely difficult and 

distortions and losses occur in the transmitted sound.  

In this study, usability of large surface photovoltaic solar panels instead of a small 

surface light-dependent resistor (LDR) receptor for the same purpose is tested as distinct from 

the existing systems. 

2. BASIC COMPONENTS USED IN THE SYSTEM AND THEIR

CHARACTERISTICS

2.1. Photovoltaic Solar Panels 

The structures consisting of semiconductors, having light absorbing characteristics, with 

potential difference produced between two ends when light hits the surface of them are called 

photovoltaic solar cells. The working principle of photovoltaic solar cells is based on 

photoelectric effect, fundamentals of which were explained by Albert Einstein.   

Photoelectric effect is the ejection of electrons from a matter (metals, non-metal solids, 

liquids or gases) as a result of light from a source or higher energy electromagnetic wave 

(ultraviolet ray or x-ray) hitting the surface of the matter. Potential difference is produced 

following this effect. [1].    
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Figure 1: Photoelectric Effect [1] 

0.5 – 6V and 0.1 – 0.4A direct current (DC) can be produced with the voltage obtained 

from a solar cell under the sun light incoming at 1000-1200 W/m2 intensity at midday hours 

during summer. As the values of the voltage obtained are very small, solar modules are obtained 

by connecting appropriate number of solar cells in series, and in turn solar panels with desired 

power are obtained by connecting these modules in series or in parallel. This modular structure, 

containing the solar cells connected in series or in parallel, the connection cables, hyper 

permeable glass coating not reflecting sun-light and metal frame creates the solar panels. These 

systems have the characteristics of storing the energy without performance loss and operate 

with 70-80% efficiency. [1]  

Picture 1: Solar Panels [1] 

Photovoltaic panels are used in space crafts, small power units (watches, calculators, 

charging devices, etc.), for generating power for traffic systems, lighting, cooling and small 

power generations  in buildings, in water pumps, for military purposes, in GSM stations,  radio 

and TV stations, yachts, lighthouses, billboard lighting, street and bus stop lighting, park and 

garden lighting, farm houses, villas, residents, housing estates and forest watchtowers. [1] 
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Picture 2: A building producing its own energy in Italy 

In this study, experiments are carried out on the system by using the photovoltaic panel 

surface as LDR resistor.  

2.2. Light-dependent resistors ( LDR) 

LDR is a optoelectronic circuit component having a variable resistance that changes 

with the light intensity falling upon it. Generally, cadmium sulphide (CdS) and cadmium 

selenide (CdSe) are used in visible light spectrum sensitive photo resistor manufacturing. LDR 

circuit was used as receptor in the system. [2] 

Picture 3: Types of LDR [2] 
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2.3. Laser Source 

The laser used in the experiments has 1mW power and capable of emitting red beam 

with a wavelength ranging from 630-680 nanometres.   

Picture 4: Laser source used in the system 

2.4. Sound-Light Frequency Modulation Circuit 

Frequency modulator is required in order to connect the laser source to headphone jack 

of the transmitter. This modulator is composed of two transformers with primary and secondary 

windings. The resistance of one of the windings is high and the other is low.  Number of 

windings being different ensures the strengthening of the sound signal. 100 ohm resistor and 

the LED in the circuit are used to protect the laser from high voltage. 9v battery and laser were 

used with the intention of activating the system.   

Figure 2: Frequency Modulation Circuit [2]
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3. WORKING PRINCIPLE OF THE SYSTEM

Two separate circuits are designed for sound transmission through laser. A sound source 

such as human voice, radio, telephone, microphone or MP3 player, etc. may be used in the 

transmitting circuit.  

A laser circuit is connected to the headphone jack of the said devices serving as 

transmitter. The laser in the circuit converts the electrical sound signals into optical signals. 

When the amplitude of the sound signal fluctuates, the current passing through the laser also 

changes in direct proportion. Thereby, laser beam carries the sound information. When the laser 

beam focusses on LDR (photoresistor) in the receiver circuit, the fluctuations in the beam 

intensity causes variations in the resistance of the LDR and a variable current passes through 

the speakers serially connected to the LDR. Waveform of this current comes close to the 

waveform of the sound signal in the transmitter. In short, a person hundreds of meters away can 

listen to the radio broadcasting with a simple apparatus.  When the same system is installed 

with reciprocal speakers and microphone circuits, a telephone-like communication can be 

established.   

Table 1: Materials used in the system 

Laser pointer 4 pc 

LDR (Light-dependent resistor) 2 pc 

Radio/MP3 player/Telephone 1 pc 

Speaker (5 watt) 4 pc 

Led 2 pc 

Photovoltaic solar panel 4 pc 

3,5 mm jack outlet 3 pc 

9v battery 2 pc 

Box 4 pc 

Frequency Modulation Circuit 4 pc 

Cable 100 cm 

Circuit board 4 pc 

Electric terminal 4 pc 

Condenser, resistor, diode 36 pc 

Potentiometer 8 pc 

1,5v battery 2 pc 
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Picture 5: System Installation
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Picture 6: Views from the System and experimental works 
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4. EXPERIMENTS

Following the electronic installation of the system, a 6 volts 4 watts photovoltaic panel 

is connected to the circuit externally like LDR. At the same time, a 1,5 volt 0.4 watt solar panel 

and LDR added to the box.   

The data indicated in Table 2 is obtained at the end of experiments carried out indoor 

and outdoor areas with the intention of testing the distance dependent variations in focussing 

and sound quality. 

Table 2: Experimental data 

EXPERIMENT 

NO. 

DISTANCE 

BETWEEN 

RECEIVER-

TRANSMITTER

LDR 

FOCUSING

PHOTOVOLTAIC 

PANEL 

FOCUSING 

VARIATION IN 

SOUND 

TRANSMISSION 

QUALITY FOR 

PHOTOVOLTAIC 

PANEL 

1 1 METER VERY 

GOOD 

VERY GOOD VERY GOOD 

2 5 METERS GOOD VERY GOOD VERY GOOD 

3 10 METERS POOR VERY GOOD VERY GOOD 

4 15 METERS VERY 

POOR 

VERY GOOD VERY GOOD 

5 20 METERS N/A VERY GOOD VERY GOOD 

6 25 METER N/A VERY GOOD VERY GOOD 

7 30 METERS N/A VERY GOOD VERY GOOD 

8 35 METERS N/A VERY GOOD VERY GOOD 

9 40 METERS N/A VERY GOOD VERY GOOD 

10 45 METERS N/A VERY GOOD VERY GOOD 

11 50 METERS N/A VERY GOOD VERY GOOD 

 *** Data obtained from experiments are interpreted in Section 5. 
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5. RESULTS AND DISCUSSION

Variations in focussing and sound quality in parallel with the distance are observed at 

the end of experiments carried out on the system. 

It is clearly seen that focussing on LDR became difficult as distance increased. 

Distortion and complete loss of sound quality are observed in parallel with this. Focusing on 

large surface photovoltaic panel is easily attained over all distances and no distortion in sound 

quality is observed. 

In this study, it is experimentally proven that large surface photovoltaic panels could 

easily be used instead of LDR with the help of a laser source and accordingly light can be 

converted into sound over very long distances.  

Long distance and secure communication is possible by easily using this method in open 

area communication for military and logistics purposes. Likewise, secure communication in 

business and political environments can also be ensured by installing the bigger models of the 

system on skyscrapers. 

Sole disadvantage of the system is the interruption of communication in the event of 

appearance of an obstacle preventing the propagation of the laser beam between the receiving 

and transmitting sources. Hence, the system operates efficiently in open areas and between the 

skyscrapers.  

It is recommended that contributions are made to technological developments by 

carrying out experiments on laser types of longer distances in future studies concerning this 

subject.  
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APPENDIX 1: PROJECT WORKING PLAN 

PROJECT WORKING PLAN 

2015-2016 

2 OCTOBER 2015 Brain storming for project determination 

9 OCTOBER 2015 Selection of project subject and preliminary preparations 

23 OCTOBER 2015 Literature review and budget analysis concerning the subject 

30 OCTOBER 2015 – 

06 NOVEMBER 2015 

Pilot model design and preparation of draft drawings, 

procurement and installation of electronic circuit and 

mechanical components 

06 NOVEMBER 2015 Installation and boxing of electronic circuits 

09 NOVEMBER 2015 

–

16 DECEMBER 2015 

Experiments 

1- Test for the usability of solar panels instead of LDR

2- Sound transmission tests according to distance

16 DECEMBER 2015 – 

02 JANUARY 2016 
Preparation of project report 

04 JANUARY 2016 Completion and checking of project report 

05-18 JANUARY 2016 Competition application and approval procedures 

*** All studies are carried out in compliance with the project plan. It is experimentally 

proven that the system is capable of transmitting sound over long distances and it is 

applicable in daily life by carrying out various experiments on the designed and 

functioning system.  
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ABSTRACT 

New technologies such as laptops, mobile phones, tablets, mp3 players, game consoles 

and the likes that were developed in the 20th century have become an indispensable part of our 

lives; however, they need energy in order to function. Hence, charging devices stand out.   

A device that has a chargeable battery can be charged either by 220 volt AC-DC 

transformers or through a laptop that is directly connected to an electricity network.    

Since our daily lives are dependent on computers, and laptops especially need to be 

charged at all times, there is not always an electricity network accessible where we are. 

Therefore alternative charging methods are a necessity. With technology developing every day 

there are portable charging devices out in the market, but these charging devices can only charge 

mobile phones, mp3 players and tablets. There are no portable devices available yet for charging 

notebooks.      

In this study, a charging device model is designed with an innovative approach by using 

a combination of new generation lithium iron phosphate battery that has a high circuit span and 

step up and step down charging circuits. It is portable and can charge with network power and 

solar energy and its 24/7 usability is proven after having been tested for efficiency.    

The device produced in this study can not only charge laptops, but it can also charge all 

mobile phones, tablets, game consoles, mp3 players and many electronic devices alike all day 

long.  

During market research and other studies in this field, we have not come across any 

other device with similar qualities.  

KEY WORDS:  Lithium iron phosphate batteries, step up - step down circuits, solar energy 
charging devices.   
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AIM OF THE PROJECT 

The aim of this study is about the charging of laptops for the duration of a whole day 

through the design and use of a portable hybrid charging device supported by solar energy and 

with circuits that regulate voltage – current, new generation lithium iron phosphate batteries 

that have a high circuit span.   

Having tested the device, its usability has been proved and therefore offers new 

possibilities for charging everywhere which not only provides a solution to charging problems, 

but also contributes to energy efficiency and saving which is among its principle aims.      
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1. INTRODUCTION

New technologies such as laptops, mobile phones, tablets, mp3 players, game consoles and 

the likes that were developed in the 20th century have become an indispensable part of our lives; 

however, they need energy in order to function. Hence, charging devices stand out.   

A device that has a chargeable battery can be charged either by 110/220 volt AC-DC 

transformers or through a laptop. However, laptops can only be charged by directly being connected 

to an electricity network.    

Since our daily lives are dependent on computers, and laptops especially need to be charged 

at all times, there is not always an electricity network accessible where we are. Therefore alternative 

charging methods are a necessity. With technology developing every day there are portable charging 

devices out in the market, but these charging devices can only charge mobile phones, mp3 players 

and tablets. There are no portable devices available yet for charging notebooks.      

In this study, a charging device model is designed with an innovative approach by using a 

combination of new generation lithium iron phosphate battery that has a high circuit span of five 

years and step up and step down charging circuits. It is portable and can charge with network power 

and solar energy and its 24/7 usability is proven after having been tested for efficiency.    

The device produced in this study can not only charge laptops, but it can also charge all mobile 

phones, tablets, game consoles, mp3 players and many electronic devices alike all day long.  

The device can charge a laptop and two mobile phones at the same time. It can also charge its 

batteries through solar energy and the electricity network. It is called “Five in One” since it contains 

five functions integrated within it and will be called as such throughout the study.    

During market research and other studies in this field, we have not come across any other 

device with similar qualities. That is why it is the first and the only device in its category worldwide. 

2. COMPONENTS USED IN THE DESIGN OF THE DEVICE

2.1. Area of usage of the battery and its technical details 

Batteries have become an indispensable part of our lives with the constant increase of 

electronic devices. PCs, mobile phones, remote controls, mp3 and mp4 players, torches, cameras, 

chargers and many other devices contain chargeable or one-use-only types of batteries.     

For some devices one-use-only batteries are sufficient whereas for others two or more batteries 

are needed. In such cases potential difference needs to be created by putting the batteries into an end-

to-end series. For other purposes such as having a longer charging time span, other batteries should 

be attached in parallel.     
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Batteries can be identified under two categories; chargeable or non-chargeable. According to 

its material or usage features there are many types of batteries. However, at present Nickel metal 

hydride (Ni-MH), Nickel-cadmium, Li-ion, Li- polymer batteries and the likes are preferred for their 

efficiency, size and durability.    

Concepts used in battery technology: 

Energy density: The amount of electric energy that the battery can store in its unit weight or 

unit volume.  

Gravimetric energy density specifies how much Wh (watt hour) can store 1 Kg battery and 

is shown by Wh/kg unit. Some manufacturers use units such as Ah/kg. In order to convert this unit 

into energy, the pole voltage and Ah/kg value of the related battery needs to be multiplied.   

Volumetric energy density indicates how much Wh energy can be stored in 1 liter volume 

and is shown by Wh/L. In batteries “high energy density” is demanded.   

Charge efficiency or “Energy efficiency” is defined by the ratio between the amount of 

energy of a battery, the energy level it uses while it is discharging and the amount of energy that it 

needs to be fully re-charged. It is a number less than 100% but the highest number achievable is 

aimed. The difference between the energy used when charged and the energy used when it is 

discharged is the “lost” energy.     

Depth of Discharge-DoD is the ratio between a fully charged battery and when it is 0% 

charged. An 80% DoD means the capacity shown in Ah is discharged up till 80%.   

State of Charge-SoC shows the percentage (%) of the fullness of the battery. Usually, the 

relationship between the SoC value and the tension of the battery’s pole heads depends on the battery 

technology.     

Cycle Life: When a battery is discharged to a certain DoD level and it is completely charged 

it is called a “cycle”. The amount of times a battery can put itself through a charge/discharge “cycle” 

in a way that its Ah (amper-hour) capacity of up to 80% is protected is its “cycle life”. In other words, 

the cycle life number is equivalent to the amount of times an X Ah battery is charged when its X Ah 

capacity is dropped to 0.8. It is highly important to state the operating temperate and its DoD values. 

For instance, there might be a great difference between a cycle life of 20% DoD / 250C and that of 

80% DoD / 400C.       

Lithium-Iron (Ferrite) Phosphate (LFP) Batteries used in this study 

Batteries called Lithium Iron (Ferrite) Phosphate or, known in the market as Lithium-Iron 

Phosphate, another type of Lithium- ion batteries, are produced with lithium metal phosphate material 

rather than lithium metal oxide which is a cathode material.  
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Lithium Iron (Ferrite) Phosphate battery technology was scientifically studied by Akshaya 

Padhi of Texas University in 1996. Mass production of Lithium Iron Phosphate (LiFePO4) batteries 

which are better for production and performance was started for commercial use.      

• High energy density: (220 Wh/lt, 100-140 Wh/kg)

• High charge efficiency: (> %90)

• Long Cycle Life:  (>2,000 cycle @ %80 DoD)

• Good performance in high and low operating temperatures: (-20 oC / +70oC)

 Basic chemical reaction: LiFe(II)PO4  Fe(III)PO4 + Li + e- 

Photo1: Lithium Iron (ferrite) phosphate battery  

Chart 1: Comparison of Lithium-Ion Battery Technologies 

TECHNOLOGY LiFePO4 LiCoO2 LiMn2O4 Li(NiCo)O2 Li2S 

Security Safest Not Steady Acceptable Not Steady Safe 

Environmental 
Sensitivity  

Most 

environmental 

sensitive 

Very 

Dangerous 

Acceptable Very 

Dangerous 

Hazardous 

for 

containing 

sulphur 

Cycle Life Best Acceptable Acceptable Acceptable Acceptable

Density 
Power/Weight 

Acceptable Good Acceptable Good Best 

Long Term Cost Most 

economical 

High Acceptable High High 

Temperature 
Range 

 (-200C_ 700C) 

Very Good 

(-200C _ 

550C) 

Above 500C, 

performance 

will drop 

significantly 

(-200C_ 550C) (-200C_650C) 
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 Graphic 1: LiCoO2 (LCO)  Graphic 2: LiMn2O4  (LMO)   Graphic: 3 LiNiCoAl  (NCA) 

Graphic 4: LiFePO4 (LFP)  Graphic 5: LiNiMnCoO2  Graphic 6: Li4Ti5O12 (LTO) 

2.2. Area of usage of Step Up – Step Down circuits and their technical details 

On the DC-DC step-up voltage regulator card that is used in this study, the integrated XL6009 

which is a switched tension regulator can be found. Through the regulator a current up to 4 amperes 

can pass. The entrance tension is between 3 and 32V. According to the voltage value in between this 

range, using the trim pot on the card, an exit tension in between 5 and 35V can be obtained. This high 

voltage regulator card with its high performance is used to regulate the entrance tension. There is a 

pin socket on the regulator card for entrance and exit tension connection. The pin socket is used for 

the connection between the circuits. When applications are undertaken with the card, the exit tension 

always has to be higher than the entrance tension. On the card, IN+ is the positive feed entrance, IN- 

is the soil, OUT+ is the positive exit tension, and OUT- is the soil exit.  
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Characteristics: Entrance Tension: 3-32V, Exit Tension: 5-35V, Exit Current: 4A, 

Photo 2: XL6009 integrated DC-DC step-up voltage regulator card 

On the DC-DC step-down voltage regulator card, the integrated LM2596 which is a switched 

tension regulator can be found. Through the regulator a current of up to 3A can pass. The entrance 

tension is between 4 and 35V. According to the voltage value in between this range, using the trim 

pot on the card, an exit tension in between 1.25 and 30V can be obtained. On the regulator card there 

is an electric terminal for the entrance and exit connection. On applications undertaken with the card 

the entrance tension always has to be higher than the exit tension. On the card IN+ is the positive feed 

entrance, IN- is the soil, OUT+ is the positive exit tension, and OUT- is the soil exit.    

Characteristics: Entrance Tension:  7-35V, Exit Tension: 5V, Exit Current: 3A      

Photo 3: LM2596 integrated DC-DC step-down voltage regulator card 

2.3.  Solar energy charging devices and their area of usage 

Solar batteries or photovoltaic batteries which use the semi-conductive feature of the 

photovoltaic effect produce electric energy from the sun. Solar energy, depending on the battery 

structure, can be converted to electric energy with the efficiency of between 5 and 20%.  

Charging devices with solar energy are usually composed of parts such as photovoltaic 

sections, charge control systems, batteries and converters.   

A Photovoltaic section sends the energy taken from the sun’s radiation via a semi-conductive 

turning it into a DC (direct current) to the charge control unit. Here, volt-ampere regulated energy is 

stored in the battery. The voltage-current regulating circuit brings the stored energy in the battery into 

a condition for which it can charge the mobile phone. [2] 
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Photo 4: Solar energy mobile phone – mp3 players charging batteries [4] 

3. METHODS AND EXPERIMENTS

3.1.  Design of the Five in One Device 

While designing the Five in One device many studies have been investigated. Two devices 

were produced; one as a test product and the latter as a final product.   

Components of Five in One Device:   

12 units 3.2 volt, 2000 mA Lithium iron phosphate battery (charging tension 3.6 volt), 

3 units XL6009 integrated DC-DC step-up voltage regulator card,  

1 unit LM2596 integrated DC-DC step-down voltage regulator card, 

1 unit integrated system control, 

1 unit digital voltage indicator, 

1 unit charge control button, 

2 units female USB exit, 

1 unit female TOS exit, 

4 units mini LED indicator, 
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Photo 5: Mother Board of Five in One 

The nominal voltage and current value of each Lithium Iron Phosphate battery used in the 

Five in One device is a 3.2 volt, 2000 mAh. The charging voltage of the batteries is 3.6 volts. For 

power optimization, 3 unit groups of four parallels are connected in three groups among themselves 

in series in order to obtain 10.8 volts, 8000mAh; 86.4 watt power battery in total.     

Chargeable batteries ideally can be charged with 20% more of its own voltage. For this reason, 

the charging voltage of the system is set to 12 volts.   

While designing the Five in One hybrid charging device, step up and step down circuits 

obtained from local and foreign markets were modified and put into the device. 

Photovoltaic solar panels that are between 6 and 24 volts can be connected externally to the 

device and they can charge the system.   

Photo 6: Types of photovoltaic panels that can be connected to the Five in One charging device 
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Diagram 1: Electronic system design of the Five in One device 
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Photo7: Construction phases of the Five in One charging device 
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3.2.   EXPERIMENTS 

Different types of measurements have been taken for all feed units of the Five in One charging 

device. These measurements are shown below: 

• Before the experiments the Five in One charging device is charged in open air for 8

hours with a photovoltaic solar panel of 12 volt 1 ampere on the 25.Nov.2015

• An iphone 5 (1140 mAh) to its USB1 exit, a Nexus 5 (2300 mAh) to its USB2 exit

and an Acer Aspire One notebook (10.8 volt 4400 mAh) to its Jack 3 exit were

connected at the same time until they were 100% charged, and the measures below

were obtained.

• All devices were connected with 0% charge and were turned off.  Measurements were

taken every 10 minutes until all devices were 100% charged.

• Experiments were started simultaneously at 8am on the 26.Nov.2015 and were

completed accordingly.

Diagram 2: The principal diagram of the Five in One charging device 
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Chart 2 - Graphic 7:  USB 1 iphone 5 (1440 mAh) mobile phone charge graphic 

Chart 3 - Graphic 8:  USB 2 Nexus 5 (2300 mAh) mobile phone charge graphic 

Chart 4 – Graphic 9:  Acer Aspire One notebook (10.8 volt 4400 mAh) charge graphic 
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4. CONCLUSION AND DISCUSSIONS

As a result of the study analysis of efficiency, advantages and improvable aspects of the Five 

in One charging device is listed below. In light of the all data obtained, it is proven that the system 

has multiple advantages and it can charge continuously.     

Experiments were undertaken by connecting two mobile phones and one laptop 

simultaneously to the Five in One Hybrid Charging Device.  

When Chart 2 – Graphic 7: USB 1 Iphone 5 (1440 mAh) mobile phone charge graphic is 

analyzed, it can be seen that in the first two periods the charge increase was 5% whereas in the 

following periods the charging increase was between 10 and 12%. This situation is based on the 

gradual charging feature that the Iphone 5 mobile phone has. It took the phone an hour and forty four 

minutes to charge completely. This duration is the same as when charged with its original adaptor 

through an electric network.   

When Chart 3 – Graphic 8: USB 2 Nexus 5 (2300 mAh) mobile phone charge graphic is 

analyzed, it can be seen that in the first two periods the charge increase was 5% whereas in the 

following periods the charging increase was between 8 and 11%. This situation is based on the gradual 

charging feature that Nexus 5 mobile phone has. It took the phone an hour and fifty five minutes to 

charge completely. This duration is the same as when charged with its original adaptor through an 

electric network. Since Nexus has a battery with higher ampere compared to the iphone, it took it 

eleven minutes more to charge completely.   

When Acer Aspire One notebook (10.8 volt 4400 mAh) (Chart 4 – Graphic 9) charge graphic 

is analyzed, because it has 2 - 2.5 times more current and voltage value than the mobile phones, 

complete charging took two hours and forty minutes. Since the original network charge adaptor 

charges the laptop with 3.42 ampere, the network charging is shorter.     

When charging analysis is done for the Five in One charging device, it is observed that the 

device has the power to feed two mobile phones and one laptop all day long without the support of a 

network. This proves the device is compatible with its production purposes.      

The advantages of the Five in One Hybrid Charging Device are: 

• Since it can be charged by photovoltaic solar panels all day long while charging other devices, it

significantly saves energy. 

• The average life span of lithium iron phosphate battery used in the device is 5 years. This provides

3 times more usage possibilities than compared to lithium polymer batteries. There is no possibility 

of explosion; charging safety is at maximum level.  

• It can be used in earthquakes, mountaineering and scouting activities as well as military purposes.
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• It can be used to charge devices simultaneously such as any kind of laptops, smart phones, (IOS and

Android based systems), I-pod, mp3 players, PSP, cameras, etc. 

• It reduces the greenhouse effect and carbon dioxide emission since it does not use networks unless

necessary. 

• It eliminates the risk of having flat battery when using a laptop without electricity and/or talking on

the phone. 

• It can charge any brand and model of laptops and mobile phones with its multiple charging cable.

• An 110/220 AC feed unit is added to the system in order to activate the batteries in case solar energy

is not sufficient.  

•. It is user-friendly and its functioning principle is plug and charge. 

The improvable areas of the system are below: 

• The mass of a battery unit is 58 grams and the total mass of the device is 720 grams due to the iron

content of the device. 

• The cost of the prototype of the device is 120$. If produced more than 100 units, the cost will drop

to 58$. 

In the following studies, it is recommended to investigate lighter and high efficiency batteries 

for easier use of such systems.  
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ANEX 1: STUDY PLAN 

PROJECT STUDY PLAN 
2015 - 2016 

*** All studies have been undertaken and completed in accordance with the project 
plan. The usability of the system and its safeness in any condition have been proven by 
charging mobile phones and laptops of various brands and models by the (functioning) 
prototype designed. 

07 OCTOBER 2015 Brain storming for the project assignment 

14 OCTOBER 2015 
Selection of the project, its approval and task distribution 

21 OCTOBER 2015 
Compiling bibliography and calculating budget 

28 OCTOBER 2015 
Designing prototype model and preparing draft drawings 

04 NOVEMBER 2015 Providing mechanical parts and electronic circuits 

18 NOVEMBER 2015 
Assembling electronic circuits on the kit 

20 NOVEMBER 2015 Assembling electronic circuits on the kit, 

Writing project report 

22 NOVEMBER 2015 Completing assembling electronic circuits on the kit 

Writing project report 

25-26 NOVEMBER
2015

Experiments 

1-Circuit tests 2- Battery charging tests 3- Component

efficiency tests, 

Writing project report 

1-30 DECEMBER
2015

Multiple tests on the device, eliminating problems, 

Completing project report and checking it 

5-15 JANUARY 2016 Application to the contests and completing the approval 

requirements 
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ABSTRACT 

We have encountered the energy need for our world as one of the most important 

problems in the future century. It indicates that next generations will have big problems as the 

fossil fuels have become exhausted rapidly and they cause air pollution and increase the 

greenhouse effect. Renewable energy sources, which we also call them as clean energy and 

are produced by using the natural sources, will be the rescuer of our futures.   

In this study, Bernoulli principle is applied to show that vertical-axis Savonius type 3 

D wind generators, of which installation cost and efficiency are lower than the horizontal-axis 

wind generators, may be used in the structures after an efficient increase is allowed by an 

innovation (renewal).  
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AIM OF THE PROJECT 

The solutions are sought by alternative energy sources all over the world for the 

energy deficit, which is one of the most important problems today, has become larger 

increasingly. 

In this study, it is aimed to achieve an efficiency increase by a new approach in the 

vertical-axis Savonius type 3D wind generators based on the Bernoulli principle.   

 It is shown that the specified aim has been achieved on the vertical-axis wind turbine. 
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1. INTRODUCTION

The rapidly increasing world population and unconscious consumption cause the energy sources 

to exhaust increasingly.  These sources consist of 15% coal, 14% petroleum and 11% natural gas 

in the world reserves. In case of new reserves cannot be found, it is assumed that coal, natural 

gas, and other hydrocarbons will meet the world’s energy requirement for 240 years, 50 years, 

and 64 years respectively. Therefore, a great quest has been begun on researching, finding and 

benefiting from new and renewable natural sources, which will replace the energy sources in 

order to meet the energy requirement of the rapidly increasing population and industry, which 

develops depending on the technological innovations.  

The wind energy, which is also one of the natural sources, has a very great importance in the 

renewable energy sources. The studies are continued all over the world in order to increase the 

energy generation and efficiency from wind.  

In this study, a new method is suggested for the vertical-axis (Savonius) wind turbines to prove 

efficiency increase experimentally, and thus, it is shown that the energy requirement of structures 

will be met easily.   

Figure 1: Top and side views of a vertical-axis (Savonius) wind turbine 
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2. WINDS

2.1. Formation and Properties of Winds 

All of the energy needed by the earth surface comes from the sun. The sun spreads 

100.000.000.000.000 kWh per hour on the earth surface. In other words, the earth surface 

receives energy at 1017 watt power from the sun.  1 – 2% of energy received from the sun is 

transformed into the wind energy. That is to say, it can also be called the solar energy, which has 

been transformed into the wind energy, kinetic energy. Lands, seas, and atmosphere have 

different temperatures after they receive energy from the sun because they have different specific 

heats. Temperature distribution depends on geographical and environmental conditions. The 

temperature arisen in the earth surface and pressure differences depending on it cause winds to 

form.  

Figure 2: Formation of winds 
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During formation of winds, the air layer, which is close to the earth surface, gets warm to lower 

its density and rise upwards. Instead of this rising air, the air masses, which get cold in the upper 

layers of the atmosphere, start to move.   

This airflow allows the moving effect for wind turbines. 

Figure 3: Cycle of energy generation from wind 

Equator and its surroundings get warmer than other latitudes because the incidence angles of 

sunbeams are different to earth surface. Air circulations are started due to different heating and 

temperature degree. Hot air is lighter than cold air. Hot air rises as a result of heating. This rising 

takes 10 m approximately. After this height, it continues to move towards north and south. 

Moving air mass turns to right in the northern hemisphere and it turns to left in the southern 

hemisphere as the world rotates. Air masses start to goes down at lower levels again due to high 

pressure areas. In the poles, high pressure areas form because the air is colder.  

2.2. Factors, Which Affect on Winds 

2.2.1. Turbulence 

Turbulence is an unregulated wind flow. Obstacles such as buildings, trees etc. in very rough and 

uneven lands create much turbulence.  Turbulence area may reach to 3 times of the obstacle 

height.  As it may be seen in the figure, turbulence is clearer in the rear side of obstacle. 
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Turbulence reduces the energy generation efficiency in the wind turbine and it causes wearing 

and damages in the turbine. Therefore, lower turbulence density allows wind turbines to last 

longer.    

Figure 4: Turbulence effect 

2.2.2. Tunnel Effect 

Wind velocity increases when it passes through buildings and narrow straits among mountains. 

Wind velocity may go up to 9 m/s while it passes though this kind of locations if it is 6 m/s in 

open areas. A wind turbine, which is installed in a tunnel, will have a chance to reach higher wind 

velocities in comparison to the surrounding areas.  To allow a good tunnel effect, the tunnel must 

be fit into the land ‘perfectly’.  In case of the hills are very rough and uneven, much turbulence 

exists in this area, that is to say, the wind will rotate (as its direction changes many times). In the 

locations, where much turbulence exists, wind velocity advantage is full affected negatively. 

Winds, which change continuously, may cause damages such as tearing, cracking etc. in the 

turbines.   

Figure 5: Tunnel effect 
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2.2.3. Hill Effect 

To allow wind turbines to benefit from the wind velocity better, the most appropriate sites are 

hills. In the hills, wind velocities are higher in comparison to surroundings. Although increasing 

of wind velocity forms an advantage in the even and rough hills, occurrence of turbulence 

eliminates it completely. Appropriate and inappropriate land features are shown in the following 

figure for a wind turbine.  

Figure 6: Hill effect 

2.2.4. Park Effect and Tail Wind Effect 

Each turbine decreases the wind velocity in wind fields. For this reason, turbines must be placed 

according to the dominant wind. In general, the distance must be 5 – 9 rotor diameters between 

turbines in wind fields if it is towards the dominant wind; however, they must be installed at 

intervals of 3 – 5 rotor diameters if it is perpendicular for this direction. 5% energy loss happens 

in wind fields due to the existing park effect. Long-interval turbulence is formed in the rear side 

by the wind, which incomes to the turbine and then goes out from the turbine. This makes a tail 

wind effect on the turbines, which are installed in the second row. To prevent this, the turbines in 

the second row must be installed more far than the ones in the first row at a distance of 3 rotors 

approximately. They are usually placed as follows:  
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Figure 7: Park Effect and Tail Wind Effect 

2.2.5. Effects of Surface Features 

Wind is affected by earth surface geographic irregularity up to a height of 1 kilometer. If 

geographic irregularity increases, wind velocity decreases accordingly. According to roughness 

values for various surfaces given in Table 1, water level is the smoothest surface that it affects 

wind less. In the energy efficiency of wind turbine, roughness coefficients of lands have a great 

importance for evaluating appropriate wind conditions.  

Table 1: Comparison table for surface effect 

Roughness 

Class 

Roughness 

Length 

Energy 

Index 

(%) 

Land Definition

0 0.0002 10 Water Level 

0.5 0.0024 73 Completely open area, an even surface, concrete ways 

on airport, grassland areas etc.   

1 0.03 52 Open agricultural area, distributed buildings. Only light 

even hills.  

1.5 0.055 45 Agricultural area, where a few buildings are located. 

Area, where fences of 8 m are located in intervals of 
1.250 m approximately.  

2 0.1 39 Agricultural area, where a few buildings are located. 

Area, where fences of 8 m are located in intervals of 500 

m approximately. 

2.5 0.2 31 Many houses, thickets and floras and area, where fences 

of 8 m are located in intervals of 250 m approximately.   

3 0.4 24 Villages, small towns, agricultural area, where many 

fences are located, forest, very rough and uneven area. 

3.5 0.8 18 Metropolises, high buildings.

4 1.6 13 Very big cities, very high buildings. 
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3. WIND TURBINES

3.1. Classification of Wind Turbines 

Although the wind turbines in use are very various for dimension and type, the turbines 

are usually classified by rotation axis. Win turbines are divided into two classes by rotor axis: 

horizontal-axis and vertical-axis   

In spite of the fact that they are divided into two classes as horizontal-axis and vertical-

axis, both types of the turbines operate in the same aerodynamic principles. For relevant 

aerodynamic force type, they apply carrying or drag forces.    

Figure 8: Horizontal-axis wind turbine components 

3.1.1. Vertical-Axis Wind Turbines 

As it is understood from its name, turbine shaft is vertical and perpendicular to the wind 

coming direction. It has various types such as Savonius type and Darrieus type etc. Their 

commercial applications are few because their efficiency is lower. In Darrieus type vertical-axis 

wind turbines, two vertically installed wings exist (Picture 4.1). Wings are installed so that the 

turbine shaft forms a long ellipse approximately. A rotational motion forms due to the difference 

of pulling force between concave and convex surfaces of wings.  In Darrieus type wind turbines 

by its structure, the highest torque is obtained two times per period. If it is considered that wind 

blows from one direction, the power, which the turbine gives, forms a sinusoidal curve.  
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Vertical-axis wind turbines operate towards every direction and rotate towards the 

changing wind directions. They accept every wind, which comes from each direction. Vertical 

axis of the rotation allows the driver to be installed on the ground level.  

Advantages of vertical-axis turbines: 

• Turbine and gearbox are installed on the ground; it is not required turbine to be installed on

the tower. So, there is no expense for the tower.

• It is not required turbine to rotate towards the wind direction. That is to say, any steering

system is not needed.

• It is easy to maintain and repair the parts except for the turbine shaft.

• It is easy to transport the power obtained as it goes from the ground level.

• It may be installed on buildings.

Disadvantages of vertical-axis turbines: 

• The wind velocities are lower because they are placed on the sites, which are close to ground.

• Their efficiency is lower.

• First motion must be provided by a motor in order to let them to operate. They need a starting

motor.

• They must be fixed by wires because they need to remain standing.

• The entire machine must be laid down when the turbine shaft bearings are replaced.

3.1.2. Horizontal-Axis Wind Turbines 

As it is understood from its name, the rotational axis is parallel to wind direction in this 

type of turbines. The winds make a right angle by wind direction. The commercial turbines are 

usually horizontal-axis. Rotor is installed on a rotating table so that it will receive wind in the 

best manner.   

Most of horizontal-axis turbines are designed so that they will receive wind in the front. 

The wind turbines, which receive wind from the rear, are not commonly used. Good side of the 

wind turbines, which receive wind in the front, is that they are not affected by the wind shadow 

formed by the tower. Bad side is that the steering system must be made as the turbine must 

continuously look at the wind.     

For the wind turbines, which receive wind from the rear, if the rotor and body are 

designed appropriately, any steering system is not required. Therefore, they are lighter.  
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However, in the large-scale turbines, the wind, which comes from the rear, is not 

preferred. Because of this, turbine, which is let to rotate freely, twists the electrical energy 

carrying cables. It is not reliable to collect the current by a mechanical system in this system 

which runs at high currents such as 1000 amperes. However, it may be easily applied in small-

scale turbines.   

4. METHOD

4.1 Model Design 

Firstly, general properties of the existing vertical-axis wind turbines were examined and 

modifications were performed on a regularly operating model to design the cam-shaft model. The 

model was designed as multifunctional in order to show the energy gain comparatively. To allow 

it to be transportable easily, aluminum wings were applied. The wings and shaft of the model 

designed were made and installed by processing in CNC machines. 

Picture 1: Model details 
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Two 3-volts mini direct current motors were connected in order to generate electricity from the 

system. 

Picture 2: 3-Volt mini direct current motor 

5. TESTS & CALCULATIONS

In the vertical-axis wind turbines, if wings on both of the shaft axes were plane pieces, 

they would be subject to same wind pressure as they would show same equal area resistance 

against the wind. For this reason, as each wing would create reverse and equal rotational 

moments according to the axis, these moments would balance each other and rotational motion 

would not take place. However, the wings are produced as special sections similar to circle or 

ellipse pieces in horizontal plane sections; they are not produced as plane pieces. Thus, a reverse 

moment is formed by wind pressure at the concave face on the opposite side of axis while the 

convex face of turbine axis, which looks at wind, fills with wind to create useful rotational 

moment. Furthermore, the wind, which runs away from the concave surface of wing, creates a 

low pressure on this surface as the concave surface of wing is appropriate for running away of the 

wind. As a regular pressure exists in the inner convex surface of wing, this pressure difference 

creates a useful force on the wing. This force created allows the positive moment rotation.     

For the airplane wing, the wind, which runs away over the upper surface of wing, creates 

a low pressure area. This is called "Bernoulli Effect". Airplanes fly with the Bernoulli Effect. As 

a regular pressure exists in the lower surface of airplane wing, the difference of these two 

pressures takes wing up into the air. 
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Picture 3: Test set for vertical-axis wind turbine and views from the tests 
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Figure 9: Bernoulli Effect on wing 

Calculations on Convex Surface Calculations on Concave Surface

1- Wind Velocity: VR 1- Wind Velocity: VR

2- Output Velocity of Wind from Wing: Va 2- Output Velocity of Wind from Wing: Vb

3- Velocity Lost by Wind: 3- Velocity Lost by Wind:

V1= VR – Va     V2= VR –Vb

This velocity, which is lost by wind, transforms into kinetic energy in the wing: 

E=1/2 m V2

Let’s assume air mass, which comes to each of wings, is (1 unit) per unit time by velocity 

V. 

a) In this case, the kinetic energy transferred by the wind on the convex side:

E1= ½  x 1 x ( V1)2 

b) In the same way, the wind energy transferred to the wing on the concave side:

E2= ½  x 1 x ( V2)2 

E1 and E2 form a reverse rotational moment towards each other.

On the concave side, air (aerodynamic form) runs away to sideways structurally. 

Therefore, Vb > Va takes place. In this case, E1>E2 takes place. As the energy of convex side is 

greater, the turbine rotates towards the rotational direction of convex wing.  
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On the other hand, airflow, which runs away from the concave wing, forms a low pressure 

on the wing surface (Bernoulli Effect).  As a regular pressure exists in the rear surface of concave 

wing, the difference of two pressures creates a rotational moment. The rotational direction of this 

moment has same sign as the moment formed on the convex side. So, it helps the rotation.  

It is seen that the turbine gains more rotational moment thanks to the Bernoulli Effect 

formed on the concave side by wind as the difference of rotational moments formed by wind 

pressure creates a rotational event on both sides of the axis in the vertical-axis wind turbines. 

However, the efficiency of the vertical-axis wind turbines is lower because the opposite moments 

decrease each other’s effect.  

In this study, two different solutions are suggested in order to increase the efficiency. 

SOLUTION I 

In the vertical-axis wind turbines, each wing shows either convex face or concave face to 

wind. To increase the efficiency:     

a) To decrease the concave wing surface to decrease the reverse moment to be formed as well as

to maximize the Bernoulli Effect, some mechanisms must be made that they will keep smaller the 

angle between wing curve tangents and wind direction. This solution is called as Cam-Shaft 

Model.     

b) In the demonstration model designed, we made two wings as moving; not fixed. The wing

receives this motion from a cam connected to the wing shaft. The cam moves in an eccentric 

cavity and it leans to one side to allow the wing to lean while the wing goes to concave position. 

Thus, it provides a less surface to the wind to form a smaller reverse moment as well as it leans 

little against the wind to allow forming a higher Bernoulli Effect. The cap, where the cams rotate 

inside, always straightens its position according to the wind direction to adjust convex and 

concave states of the wings. However, we could not observe the positive effect as friction force 

of the cams is greater than the moments created in the model designed. We could see the 

efficiency increase because the benefit created is greater than the friction forces if the turbine 

wings made bigger.  In Figure 10-1, Figure 10-2, Figure 11-1 and Figure 11-2, convex, concave 

and oblique positions of the wings are shown while they rotate.     
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Figure 10 – 1 & 10 – 2: Wing positions 

Figure 11 – 1 & 11 – 2: Wing positions 
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SOLUTION II 

In the explanation above, it is put forth for consideration that the reverse moment formed on the 

wing in the concave position eliminates the useful moment formed on the wing in the convex 

position. Therefore, a useful moment will form on the wing in the convex position if forming of 

reverse moment arisen in the concave surface is prevented. To do it, the wind, which comes to 

the concave side, must be blocked. In the model designed, this approach was carried out by 

“Rotary Wind Barrier”. A higher efficiency is obtained from the tests performed on the model 

with this approach.  

a- Before the Rotary Wind Barrier was not installed:

Voltage of the current obtained from one motor was 0.32 V (approximately) while the distance 

was 170 cm between the wind fan axis and turbine axis.   

b- After the Rotary Wind Barrier was installed:

The voltage was 0.50 V while the same distance existed between the fan and turbine axes.  

EFFICIENCY%: (50-32)*100/32 = 56% (approximately) efficiency increase was obtained. 

Figure 12: Rotary wind-barrier turbines 
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On the other hand, if the wind blocked by the Wind Barrier is directed towards convex 

turbine of the secondary turbine to be installed near to the primary turbine, the efficiency of this 

secondary turbine increases more.  

Figure 13: High efficient turbine 

5. RESULTS & DISCUSSION

It is shown experimentally in the study carried out that the efficiency may be increased up 

to 56% by applying two different apparatuses in the vertical-axis standard (Savonius) wind 

turbines. 

In Figure 10-1 and Figure 13, the concave wing forms less reverse rotational moment as it 

shows less face against the wind as well as it forms more Bernoulli Effect as the wind passes just 

above the surface of the concave wing, so it gains ground.   
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In Figure 10-2, Figure 11-1 and Figure 11-2, state of the concave wings is neutral in terms 

of gain/loss.   

In this case, 40% efficiency increase is shown per period approximately. 

A very efficient wind energy establishment can be built with such turbine set, which will 

be established side by side in a specified order. Very good results also can be obtained even these 

sets are installed on a building roof.     

For the studies, which will be carried out in this subject from now on, it is suggested that a 

study should be carried out on the gain to be obtained when this kind of systems are installed 

multiply.   
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Dynamics of Exercise Ball
Yusuke Sugimoto 

The reason why I had an interest on this topic is a bone dislocation happened on my 

little finger when I failed to receive a soft exercise ball by a ball thrown to me. The 

purpose of this study is to clearly the cause of bone dislocation caused by hitting a soft 

exercise ball, which were safe, from the physical of view. First, an exercise ball was 

dropped from certain height, and its motion was recorded by high-speed camera. Then, 

to make F-t graph, time was calculated from each frame of movie, and the force was 

measured from the flatness of the ball. Also, how the ball was hit to my finger was 

examined by using a model of hand. Moreover, questionnaire about safety of an exercise 

ball was done for second and third year students of Amaki junior high school. 

From the results, a soft exercise ball had stronger impact in longer time, it means 

impulsive force of a soft exercise ball is stronger than a hard exercise ball. The exercise 

ball was hit to little finger from its lateral side was found from an experiment using a 

hand model. Moreover, many students answered as “soft exercise ball is safer” in 

questionnaire. In conclusion, the impact on little finger applied by soft exercise ball in 

long time is the reason why the dislocation happened. This conclusion tells a common 

belief “soft exercise ball is safe” is not correct. 

Introduction 

The purpose of this study is to show the risk of 

throwing a fitness ball in physical ways, using 

comparison of impulses of several balls that have 

different softness.  

Strong, and short-period force applied to an 

object is called impulsive force.  

F for force applied to an object, ∆t for the time 

intervals of the force applied, then the impulse I is 

written as following equation. 

I＝F∆t

 Use this equation and think about the situation when a ball hit on a human’s 

finger. A fitness ball is an elastic body, so the form will changed when it hit the other 

object. A ball received strong force in a long time period will be flattened. Soft fitness 

ball changer its form more than hard ball under the same amount of force, and the 

time to change the form up to its limit at the moment of impact is longer for the soft 

ball. Therefore, the impulsive force of soft ball should be stronger than hard ball. 

Normally, impulsive force is measured by exclusive device. However, impulsive 

Fig.1 Little finger injured by 

exercise ball

Proceedings of 24th First Step to Nobel Prize in Physics (FSNPP 2016)



force was measured by using flatness of a ball, and the time intervals of an impact 

was measured from the movie which was taken by high-speed camera. A graph were 

made from the force applied to a ball and the time of impact, then impulsive force 

were measured by counting the number of grids on the graph. The difference 

between the result of this study and general recognition about the safety of fitness 

ball were searched by questionnaire.  

The relationship between the flattening of the ball and the force applied to it was 

found from a standard curve, and also how the ball hit to a finger when it had 

dislocated was measured by using hand model. 

Experiments 

（１）Tools 

These experiments were done by the same one ball. 

The ball with a diameter of 56cm with less air inside was defined as soft ball, and 

the ball with a diameter of 65cm 

which contains much air is defined as 

hard ball. 

high-speed camera to record the 

motion of a ball, and a wooden board 

to crush the ball. 

Flatness of ball(F) … Percentage to compare the softness of balls with different size 

�	 =
�

��
× ���[％],

Where D	 is original diameter, and D is the  

diameter when the ball compressed with 40N of 

vertical force. 

（２）Methods 

〔Experiment１〕Take standard curves of flatness 

and the force applied 

①Put the ball on a bathroom scale. 

②Put wooden board on the ball. 

③Push the board down with both hands. 

④Compress the ball 4cm, 8cm and 12cm 

from its original diameter. 

⑤Record the value of bathroom scale in each position. 

⑥Repeat ①～⑤ 5 times. 

⑦Do same steps with another ball, 

and do the method of ①～⑥. 

⑧Draw standard curve. 

 

Diameter

［cm］ 
Mass[kg] 

Flatness of 

ball※

［％］

Material 

Soft 56 1.20 92.86 PVC 

Hard 65 1.20 94.62 PVC 

Fig.2  Data of balls

4

0

N

D D
0

Fig.3 Derive percentage of 

ball flatness 

Fig.4 measure to make graphs of 

ball flatness 

F
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〔Experiment２〕 Make F-t graph, compare difference 

of softness 

①Drop the ball from 1.70m high. 

②Take the movie of the ball hitting on the floor 

with High-speed camera. 

③Repeat these operations 15 times. 

④Change the softness of the balls, and continue 

operations ① and ②. 

⑤Analyze the flatness of ball from the movies. 

⑥Calculate the force applied to the ball from flatness. 

⑦Calculate time from the movie. 

Make F-t graph from these data. 

⑧Count the number of grids in the area 

where is surrounded by data line and  

x-axis of F-t graph, and compare the area.

Convert to % 

of flatness 

[cm] 

Soft ball [N] 
Hard 

ball[N] 

0.0 0 0 

6.2 8 

7.1 13 

12.3 68 

14.3 107 

18.5 238 

21.4 207 

Ball 
Biggest 

force[N] 
Time [ms] 

Soft 256.76 71.02 

Hard 207.76 57.20 

Ball 
Impulsive 

force[N・s] 

Soft 8.5 

Hard 4.4 
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Fig.7 Measure ball flatness 

and time 

Soft 

Hard 

Fig9 Data of experiment 2

Fig.6 Measure to make graphs of 

ball flatness 

Soft 

Hard 

Fig.5 Graphs flatness and force 

Fig8 F-t graph

Fig10 Impulsive force that is 

calculated by experiment2 graphs 
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〔Experiment３〕Questionnaire about the safety of exercise ball 

Questionnaire about safety of exercise ball was held in second year students and 

third year students in Amaki junior high school. Questionnaire were showed below. 

・Q１.Which ball do you think safe, exercise ball or dodge ball? 

・Q２.Which ball do you think safe, ball filled with full of air or ball take filled with 

little air? 

〔Experiment４〕Search the direction of hitting of a ball by using hand model 

Hand model was made with clay, hemp cord and wire.(Fig７) 

In this experiment, the ball angle of the ball and the point of impact had changed in 

each time. How the model, was bent was observed when the ball hit.(the ball was 

dropped from 1m high) 

Discussion and Conclusion 

From the results of experiment 1 and 2, when the datas of soft exercise ball and hard 

exercise ball are compared, soft exercise ball’s time is 1.24times shorter, and its 

strongest force is 1.24 times stronger, and its impulsive force is 1.93 times stronger 

than hard exercise ball’s datas. Therefore, person who catches the soft ball 

0% 50% 100%

3rd

2nd

Q1

①
Exercise 
ball

②Don't 
understa
nd

③Dodge 
ball

64 17 34

35 25 54

0% 50% 100%

3rd

2nd

Q2

①Full 
of air

②
Don't 
under
stand

③
Little 
air

22 16 77

34 15 65

Fig.12 Reproductive experiment 

of dislocation 

Fig5 Hand models 

Fig.11 Hand models 
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experiences stronger impulse. 

Fron the results of experiment 3, more than half students in second year students answered 

that exercise ball is safer than dodge ball in Q1. Most of students answered dodge ball is safer 

than exercise ball in third year because those students knew my accident. 

More than half of students in both second year and third year answered that the ball 

contains little air is safer than ball filled with full of air in Q2. Many students thought a soft 

ball is safer than hard ball. 

From the results of experiment 4, when the ball hit first joint of little finger, only the 

little finger was bent. When the center of ball was moved to little finger’s side, only 

the little finger was bent, just like bone dislocation that I had. 

Therefore, in my accident of bone dislocation, the ball was hit from fingertip, and the 

center of ball was moved to little finger side. 

Exercise ball is threw, and, person who catches the ball thrown experience strong is 

burdened big impact. Therefore, play dodge ball with soft fitness ball is very 

dangerous. 

Future research 

Tot throw a ball, the force must be added to the ball to force. Moreover, the  time 

is needed to add the force. Therefore, person who throwing ball is burdened, and, it 

is guessed that person throwing ball is danger, too.  

It is guessed force propagating on the surface of the ball like waves because 

balance ball is big and has elastic characterstics like spring. 

Sharing achievement

This study was done by Sato Kaito and Ono Daiki. Theme is “Danger! Don’t throw 

it.”.This study is announced “Science Castle 2015 in Kansai” and “The poster session 

for students ～ The door going to the new world～”. In “Science Castle 2015 in 

Kansai”, it was received “The Osaka Institute Of Technology prize”. Kaito Sato 

proved relationship between ball flatness and force. Yusuke Sugimoto measured 

impulsive force. Daiki Ono searched direction of balance ball when the little finger 

was dislocated. 
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ABSTRACT 

The rapid increase of the world’s population, and the lack of environmental consciousness 

in return, has caused the gradual reduction of drinkable water in the world. In addition, 

irresponsible consumption and pollution of drinkable water resources have paved the way for 

problems that cannot be solved. A global water crisis is assumed to break out in 2030.      

Although ¾ of Earth is covered with water, only 3% are freshwater bodies. In the near 

future this amount will not be sufficient for a rapidly growing world population. Considering this 

fact, in order to increase the already existing underground water resources, recycling them at low 

cost and thus obtaining high quality drinkable water will be an alternative solution to meet the 

water demand. Scientists have concentrated their studies on this subject.      

At present day, various devices and methods are used to obtain drinkable water. However, 

many of these methods are of a high cost. Plus during the purification process water mineralization 

breaks which causes harm to human health if used for long periods.    

In this study, it is proved that it is possible to produce drinkable water that is both cheap 

and contains minerals that make it fit for human consumption through the use of silver and Nano 

filters on a portable combine system that is designed with sustainability in mind as an alternative 

to technologies used at present day. 

KEY WORDS:  Water purification, Nano purification, Silver-ion purification, drinkable water, 
water filters 
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AIM OF THE PROJECT 

This study aims to produce drinkable water that is both cheap and contains minerals that 

make it fit for human consumption through the use of silver and Nano filters. 

With the help of the portable combine system, designed with an orientation for 

sustainability and innovatively produced, this study also aims to draw attention to the subject and 

raise awareness.  
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1. INTRODUCTION

Climate change and the irresponsible usage of underground water resources lead to the 

daily reduction of water supplies. The indication is that the problem of maintaining freshwater 

supplies will become a significant one in the near future. 

Although water covers high volume and a lot of space on Earth, drinkable water is very 

limited. 97% of water resources on the planet are salty seas and oceans. Only 3% of water 

resources are fresh and over 68% of this fresh water can be found in glaciers and Glacier 

Mountains. 31.4% of it is underground and 0.3% is on the surface. 87% of surface water 

resources are lakes and 13% are rivers. 

Most of the water resources that exist are inconvenient for direct usage and fail to meet 

the demands for drinkable water. Therefore, it needs to be purified. When waters are processed 

according different methods, it is called purification.   

The best method to deal with the fresh water problem that will outbreak in the near 

future is to purify fresh water resources to meet its demand. At present day, many studies have 

been undertaken to obtain drinkable water using different methods, but many of these methods 

are of a high cost. Plus during the purification process water mineralization breaks which causes 

harm to human health if used for long periods.    

  In this study, it is proved that it is possible to produce drinkable water that is both cheap 

and contains minerals that make it fit for human consumption through the use of silver and 

Nano filters on a portable combine system that is designed with sustainability in mind as an 

alternative to technologies used at present day. 

2. WATER PURIFICATION METHODS

 2.1. Physical Purification 

Physical purification is the simplest purification method. It depends on physical features 

such as pollution in the water, the size of the particles, specific weight and viscosity. The typical 

examples of this method are grid, precipitation, filtration and gas transfer. Through this method, 

hanging or swimming particles of up to 10-2 mm can be caught.  

 2.2. Chemical Purification 

Depending on the chemical features of the pollution, this method uses the coagulation, 

precipitation, filtration and ion change aspects of chemicals in the water. Through this method, 

apart from hanging and swimming particles, tiny colloidal solid substances of up to 10-6 mm 

can be caught.  
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 2.3. Biological Purification 

This method uses biochemical reactions in order to eliminate dissoluble and colloidal 

organic contaminants. Through this method organic substances of up to 10-8 mm can be caught. 

3. MEMBRANE TECHNOLOGIES

Functioning principles: The purification of water by putting it through, in high pressure, 

a semi permeable membrane and filtering unwanted particles.   

Purification units:   

� Pre-purification units (chlorination, sand purification/UF, cartouche filters) 

� High pressure pumps  

� Membrane modules (RO-Counter osmosis, NF-Nano filtration) 

� Final purification (demineralization, pH neutralization, chlorination) 

� Chemicals (to reduce H2SO4-pH, Sodium metabisulphite; in order to eliminate the harm 

of chlorine, in order to eliminate blockage of antiscalant-membrane)  

� Micro-filtration (Eliminating hanging solid substances and microorganisms – molecule 

size of 0.1-10 µm) 

� Ultra-filtration (Eliminating solid substances, organic substances and microorganisms 

- molecule size of 0.01- 0.1 µm)

� Nano-filtration (Eliminating ions such as Ca, Mg,SO4, organic substances and THM, 

eliminating pesticide) 

� Counter osmosis (inorganic ions, total dissolved solid substances, heavy metals and 

eliminating nitrite, nitrate and ammonium) 

Figure 1: Purification types based on particle size 
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4. METHOD

 4.1. Production of the Device 

After the technical drawings of the design, parts were produced on a CNC counter. 

During the production, kestamid, a hard polymer material, was used as it is good for firmness 

during production and is fit for application on the CNC counter. Technical drawings of the 

device and the phases of production are shown in Chapter 4.3, Figure 2 and Picture 2. 

 4.2. Functioning Principles of the Device 

The designed device is composed of three parts. 

First part: Composed of a silver ion elastic cloth filter that holds large solid particles, it 

shatters the cell membrane of the viruses and bacteria. This filter, where the water is put into 

the device, eliminates large particles while also reducing the effects of bacteria and viruses as 

the water flows into the Nano filter, the second part of the device. 

Second part: Pre-filtered water is sent into the nano cellular filter. In order for the water 

to pass through the 15 nanometer/0.015 micron cellular sized filter, pumping is physically 

applied.  

Third part: Using a silver ion purification and active Carbone filter, water is made 

drinkable by eliminating bad taste and odor.  

Picture1:  Components of the Silver Nano-Tech device 
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 4.3. Design of the Device 

While designing the device it was first modeled on a syringe method. For it to be 

portable, it was ergonomically designed with a 1 liter volume. AutoCAD was used for the 

drawings.     

Figure 2: Technical drawings of the device 

588

Obtaining drinkable water with new generation technology for a sustainable world "...



Picture 2: Processing of the device on a CNC counter 
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5. EXPERIMENTS AND ANALYSIS

 5.1. Experimental study 

In order to be used in the experiments, 300 grams of flower soil with excrement was 

mixed with 3 liters of tap water, thus obtaining dirty water. This water sample was called sample 

“A”.   

Picture 3: Sample of dirty water “A” and its transfer into the device 

During the first phase, having put the sample into the device, sample “A” was run 

through a silver ion pre-filter, thus obtaining sample “B”. Sample “B” was called sample run 

through the pre-filter.    

Picture 4: Water sample “B” run through the pre-filter 

During the second and third phases, sample “B” was run through Nano filter and silver-

carbon filter consecutively and thus obtained the totally purified sample “C”. 

Picture 5: Purified and drinkable water sample “C” 
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Picture 6: Physical appearances of samples “A”, “B”,”C” 

Picture 7: Electro-analytic analysis of dirty water sample “A” and purified drinkable water 
sample “C”  

Picture 8: “A”, “B”, “C” water samples sent for analysis 
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 5.2. Chemical analysis 

Data obtained by the analysis are shown in Table 1. 

Table 1: Chemical analysis results 

CHEMICAL 
ANALYSIS 

DIRTY WATER 
SAMPLE 

“A” 

PREFILTERED 
WATER 
SAMPLE 

“B” 

FILTERED WATER 
WITH SILVER NANO 

TECH DEVICE  
“C” 

pH 9.2 8.4 7.8 
ORGANIC MATTER 297 98 Suitable 
CHLORINE (mg/L) 2.60 1.65 0.89 
AMMONIUM (mg/L) 17.4 3.2 0.03 
SODIUM (mg/L) 2.18 1.97 1.48 
SULPHATE (mg/L 22 18 6 
ALUMINUM(mg/L) 0.33 0.17 0.003 
IRON (mg/L) 0.02 0.004 <0.001 
CHROMIUM (mg/L) 0.02 0.005 <0.001 
LEAD (mg/L) 0.01 0.003 <0.001 
MANGANESE (mg/L - - <0.001 
BLUR (NTU) 175 43 Suitable 

 5.3. Bacterial analysis 

Data obtained by the analysis are shown in Table 2. 

Table 2: Bacteria analysis results 

BACTERIAL 
ANALYSIS  

DIRTY 
WATER 
SAMPLE 

“A” 

PRE 
FILTERED 

WATER 
SAMPLE 

“B” 

WATER 
FILTERED 

WITH SILVER 
NANO TECH 

DEVICE  
“C” 

LIMIT 
VALUES 

ANALYSIS 
METHOD/ 

MEASUREMENT 
LIMIT 

ODOR Unique Unique Unique Unique Organoleptic 

UNKNOWN 
SUBSTANCE 

Available 
(Residue) 

Available  
(Less Residue) 

0 Unavailable Organoleptic 

ENTEROCOCCI  More than 
200 

Less than 
200 

0 0kob/100ml TS EN ISO 7899-2 

ESCHERICHIA 
COLI 

0 0 0 0kob/100ml TS EN ISO 9308-1 

COLIFORM 
BACTERIA 

100 25 0 0kob/100ml TS EN ISO 9308-1 

* Analysis has been undertaken in the sanitation laboratories of the Ministry of Health.
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6. CONCLUSION AND DISCUSSIONS

The results of experiments undertaken with the Silver Nano-Tech device are shown 

below: 

Looking at the results in Table 1 and Table 2 it is proven that the three-phase Silver 

Nano-Tech device can be used successfully for purifying water.   

After chemical and bacteria analysis, it is also proven that the Silver Nano-Tech device 

can reach globally accepted standards of drinkable water values.   

 (http://apps.who.int/iris/bitstream/10665/44584/1/9789241548151_eng.pdf) 

(http://www.lenntech.com/applications/drinking/standards/who-s-drinking-water-

standards.htm) 

Advantages of the Silver Nano-Tech water purifying device: 

• The designed device can purify any type of polluted fresh water and turn it into drinkable

water without breaking its mineralization. 

• Depending on the pollution level, the device can function with the same filter of up to 10.000

liters. 

• The device can be used in daily life as well as military, domestic and sporting purposes.

• The designed device is eco-friendly since it does not use electricity but activated by a simple

pump. 

• The device is made out of kestamid polymer. Therefore, it is unbreakable.

Table 3: Cost Analysis of Silver Nano-Tech water purifying device 

MATERIAL/ PROCESS MATERIAL AND LABOR COST ($) 

AUTO-CAD DRAWING - 

KESTAMID BLOCK 12 

CNC COUNTER PROCESS 215 

NANO SILVER FABRIC 28 

CARBON FILTER 5 

NANO CELLULAR FILTER 20 

TOTAL COST FOR ONE DEVICE 280 
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The improvable areas of the Silver Nano-Tech water purifying device: 

• Filters must be cleaned after an average of 20 usages.

• Because the device has a Nano cellular filter, only a small amount of purified water is obtained

as a result of manually applied pressure. 

• The device has a capacity of 1 liter for each usage.

• The device can only purify polluted fresh water. It cannot be used for salt water. For this kind

of purification a counter osmosis process would be needed. 

• The cost of the prototype is 280 dollars. If produced at 100 units or more, the cost of one unit

will decrease to 30 dollars. 

In the following studies, it is recommended to investigate the application of this system 

to larger capacity water tanks and its multiple effects on the country’s economy. 
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ANEX 1: STUDY PLAN 

PROJECT STUDY PLAN 
2015 - 2016 

*** All studies have been undertaken and completed in accordance with the project plan. 

07 OCTOBER 2015 Brain storming for the project assignment 

14 OCTOBER 2015 Selection of the project and its approval 

21 OCTOBER 2015 
Compiling bibliography and calculating budget 

28 OCTOBER 2015 Designing the model and preparing draft drawings 

04 NOVEMBER 2015 Providing parts of the model 

18 NOVEMBER 2015 
Assembling the model 

20 NOVEMBER 2015 Starting to write the project report 

22 NOVEMBER 2015 Preparing for the experiments and writing the report 

22-30 NOVEMBER
2015 

Experiments 
1-Preparing the water samples  2- Chemical analysis of the

water quality 
3- Bacterial analysis of the water quality

Writing the report 

1-30 DECEMBER
2015 

Eliminating problems 
Completing project report and checking it 

5-15 JANUARY 2016 Application to the contest and completing the approval 
requirements 
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