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ABSTRACT

In this research work measurement of diffusion coefficient of two miscible liquids is reported.
The liquids are various combinations of ethanol and pure water. Moiré Defelectometry method
was used in order to measure the diffusion coefficient of ethanol solution in pure water at room
temperature (23+2°C). The apparatus were: He-Ne laser (A= 632.8 nm), expanding and
collimating lenses, the diffusion cell, twosimilar rhonchi gratings, thermometer, syringes, screen,
CCD camera and computer, and they were carefully calibrated and adequate operating
conditions were summarized. Measured with this apparatus, the average diffusion coefficient (D)
of Ethanol solution in pure water, agree with those reported value in literature, which is D =
(0.822 + 0.02) X 10-°m?/s assuming that the diffusion process is one-dimensional. It is found that
the diffusion coefficient of ethanol solutions increases linearly with increase in solute

concentration.
Key Words: - Moiré Defelectometery, Fringe Projection, Moiré Fringes, Transmission

Grating, Index of Refraction, Moiré fringe shift, Diffusion Coefficient,
Concentration
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CHAPTER ONE

Introduction

Alcoholic beverages are class of organic compounds, containing one or more hydroxyl
group (OH), attached to a carbon atom. Ethanol (ethyl alcohol, grain alcohol) is a clear,
colorless liquid with a characteristic, agreeable odor. Ethanol is the only type of alcohol
that can be prepared and consumed at a commercial or household level. Alcoholic
beverages can be produced by fermentation and/or distillation and distilled alcoholic spirit
categories that include two groups in itself: namely distilled spirits and liquors [1].
Fermented drinks are prepared by the action of yeasts that metabolize sugars or other
carbohydrates in grapes, other fruits, vegetables and grains by producing alcohol as a
waste product whereas distilled spirits are produced by the distillation of fermented raw
materials with the separation of alcohol from fermented liquid by increasing the alcohol
content. Wine, Beer, whisky, rum, vodka, brandy, gin and liquor are the most consumed

alcoholic beverages all around the world [2, 3].

In many countries there are beverages which either fall outside of the usual beer, wine and
spirits categories or which are traditionally produced at the local level, for example in
villages and in homes. This kind of production seems especially common in many African
countries, where a wide variety of different beverages can be found. Many of these are
produced by fermentation of seeds, grains, fruit, and vegetables or from palm trees, which
is a rather simple procedure. In Ethiopia, very popular traditional fermented alcoholic
drinks include “tella” [4], “tej” [5], “areke” [6], “borde” [7], and “‘shamita” [8]. The borde
and shamita are mainly prepared in central and southern Ethiopia [9, 10] whereas
considering popularity, traditional alcoholic beverages namely, tella and ‘katikala’ (areke)
is very common in northern part of Ethiopia. Currently, even bottled ‘Gojam areke’ from

north Ethiopia is in the market by gathering from different rural vending houses.



“Areke” is a traditional home-distilled beverage that is made from an assortment of cereals
such as wheat, sorghum and maize, and has a high level of ethanol. “Areke” is usually
brewed in rural and semi-urban areas and is used more commonly by farmers and semi-
urban dwellers than by people who live in the cities. In cities, those who drink “areke” are
predominantly lower class people or those who have become dependent on alcohol and
cannot afford to buy industrially produced alcohol [11]. Ethanol(pure) crystalizes at —
114.1°C, boils at 78.5°C, and has a density of 0.789 g/ml at 20°C. Its low freezing point
has made it useful as the fluid in thermometers for temperatures below —40°C, the freezing
point of mercury, and for other low-temperature purposes, such as for antifreeze in
automobile radiators. Ethanol is miscible in all proportions with water and with most
organic solvents. This means it can diffuse easily in water and most organic solvents [12,
13].

Diffusion is a process by which matter is transformed from one part of a system to another
as a result of random molecular motion [14, 15]. The diffusion in the stationary liquid or
gas phase is characterized by diffusion coefficient. The diffusion coefficient of a substance
in a fluid can be predicted theoretically or found from empirical correlations. It can also
be obtained experimentally. Optical methods are among the wide variety of techniques
available. They apply to transparent fluids and are based on the fact that the concentration
distribution in a diffusion process produces a gradient in the index of refraction
within  the fluid.

Diffusion in transparent liquids can be studied by various optical methods based on the
measurement of refractive index variation, such as, for example, interferometry,
holographic  interferometry,  sandwich  holography, electronic  Speckle pattern
interferometry (ESPI), speckle decor relation, scanning laser beam, and common path
interferometry [16]. Laser-based techniques are among the most sensitive methods
employed for measuring diffusion coefficient and thermal conductivity. But the main
limitation of the interferometric methods is their sensitivity to vibrations, and so they
require precise optical conditions and limits their implementation in an industrial

environment[16].



In this report the we use a high-precision, real-time, noninvasive, laser-based technique
to measure the refractive index of a liquid mixture or an agueous solution, which
includes the Moiré defelectometry technique for direct mapping of ray deflection due to
change in refractive index of a medium. Moiré defelectometry is a simple technique for
optical testing of phase objects and specular surfaces, based on the moiré effect. The
method provides mapping of ray deflections caused by either a phase object or reflection
from a surface. Moiré defelectometry is a simple and powerful tool for measuring ray

deflections within the paraxial approximation.

The main advantages of the Moiré defelectometry technique are its extreme
experimental simplicity, low cost and low sensitivity to external disturbances in
comparison with other interferometric methods that requires high precision and stable
experimental set-up. In a transparent mixture, change in concentration, for a multi-
component liquid mixture, and temperature, results a change in the liquid index of
refraction. A parallel laser beam, passing through such a medium of varying index
of refraction, is locally deflected even if it passes perpendicularly to the gradient of the
index of refraction (diffusion direction). The deflection angle is direct mapping of the

refractive index gradient of the medium [16].

The Moiré Defelectrometry method is used by other researchers to find the diffusion
coefficient of sugar solution, Kazem Jamshidi-Ghaleh and et al [17]. In this report the
Moiré defelectometry method was applied for measuring the diffusion coefficient of
Ethanol solution in pure water under 5-mW He—Ne laser (A=632.8 nm) illumination and
its value was compared to the reported measurements in the literature which are carried
out using other methods such as Cussler, E. L. empirical correlation method [18],
Wilke.C.R. Experimental and theoretical correlation method [19].The study was
organized in five chapters. The first chapter is the introductory chapter that includes the
statement of the problem, the general and specific objectives, and the significance of the
study. In Chapter two the definition of ethanol, diffusion and the principle of Moiré
defelectometry is given and a review of the publications within this field is presented in

detail. In Chapter three the experimental methods (materials used, experimental setup, and
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procedure) for this thesis work are presented. Chapter four includes the detail of results,
data analysis and discussion. Finally, Chapter five includes conclusions and the outlooks

into future work were presented.

1.2. Statement of the problem

The diffusion coefficient of a substance in a fluid can be predicted theoretically or found
from empirical correlations. It can also be obtained experimentally. Optical methods are
among the wide variety of techniques available, such as, interferometry, holographic
interferometry, sandwich holography, electronic Speckle pattern interferometry (ESPI),
speckle decor relation, scanning laser beam, and common path interferometry [16]. Laser-
based techniques are among the most sensitive methods employed for measuring diffusion

coefficient and thermal conductivity.

Moiré defelectometry is one of a simple and powerful tool for measuring ray deflections
within the paraxial approximation. This technique is chosen for its extreme experimental
simplicity, low cost and low sensitivity to external disturbances in comparison with
other interferometric methods that requires high precision and stable experimental
set-up. The method was used by other researchers to find the diffusion coefficient of sugar
solution, Kazem Jamshidi-Ghaleh and et al. [17].As far as my knowledge is concerned, no
investigation has been done on Ethanol using Moiré defelectometry. Therefore, based on
the above investigation the study aims to use Moiré defelectometry method for measuring
the diffusion coefficient of Ethanol solution in pure water under 5-mW He—Ne laser
(A=632.8 nm) illumination and its value was compared to the reported measurements in
the literature which are carried out using other methods such as Cussler, E. L.
empirical correlation method [18], Wilke.C.R. Experimental theoretical correlation
method [19].



1.3. General objective

The general objective of this study is to determine the diffusion coefficient of ethanol

solution in pure water using moiré defelectometery technique.

1.3.1. Specific objectives

The Specific objectives of this study are:
I. to determine the diffusion coefficient of different concentration of Ethanol in pure water

using Moiré defelectometry technique.

il. to compare the diffusion coefficient of different concentration of Ethanol in pure water.

1.4. Significance of the study

As mentioned above the general objective of the study is to determine the diffusion

coefficient of ethanol solution in pure water using moiré defelectometery technique. And

this study expected to be helpful for the following:-

> It helps to approve the quality of Ethanol for the daily users.

> It helps the factory to maximize the quality of its product and have more customers.

> It helps the factory to be competitive in the world market and this may reduce the
foreign currency with those kinds of ethanol were imported to our country.

Finally, this study may also help those who like to study similar research as a reference.



CHAPTER TWO

Review of related literature

2.1. Ethanol

Ethanol (ethyl alcohol, grain alcohol) is a clear, colorless liquid with a characteristic,
agreeable odor. In dilute aqueous solution, it has a somewhat sweet flavor, but in more
concentrated solutions it has a burning taste. Ethanol, CH3CH2OH, is an alcohol, a group
of chemical compounds whose molecules contain a hydroxyl group,—OH, bonded to a
carbon atom. The word alcohol derives from Arabic al-kuhul, which denotes a fine powder
of antimony used as an eye makeup. Alcohol originally referred to any fine powder, but
medieval alchemists later applied the term to the refined products of distillation, and this
led to the current usage. Ethanol crystalizes at—114.1°C, boils at 78.5°C, and has a density
of 0.789 g/mL at 20°C. Its low freezing point has made it useful as the fluid in
thermometers for temperatures below —40°C, the freezing point of mercury, and for other

low-temperature purposes, such as for antifreeze in automobile radiators [12,13].

It is made from the fermentation or chemical breakdown of sugars by yeasts. All beverage
ethanol and more than half of industrial ethanol is still made by this process. And also it
is made from plants and grains such as corn, wheat, barley. Inthe production of beverages,
such as whiskey and brandy, the impurities supply the flavor. Starches from potatoes, corn,
wheat, and other plants can also be used in the production of ethanol by fermentation.
During the fermentation process, the starches of the grains are turned into alcohol. The
fermentation reaction is represented by this simple equation:

CsH1206 > 2 CH3CH20H +2 CO2 1)
The ethanol produced by fermentation ranges in concentration from a few percent up to
about 14 percent. Above about 14 percent, ethanol destroys the zymase enzyme and
fermentation stops. Ethanol is normally concentrated by distillation of aqueous solutions,
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but the composition of the vapor from aqueous ethanol is 96 percent ethanol and 4 percent
water. Therefore, pure ethanol cannot be obtained by distillation. Commercial ethanol
contains 95 percent by volume of ethanol and 5 percent of water. Dehydrating agents can
be used to remove the remaining water and produce absolute ethanol [11].Ethanol Alcohol
is commonly used in the medical field as an antiseptic and as a disinfectant. Medical wipes
and antibacterial hand sanitizers have alcohol to help prevent the spreading of bacteria in
hospitals and related facilities. Alcohol is also used to sterilize the skin before injections.
Hospitals and medical clinics use alcohol to sterilize various medical equipment before
and after use [11, 12].

Ethanol is also used as an automotive fuel by itself and can be mixed with gasoline toform
gasohol. The gasohol Contains 15% of ethanol and 85% of gasoline. The majority of all
our energy needs come from fossil fuels. The gasoline (fossil fuel) reserves are finite and
being used at accelerating rate, and faces depletion. We need alternative energy sources.
To reduce consumption of nonrenewable fossil fuels and to sustain our way of life ethanol
is seem to be a suitable renewable source of energy. It can be used as a petrol extender
and therefore reduce the consumption of petrol. It undergoes a complete combustion

leading to cleaner exhaust gases (emits less CO and CO2) [12, 13].

It can be safely used as a solvent for different products such as perfumes, paints, lacquer,
and explosives, culinary extracts, essential oils, tinctures, and concentrates. Using Food
Grade Ethyl Alcohol will minimize the impurities that can contaminate your extracts and
tinctures. It also leaves little to no residual. Ethyl Alcohol is often used as a final wash
when making BHO and CO:2 extractions. Most industrial ethanol is denatured to prevent
its use as a beverage. Denatured ethanol contains small amounts, 1 or 2 percent each, of
several different unpleasant or poisonous substances. Ethanol is toxic, and the body begins
to dispose of it immediately upon its consumption. Over 90 percent of it is processed by
the liver. In the liver, the alcohol dehydrogenase enzyme converts ethanol into
acetaldehyde, which is itself toxic [11, 13].



Ethanol acts as a drug affecting the central nervous system. Its behavioral effects stem
from its effects onthe brain and not on the muscles or senses themselves. It is a depressant,
and depending on dose, can be a mild tranquilizer or a general anesthetic. It suppresses
certain brain functions. At very low doses, it can appear to be a stimulant by suppressing
certain inhibitory brain functions. However, as concentration increases, further
suppression of brain functions produce the classic symptoms of intoxication: slurred
speech, unsteady walk, disturbed sensory perceptions, and inability to react quickly. At
very high concentrations, ethanol produces general anesthesia; a highly intoxicated person
will be asleep and very di Alcohol levels in the brain are difficult to measure, and so blood

alcohol levels are used to assess degree of intoxication [11, 12, and 13].

Most people begin to show measurable mental impairment at around 0.05 percent blood
alcohol. At around 0.10 percent, mental impairment will show obvious physical signs,
such as an unsteady walk. Slurred speech shows up at around 0.15 percent.
Unconsciousness results by 0.4 percent. Above 0.5 percent, the breathing center of the
brain or the beating action of the heart can be anesthetized, resulting in death. Difficult to
wake, and if awakened, unable to move voluntarily. Ethanol is miscible in all proportions
with water and with most organic solvents. This means ethanol can diffuse easily in water

and most organic solvents [11, 12].

2.2. Diffusion

Diffusion is the physical process of matter spreading from a region of higher
concentration to aregion of lower concentration. Examples include the spreading of cream
in a cup of coffee and the deflation of a helium balloon over time. In more general terms,
diffusion may refer not only to the movement of matter but also of heat. For example, if
one end of a block is heated rapidly and then the heat source is removed, over time the
heat will diffuse through the block until the temperature of the block becomes uniform
[20].



Diffusion can also be defined as the process where an initially non uniform
distribution of species in a mixture proceeds toward uniform distribution [16]. It is
usually illustrated by the classical experiment in which a tall cylindrical vessel has its
lower part filled with iodine solution, for example, and a column of clear water is poured
on top, carefully and slowly, so that no convection currents are set up. At first the colored
part is separated from the clear by a sharp, well-defined boundary. Later it is found
that the upper part becomes colored, the color getting fainter towards the top, while
the lower part becomes correspondingly less intensely colored. After sufficient time the
whole solution appears uniformly colored. There is evidently therefore a transfer of
iodine molecules from the lower to the upper part of the vessel taking place in the absence

of convection currents. The iodine is said to have diffused into the water [14, 15].

2.2.1. The theoretical basis of diffusion

Atoms and molecules are constantly in motion. Each atom or molecule undergoes many
collisions with others in the gas or liquid in a very short period of time. Because of this,
the atom or molecule appears to move in a somewhat random fashion, as illustrated in
figl. This motion is often referred to asa random walk [16]. If it were possible to watch
individual molecules of iodine when it diffused into water, it would be found that the
motion of each molecule is a random one. In a dilute solution each molecule of iodine
behaves independently of the others, which it seldom meets, and each is constantly
undergoing collision with solvent molecules, as a result of which collisions it moves
sometimes towards a region of higher, sometimes of lower, concentration, having no
preferred direction of motion towards one or the other. The motion ofasingle molecule
can be described in terms of the familiar 'random walk' picture, and whilst it is possible to
calculate the mean-square distance traveled in a given interval of time it is not possible

to say in what direction a given molecule will move in that time.



Fig 1:- The motions of molecules or atoms appear to be random walk [15].

This picture of random molecular motions, in which no molecule has a preferred direction
of motion, has to be reconciled with the fact that a transfer of iodine molecules
from the region of higher to that of lower concentration is nevertheless observed. Consider
any horizontal section in the solution and two thin, equal, elements of volume one
just below and one just above the section. Though it is not possible to say which way any
particular iodine molecule will move in a given interval of time, it can be said that on
the average a definite fraction of the molecules in the lower element of volume will
cross the section from below, and the same fraction of molecules in the upper element will
cross the section from above, in a given time. Thus, simply because there are more iodine
molecules in the lower element than in the upper one, there is a net transfer from the lower

to the upper side of the section as a result of random molecular motions [15].

2.2.2. Basic hypothesis of mathematical theory of diffusion

Transfer of heat by conduction like diffusion is a random process in which from one part
to another by random molecular motions and there is an obvious analogy between the two
processes. This was recognized by Fick’s (1855), who first put diffusion on a quantitative
basis by adopting the mathematical equation of heat conduction derived some years earlier
by Fourier (1822). The mathematical theory of diffusion in isotropic substances is
therefore based on the hypothesis that the rate of transfer of diffusing substance through
unit area of a section is proportional to the concentration gradient measured normal to the
section [15, 21].

10



ox T J = flux of atoms across
plane with area, A

o (%)

X

Fig 2:- the rate of transfer of diffusing of atoms per unit area of section [15, 21].

ac

J =-D @

ox
The negative sign arises diffusion occurs in the direction opposite to that of concentration.
Where:- J is the rate of transfer per unit area of section, c¢ - concentration of diffusing
substance, x - the space coordinate measured normal to the section, D- the diffusion
coefficient. In some cases e.g. Diffusion in dilute solution (D) can reasonably be taken as
a constant, while in other diffusion (in high polymers), it depends very markedly on

concentration. If the amount of material diffusing (J) and the concentration(c) are both

expressed in terms of the same unit of quantity, gram/gram molecules, then, D is

independent of this unit and has dimensions (length)?(time)!.

2.2.3. Differential equation of diffusion

The fundamental differential equation of diffusion in an isotropic medium is derived
from EqQ.2 as follows. Consider an element of volume in the form of a rectangular
parallelepiped whose sides are parallel to the axes of coordinates and are of lengths
2dx, 2dy, 2dz. Let the center of the element be at P (x,y, z), where the concentration of
diffusing substance is C. Let ABCD and A'B'C'D' be the faces perpendicular to the axis of
x as in figure 3. Then the rate at which diffusing substance enters the element through the

face ABCD in the plane x — dx is given by:

11



4dydz(Fx — = dx) 3)
Where: - Fx is the rate of transfer through unit area of the corresponding plane through

P. Similarly, the rate of loss of diffusing substance through the face A'B'C'D' is given by:

4dydz(Fx + == dx) @)
C C
2dz #
D D,
oF, T P " OF
4dydz (F.— =% dx) ) ofy
Yoz (= 2d}|l’ B B,4d}dz (Fe+ 75 dx)
*--—————- — —— = A
A 2dx A

Fig 3:- Element of Volume [14].
The contribution to the rate of increase of diffusing substance in the volume element from

these two faces is thus equal to
J0Fx

Similarly, from the other faces we obtain

0Fz
6t)

~8dxdydz(Z>) And  —8dxdydz(
But the rate at which the amount of diffusing substance in the element increases is also

given by
ac
—8dx dde (E) (5)

And hence we have immediately
0C 0Fx 0Fy ,  0Fz
at+ 6x+ ay+az =0 ©)
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If the diffusion coefficient is constant, Fx, Fy, Fz are given by (2) and (6) becomes

9C _ (@c?)  (9c?) (0c?)
ot [ @x2) = (0y?) (022) ] (7)
And equation (7) reduces to
ac (0c?)
ot D [(aXZ)] ®)

2.2.4. The empirical laws of diffusion

The phenomenological description of diffusion is embodied in Fick’s two laws, which are
empirical statements that relate the diffusive flow of matter to concentration gradients. To
illustrate these laws, consider a single-phase dilute binary alloy in which the constitue nts
are in homogeneously distributed and let ¢ be the concentration of the minor constitue nt.
The concentration is function of position and time and the concentration gradient induces
a flow of matter [15, 16].

Fick’s First law: - States that “The flux of the diffusing species in a given direction has a
magnitude proportional to the concentration gradient in that direction”.

That is, if J, is the flux along the x, axis, then

2 ac
X1

J1 = _51

©)

0

Where: - D, is proportionality factor called diffusion coefficient.

The negative sign expresses the fact that diffusion occurs from the region of high
concentration to region of low concentration [22].1f points in a Cartesian coordinate
system with unit vectors (i, iz, i3), then we would expect that an equation similar to Eq.3

hold for each of the three directions along the coordinate axis.
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For Isotropic systems such as gases and liquids, this turns out to be the case. Furthermore,
for such systems the diffusing coefficient is experimentally found to be the same in all
directions. In nonhomogeneous systems, however it is not the same in all directions. Also
the flux in one direction can depend on the flux in the other direction [14].

These results can be described by a generalized Fick’s first law, as
ac

o,

-

Ji =Dy,

= 0c

¢
— D
135,

9c
0x,

- 512 (10)

Similarly the fluxes in other two directions of the Cartesian coordinate system are given
by

2 = ac = oc = ac

J2 =D216_x1_D22@_ D23ax3 (11)
2 = ac = ac = ac
J3 = D316_x1_D326_x2_ Ds3 oxs (12)
These equations can be written in a compact form by defining the flux vector J as
J=J1it + Job2 + J3is (13)
And the diffusion dyadic D
D = Dyqiyiy + Dyyiqiy + Dygiyis+ Dyyiniy + Dyyiyiy 4 Dyslyis
The equation ref.3-6 give the generalized Fick’s First law as
J=-Dvé (15)

Fick’s Second law: - states that “The time rate of change of concentration in volume

element of membrane with in the differential filed is proportional to the rate of change of
flux gradient at that point in the field.” ie.

14



—_— >

o _
S4+V-]=0 (16)

This is just an expression of law of conservation of matter and states that, any change in
concentration in a volume element is the result of the difference in matter flow in and out
of the volume element [16, 22].

Combining equations 15 and 16 gives a generalized form of Fick’s second law:-

%€ _yp.ve 17)
at

In Isotropic and cubic systems this takes a particularly simple form since D1=D,=D3s=D

[16, 23]. If D is a constant independent of position and time the simplification is even

greater and Fick’s laws become:-
66 =4 -
_— 2
= D(V2c) (18)

2.2.5. Diffusion coefficient and mean free path

The average distance an atom or a molecule travels between collisions is called its mean
free path. The mean free path depends upon the size of the atom or molecule. For typically
small molecule in the gas phase at 300K, the mean free path is about 8mm. Taking an
average speed of 400m/s the average time of collisions is about 2 x 10710 m?/sec, this
means that small molecules makes 5 x 109 collisions per second. Asthe molecules undergo
this seemingly random motion induced by collisions with other atoms or molecules they
migrate through the solution. If there are initially larger proportions of molecules of
particular type in one region of the solution, then over the time the molecules will spread
out and become evenly distributed throughout the solution. This is the process of diffusion
for an initial concentration gradient of a gas or liquid media. The rate at which the
molecules spread out is proportional to the difference in the concentration gradient. [15,
20]
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Rate of Diffusion = B x Concentration gradient (19)

Where: - D is diffusion coefficient gradient in (length) 2/time. It is a measure of the number
of molecules moving through a particular cross-sectional area per unit of time.
Experimental measurement of typical diffusion coefficient in water at 300K yields values
in the range of 10°cn¥/s. Diffusion coefficient is related to the mean free path that a

molecule travels via Einstein-Smoluchowsky equation.

— AZ

D =~ (20)

Where: - A - is the mean free path, T - average time between collisions. Assuming that the
average time between the collisions can be calculated from the average speed and mean

free path, the time between the collisions can be expressed as

A
T= 21
Vave (1)
Where: - v, is the average speed of molecule.
Combining Eq.20 and 21 gives
=_ 2
D = ~ave (22)

2
Using the gas phase value of 80nm for the mean free path and 400nvVs as the average speed
the predicated diffusion coefficient for a small molecule is 1.6 x10-°n?/s, which is much
larger than the typical value for the diffusion coefficient of liquid phase 10~°m?[24, 25].

2.2.6. Diffusion coefficient and viscosity

The transport property which is most important for the fluid to flow is the Viscosity.
Viscous forces appear only when adjacent part of fluid is moving with different velocities.
Thus in the flow of liquid down a pipe the liquid layer which is usually in contact with the

pipe is stationary and the axial region is moving with maximum wvelocity. Common

16



experience is that high viscosity liquid will flow more slowly than a low viscosity liquid,
like water for a given applied pressure difference. Poiseuille’s formula for the flow of

liquid in acapillary of radius R and length 1is

dav P,%2— Py2)mrR*
av _ P —R7) 23)
dt 167 Pyl

Where:-V is the volume of flowing fluid, Piand P,, are the pressure at each end of the
tube, [ is the length of the tube and 1 - is the coefficient of viscosity [20]. Diffusion in the
fluid medium is related to a measurable property called viscosity. Viscosity is the measure
of the resistance to the fluid flow. Liquid such as water that flow easily have a relatively
low viscosity compered to thicker fluids. The viscosity of liquid is also its measure to
transport momentum. Its unit is poise (P). Where 1P = 0.1Kg/m. s. Typical viscosities are
in the range of 107*P for gas and 102P for liquids. Kinetic theory of gas predicts that
viscosity is independent of pressure and proportional to the square root of the absolute
temperature. For liquid viscosities have an exponential dependence on the temperature as

described by the formula:

1N = Aexp RT (24)

Where:-AEv-an activation barrier. R-is the radius of the molecule. T -is the temperature.
The relation between diffusion coefficient and viscosity is given by Einstein-Stokes

equation

= KT
D = P (25)

Where: K-is Boltzmann’s constant. T -temperature. R-is the radius of the molecule.
The equation is derived, of course, assuming that the molecule is spherical in shape. The
Einstein-Stokes equation shows that the viscosity and diffusion coefficient are inversely

related.
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Do is also related to temperature via the equation [20, 25].

— — [—Eal

D = Dyexp rr (26)

Where: - Do -is the diffusion coefficient at infinite temperature (maximum diffusion

coefficient). Ea -is activation energy

2.2.7. Random walk as a statistical model for diffusion

(One-dimensional treatment)

Process such as diffusion in which a single molecule mowves through a solution of huge
number of particles, can be models statically. Even though the presence of other particles
can affect the dynamics of the particle of interest through collision and interactions we can
consider the motion of particle as a random walk. The diffusion as a motion of random
walk simulation can be shown by calculating the average square distance from the origin.
To do this, many individual walks simulation is carried out, and the average is taken over
many individual walks. Let us consider a distribution where the concentration depends on
only one coordinate, be the x-coordinate (one - dimensional diffusion). The concentration
of the marked (atom) particle is then as a function of position (x) and time ('t). Let it be
C (x, t). In order to calculate, the diffusion flow we need to count the number of particles
which pass through asurface of unit area, perpendicular to the axis, in the plane x, during
time (t) [26].

The particles migrate through the lattice by making a sequence of jumps owing to the
presence of defects. We have chosen the case of tracer-diffusion with no external applied
force, so that the probability of displacement is the same along both positive and negative
direction and it will be called x. Let us define the distribution function f (x, t) dt as the
probability of displacement with a projection between x and x + dx.

It follows from this definition that

“ Flx,)dx =1 (27)
f—oo
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More owver since they jumps along both + x and - x direction occur with the same
probability one has

fx,t) =f—x,t) (28)
Considering alarge number of particles the projection of the mean displacement <x> may
then be written as [20, 27]

<x>=[" xf(xt)dx (29)

It follows from Eq.28 and every < x?"*! > is zero. The most important parameter in
diffusion is the mean square displacement, < x? > the projection of which is then:

<x?>= [~ x%f(x,t)dx (30)

Results for < x2 > versus time for a random walk of one dimension is shown in fig.4

below

Fig 4:- Diffusion and random motion. [26]
The result presented on the figure shows that the system follows equation
<x?> «D-t (31)
Where: - t - is the time (proportional to the number of steps)
D - Is the diffusion coefficient
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2.3. Moiré pattern and moiré defelectometry
2.3.1 Interference of fringes on screen

Interference is a matter of common experience that two trains of ripple on the surface of
water cross each other and proceed onward in their direction undisturbed. Inthe same way
two beams of light cross each other and proceed without being influenced by each other
in any way. However in the region of crossing where both beams are acting
simultaneously, we expect modification in their intensity which should be either less or
greater than that which would be given by one beam alone. This modification of intensity

due to superposition of two or more beams of light is interference of light [28].
2.3.1.1 Theory of interference

We shall now derive an expression for the resultant intensity atany point P on the screen
due to superposition of two waves of light having equal amplitude, equal wave length and
equal velocity but initially stating with constant phase difference [23, 28]. llluminate slits
Siand Sz with monochromatic light of wave length A. The slits to be equidistant from Si1
and Sy, the other slits. As a consequence waves of light from S always arrive at Siand S,

is equal phase and at any instant time’t’. We may there represent by the equation:
. 2mt
Y =asin (%) (32)

Where: - a- amplitude, T- period of simple periodic vibration.

Fig 5:- Interference of monochromatic light [23]
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In travelling from Sito P the phase of wave alter by Zn(slTP). Hence at the instant time’t’,

the liner displacement at P due to this wave will be expressed by

: S

Y,=asin 211[(5) — Y] (33)
T y)

Similarly at the instant time ’t’ the displacement of P due to vibration of light from S2 will

be represented by

Y,=asin Zn[(%) — (% ] (34)

According to the principle of superposition of wave motion, the resultant displacement is
given by

Y=Y1+Y: (35)

y=asin2n(5) - ()] +asin2n((5) - ()] (36)

Let S;P =oand S,P = A+ o where A=S,P — S,;Pis called the optical path difference

between the two superposed waves at P we may now write,

Y=a sin2n[(§) — (%)] +asin 211[(%) — (#)] (37)
Am t a+s
Y=2a cos—-sin [(;) — Tz)] (38)

A wave of the same wave length and period as the component of waves but with amplitude

R = 2acos (A;t—n) (39)

Which varies between 0 and 2a with proper variation in the magnitude of A. Also if 0 is
the phase difference corresponding to the path difference A between the two superposed

waves at point p then
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8 =2:—A=2A—“(SZP —SiP) (40)

The resultant amplitude R can now be expressed in the form

R=2acosn/1—A =2a cos%(ZATn) = 2acos (g) (41)

The resultant intensity | at point P is proportional to the square of the amplitude R, and
hence we can write | proportional to 4acos? (g) assuming that the constant of

proportionality to be unity, for simplicity it can be easily expressed as
[=2a? (1 + cos 6) (42)

Which varies with the magnitude of 9.

In order to plot the intensity distribution in the interference pattern arising from the
interference of light waves from two coherent sources Siand Sz it is essential to investigate
the spacing of these fringes on the screen placed parallel to the line joining Siand S2.At
any point P on the screen the resultant intensity is maximum or minimum according as its

distance from two coherent sources Siand Sz which always in equal phase difference
exactly by even or odd multiple of %,where A the wave length of the light emitted by the

sources [28, 29]. In symbols the conditions are expressed as

S2P — S1P = Zzﬂ (Bright Fringes) 43)

2n+1)4

S:P—S1P= (Dark Fringes) (44)
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2.3.2. Diffraction

According to geometrical optics, if an opaque object is placed between a point light source
and screen, the edges of the object will cast a sharp shadow on the screen (the penumbra
will be negligible) if the source is sufficiently small, no light will reach the screen at points
with in the geometrical shadow, while outside the shadow the screen will be uniformly
illuminated. A small amount of light has “bent” around the edges into the geometrical
shadow which is broadened by alternate bright and dark bands. In the first bright band
outside the geometrical shadow, the illumination is actually greater than in the region of
uniform illumination at the extreme left. The term diffraction applied to problems such as
this one is concerned with the resultant effect produced by a limited portion of a wave
front. Since in most diffraction problems some light is found within the region of
geometrical shadow, diffraction is sometimes defined as the bending of light around an
obstacle [28, 30].

2.3.2.1. The plane diffraction grating

An arrangement consisting of large number of slits of the same width and separated by
equal opaque spaces is known as diffraction grating. This was first constructed by Joseph
Fraunhhofer and it was due to this study of diffraction of parallel beams of light by grating
in 1819 that his name become associated with this class of diffraction phenomena. The
diffraction pattern suffers a modification as the number of slits is increased beyond two
[23, 31].

2.3.3 Moiré and fringe projection techniques

The term moir¢ is a French word, which refers to “an irregular wavy finish usually
produced on a fabric by pressing between engraved rollers”. In optics it refers to a pattern
produced between two gratings of approximately equal spacing. It can be seen in everyday
things such as the overlapping of two window screens, the recreating of half-tone picture,

or with striped shirt seen on television.
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The use of moiré for reduce sensitive testing was introduced by Lord Rayleigh in 1874,
He looked at the moiré between two identical gratings to determine their quality even
though each individual gratings could not be resolved under a microscope [17, 27, and
32].Fringe projection entails projecting afringe pattern or grating on an object and viewing
it from a different direction. The first use of fringe projection for determining surface
topography was presented by Row and Welford in 1967. It is convenient technique for

contouring objects that are too coarse to be measured with standard interferometry.

Fringe projection is related to optical triangulation using a single point of light and light
sectioning where a single line is projected onto an object and viewed in different direction
to determine the surface contour. Moiré fringe projection interferometry complement
conventional holographic interferometry, especially for testing optics to be used at long
wave-lengths. Although two-wave length holography (TWH) can be used to contour
surface at any longer-than visible wavelength, visible interferometric environmental

conditions are required.

Fig 6:- Moiré fringes at small angle tilt [32]

2.3.3.1 What is Moiré pattern?

Moiré patterns are extremely wuseful to understand basic interferometry and
interferometric test results. The moiré pattern (or beat pattern) produced by two identical
straight- line gratings rotated by a small angle relative to each other. A dark fringe is
produced when the dark lines are out of step one- half period, and a bright fringe is
produced when dark lines of one grating fall on top of the corresponding dark lines of the
second grating. If the angle between the two gratings is increased, the separation between
the bright and dark fringes decreases. [15, 17, 32].
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Fig 7:- Moiré between two straight-line gratings ofthe same pitch at angle 20 with respect
to each other [15,17and 33].
The following analysis shows how to calculate the moiré pattern for arbitrary gratings. Let

the intensity transmission function for two gratings fi (x, y) and f2 ( x, y) be given by
file,y) =a,+ ). _ bincoslng; (x,y)] (45)

fxy) =a,+ Y byncosing, (x,y)] (46)

Where ¢ (X, y) is the function describing the basic shape of the gratings lines.

For the fundamental frequency,

d (x,y)=2nmn at the center of each bright line

And is equal to an integer plus one-half times m,
d(x,y)=2n(n +§) at the center of each dark line.

The coefficient b determine the profile of the grating lines (i.e., square wave triangular,
sinusoidal, etc.) For a sinusoidal line profile, biiis only non-zero term. When these two
gratings are superimposed, the resulting intensity transmission function is given by the

product

LG y) = aja, +ay Z meCOSlm¢2 (x, )|+
a, Z b1nC05 Ing, (x, y)| +
o 37 bymbincoslng, (x,y)]coslme, (x, )] @)
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The first three terms of Eq.47 provide information that can be determined by looking at
the two patterns separately; but the last term contains information about the relationships.

It can be written as follows
Ye1 2m=1 binbamcos|ng, (x,y)|cos|me, (x,y)| =

~byzby1 cos[ghy (x,) — ¢, (x,9)] +
%Z‘,’f:l Z:,ol:l cos[ng,(x,y) —me,(x,y)] +

Y > binbymcos[ng, (x,y) + me, (x, )] (48)

2
This expression shows that by superimposing the two gratings, the sum and difference
between two gratings is obtained. The first term of Eq.48 represents the difference
between the fundamental pattern masking up the two gratings. It can be used to predict the
moiré pattern in fig 7, assuming that two grating are oriented with an angle 2o between
them with the y-axis of coordinate system bisecting this angle as shown in fig 7.

Then the two grating functions ¢1(x,y) and ¢2 (x, y) can be written as

P1(x,y)= i—?(x cos o + y sin a) (49)

¢2(x,y) = i—: (x cosa —ysin a) (50)

Where A1 and A2 are line spacing of the two gratings.Eq.49 and Eq.50 can be written as

T

¢1 (x,y) — P2(x,y) = /12—” x cos (a) + ; y sin (51)
beat

ave

Where 4,,,
gratings given by

is the average line spacing, 4,.,. IS the beat wave length between the two

A4
Abeat = 221—221 (52)

A A
/1 — 1742
ave 2,414

(53)
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Note that this beat wavelength equation is the same as that obtained for two wavelength

interferometry in Eq.48, the moiré or beat will be lines whose centers satisfy the equation

d)l(X, Y) — 2 (Xr Y) =M2n (54)
Three separate cases for moiré fringe can be considered [15, 34].

[1].When A1 = X2 = A the first term of Eq.51 is zero, and the fringe center are given by

MA =2y sin«a (55)

Same Frequency Different Frequencies
Tilted No Tilt Tilted

(a) (b) (c)

Fig 8:- Moiré pattern caused by two straight-line gratings [15, 34]-

(@) The same pitch tilted with respect to one another,
(b) Different frequencies and no tilt, and (c) Different frequencies tiltted with respect to
one another.
Where M is an integer corresponding to the fringe order. As we expected, EQ.54 is the
equation of equal-spaced horizontal lines as seen in fig 8.
[2].The other simple case occurs when the gratings are parallel to each other with a =
0.This makes the second term of Eq.51, the Moiré will be line that satisfy

MAbeat = x (56)
These fringes are equally spaced, vertical lines parallel to the y-axis.
[3].For the more general case where two gratings have different line spacing and the angle

between the gratings is nonzero, the equation will now be

MA e = j“lxcos a + 2ysin a (57)

beat
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This is the equation of straight lines whose spacing and orientation depends on the relative
difference between two grating spacing’s and the angle between the gratings. Fig 8. Shows
Moiré patterns for these three cases. The orientation and spacing of the moiré fringes for
the general case can be determined by the geometry shown in fig 9. The distance AB can

be written in terms of the two grating spacing’s:

AB=—"1 =% (58)

- sine(60—-a) - sine(6+a)

Mairé —— a
Fringes E \‘
r

\ N\ \

Fig 9:- Geometry used to determine spacing and angle between two gratings of different
frequencies [15, 34]

Gratings

Where 0 is the angle the Moiré fringes make with the y-axis. After rearranging the fringe

orientation angle 0 is given by

Ai1+4,
)

tanf = tana:(/1 (59)

2_)‘1

When a =0 and A1 # A2, 0 = 900 and when A1 = A2 with a # 0 0 = 90° as expected. The
fringe spacing perpendicular to the fringe lines can be found by equating quantities for the
distance DE

DE=-2 =_¢ (60)

sinza  sin B+a)

Where C is the fringe spacing or contour interval. This can be rearranged to yield
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C=1 [5”‘(9—“")] (61)

sin2a

By substituting for the fiinge orientation 0, the fringe spacing can be found in terms of the

grating spacing and angle between the gratings:

C — [ 1112

] (62)

\/Alzsinz 2a+(A,c0s2a—A1)2

In the limit that o =0 and A1 # A2, the fringe space equals Abeat, and in the limit that A =121
=2and a # 0, the fringe space equals %sin a. It is possble to determine Azand o, from

the measured fringe spacing and orientation as long as A1 IS known.
2.3.3.2. Fringe projection techniques

A simple approach for contouring is to project interference fringes or grating onto an
object and then view from another direction, as shown in fig 10. Assuming a collimated
illumination beam and viewing the fringe with a telocentric optical system, straight
equally spaced fringes are incident on the object, producing equally spaced contour
intervals. The departure of a viewed fringe from a straight line shows the departure of the
surface from a plane reference surfaces. When the fringes are viewed at an angle o relative
to the projection direction, the spacing of lines perpendicular to the viewing direction will
be:-

d = pcosa (63)

The contour interval C (the height between adjacent contour lines in the viewing direction)
is determined by the line or fringe spacing projected onto the surface and the angle

between the projection and viewing directions;
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c=2 =2 (64)

sin a tana

Project frimnges
or gratimg

o

Wiews
[

Fig 10:- Projection of fringes or gratings onto an object and observing it at angle o [17,
29].

P is gratings (pitch) and C the contour interval.

These contour lines are planes of equal height, and the sensitivity of the measurement is
determined by o. The larger the angle o, the smaller contour interval. If o =900, then the
counter interval is equal to p, and the sensitivity is maximum. The reference plane will be
parallel to the direction of fringes and perpendicular to the viewing direction as shown in
fig.10. Even though the maximum sensitivity can be obtained at 90°. When o = 0, the
counter interval is infinite and the measurement sensitivity is zero. For best results an
angle no longer than the largest slope on the surface should be chosen. When the
interference fringes are projected onto surface rather than using grating, the fringe spacing

P is determined by relation

p=_2 (65)

2sin A®

Where A is the wave length of illumination and 2A8 is the angle between the two
interfering beams. Substituting the expression for P in to EQ.65, the contour interval

becomes:-

= (66)
2(sin AB) sina
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Fig 11:- Maximum sensitivity for fringe projection at 90° angle between projection and
viewing [17, 29].

Tilting one beam with respect to the other will change the counter interval; the larger the
angle between the two beams the smaller the contour interval will be. If the source and the
viewer are not at infinity, the fringes or gratings which are projected onto the object will
not be composed of straight, equally spaced lines. The height between the contours planes
will be a function of the distance from the source and viewer to the object [17, 29, and
34].

2.3.3.3 Shadow Moiré
A simple method form of moiré interferometry for countering objects uses asingle grating
placed in front of the object as Shown fig 12.The gratings in front of the object produces

a shadow on the object that is viewed from different direction through the grating. A low

frequency beat or moiré pattern is seen. [27, 33]

2A86

Fig 12:- Fringe produced by two interfering beams [27, 33]
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This pattern is due to the interference between the grating shadows on the object and the
grating as viewed. Assuming that the illumination is collimated and that the object is
viewed at infinity or through atelocentric optical system, the height z between the grating
and the object point can be determined from geometry.

This height is given by
Np

Z = (67)
(tan a +tan 3 )

Where:- ais the illumination angle, P is the viewing angle, p is the spacing of grating lines,
and N is the number of grating lines between the points A and B (see in figl3).The contour
interval in a direction perpendicular to the grating will simply be given by

C= P (68)
(tana + tan 3 )

Again, the distance between the moiré fringes in the beat pattern depends on the angle
between the illumination and viewing directions. The larger the angle, the smaller the
contour interval, the reference plane will be parallel to the grating.
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Fig 13:- Geometry for shadow moiré where illumination and viewing points are at infinity
[22].

Note that this reference plane is titted with respect to the reference plane obtained when
fringes are projected onto the subject. Essentially the shadow moiré technique provides a
way of removing the” tilt” term and repositioning the reference plane. Most of the time, it
is difficult to illuminate an entire object with a collimated beam, Therefor, it is important
to consider the case of finite illumination and viewing distances. However, for simplicity,

only the case where the illumination and viewing positions are the same distance from the
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grating will be considered. The grating is assumed to be close enough to the object surface
so that the direction effects are negligible. Fig. 14 illustrates this phenomenon. [22]
The height between the object and the grating is given by

Np

Z = (69)

o (tan a/+tan B/ )

Where o’and B'are the illumination and viewing angles at the object surface. These

T Source

T
IR
Fig 14: Shadow moiré when both illumination and viewing positions are at finite distances
[22].
Angles change for every point on the surface and are different from o and § Where o and

—— Camera

B are illumination and viewing angles at the reference surface. The surface height can be

written as:

Np(+z) _ Npl
w—Np

z =NC(z) = (70)

This equation shows that the height is complex function depending on the position of the
each object point. Thus the distance between contour intervals is dependent on the height
of the surface and the number of fringes between the grating and the object. Individual
contour lines will no longer be planes of equal height. The expression for height can be
simplified by considering the case where the distance to the source and viewer is large
compared to the surface height variation, |1>>z Then the surface height can be expressed
as
Npl! Np

Z = = (71)
w (tan a + tan 3 )
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Even though the angles o and B vary from point-to-point on the surface, the sum of their

tangents remains equal to %for the object points as long as | >> z. The contour interval
will be constant. Because of the finite distances, there is also distortion due to the viewing
perspective. A point on the surface Q will appear to be at the location Q' when viewed
through the grating. By similarity of triangles, the distancesx and x' from the line
perpendicular to the grating intersecting the camera location can be related using

x x!

ol 1 (72)

=>x=x(1 +§). Where x represent the actual coordinate in terms of the measured

coordinates x'. Similarly the y - coordinate can be corrected as

v _Y (73)

T
=>y=y'(1+ %). This enables the measured surface to be mapped to the actual surface to

correct the viewing perspective. These same factors can be applied to fringe projection
2.3.3.4 Projection Moiré

Moiré interferometry can also be applied to projecting interfering fringes or grating on to
an object and then viewing through a second grating in front of the viewer. The difference
between the projection and shadow moiré is that two different gratings are used in the
projection moiré. The orientation of the reference frame can be arbitrarily changed using

different grating pitch to view the object.

Project fringes
or grating

View through
. grating

Fig 15:- Projection moiré where fringes or a grating are projected onto a surface and

viewed through a second grating [27, 34].
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The contour interval can be given by

d
C= (tana +tan 3 ) (74)

Where d is the period of grating in the plane. This makes the projection Moiré the same
as shadow moiré although projection moiré can be much more complicated than the
shadow moire [27, 34].

2.3.4. Moiré Defelectrometry

Laser Moiré defelectometry applicable for, minimicro-scale flow visualization is based
on the moiré effect. The displacements of moiré fringes can be used to calculate deflection
angle of laser beam, which is induced by the variation of refractive index of thermal flow
fluid. The geometry scale less than 1mm is usually called mini/micro-scale. When the
conventional optical interferometry (e.g. M-Zinterferometry, Holographic interferometry,
speckle interferometry etc.) is used, the needs of measurement sensitivity cannot be met

because the phase variation produced by mini/micro-scale flow are very small.

In a general way 5-8 interferometry fringes in an interferogram are needed to obtain
accurate and reliable experimental data. However, when a light beam passes through the
mini/micro-scale flow field, the number of interferometry fringe produced by phase
variation of the flow field is often less than one. As a result it is very difficult to extract
experimental data from the interferogram; sometimes it is impossible. However when a
light beam pass through mini/ micro-scale flow field, the moiré pattern containing more
than five fringes can be captured[17, 33].

He-Ne laser is used as a light source for visualization. The expanded and collimated light
is formed using an expending lens L1 (BE) and collimation lens L2.This parallel
collimating beam passes through the flow field to measure and two gratings of amplitude
type with the same pitch successively. Lsis microscopic image lens. Because there is small

angle between two gratings forming aseries of moiré fringes with the diffractive order (0,
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+1, +2.....) can be formed on image plane of L3 lens based on the moiré effect. The zero-
order moiré fringe is only imaged on the target of CCD by the means of an aperture D. the
moiré fringe with information of mini/micro-scale flow are inputting to a micro-comp uter
and are processed to extract the displacement of moiré fringes [21, 27].Suppose that the
pitch of both gratings Giand G2 is P and the angle between two gratings formed is 6. The

interval between two moiré fringes i.e. spatial period T' of moiré fringes is then given by

r =P
T" =< (75)

CCD

L1

Gl G2 L3 D

L2

L1- expanding lens  L2- collimation lens  F—flow field
L3-microscopical image lens  G1, G2-gratings  D- aperture

Figl6: Experimental arrangement of laser Moiré defelectometery [21, 27].
Correspondingly, its basic spatial frequency fo of the moiré fringe is

1

fi=m=1 (76)

If there is disturbance in flow fluid, the parallel detective light beam deflect after passing
through the flow fluid. The deflection angle of light beam is a, the relation between o and
displacement h of moiré fringe is given by

a== (77)
Where d- the distance between two gratings. For a mini/micro-scale flow field, the
deflection angle o of the beam is very small, and the corresponding displacement h of the
moiré fringe is so small that it is very difficult to measure directly [27, 33]. To improve

the measurement accuracy for displacement of moiré fringe, a method by phase
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measurement of moiré fringe is proposed. The relation between phase @ and the

displacement h of moiré fringe is
¢ = 2nfyh (78)

Thus the deflective angle o can be expressed as

But from Eq.77

From Eq.75

_ 9P
2md

For a weak deflection, the relation between the deflection angle o and the refractive index
nis given by

1 cLon
a=—| —dz 79
nodo oy (79)
Where n_,-environmental refractive index. L-is the length of test section. Thus, the phase-

variation @ of moiré fringe can be written as the function of refractive index (n)

d rLo
® =28 (M2 gy (80)
PNeo 0 dy

For a two dimensional flow field, the differential Z—;’ of refractive index in y-direction can

be obtained a

2 = Hw? (81)
ady 2mdL

For axis-symmetric flow field, the refractive index nr can be written in the following form

by means of Abel transform
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_ n,0 rowo h(xy)
My =My ==~ fr Wd (82)
oo fi © h(xy)
Ny — Ny = — = Opf \/:—yrzd (83)
or
— __ Deop © h(x,y) d (84)

=N ="2 00 h e Y

If a fine grid or grating is illuminated from behind through usually, an identical grid or
grating moiré fringes are produced on screen behind the second grid/ grating [35]. Where
the imaged moiré fringe is the composite of patterns near grid or grating and the shadow
on it of the grid upstream. The nearer grating is undisturbed, but the distortion of the light
beam (such as its divergence or convergence) lead to distortion of the shadow component
and corresponding distributions in the moiré fringe from their normally regular
appearance. The distortion of the light beam could be produced by the presence of simple
lens or more interestingly phase object whose optical power varies with position in it such
a liquid with density or temperature gradients with in it. Refractive index variations map
onto these gradients. The refractive index variations then determines the shape of moiré
fringe.

Moiré defelectometery is a wave front technique combining Talbot effect with moiré
techniques for measuring and the testing phase objects or refractive surfaces. Moiré
deflectograms provided by the light deflection from tested phase objects or refractive
surfaces can be used to calculate the deflection angle which represents the refractive index
of the phase object or the height of the refractive surface. [15, 27, 35]

2.3.4.1 Phase measuring defelectrometry

This is anew method of defelectometery applied to measure a specular free from surfaces
with in few seconds. The basic principle of the technique is to project the sinusoidal fringe
patterns on screen located remotely from the surface under test and to observe the fringe

reflected via the surface. Any slope variation leads to a distortion pattern. Using well
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known phase shifting algorithm, we can precisely measure these distortion and then
calculate the surface normal in each pixel [15, 30]. Among the methods for extraction of
phase from intentional distribution, Fourier transformer method of computer based fringe
pattern analysis is more suitable for the mini or micro-scales flow visualization because a
very small displacement of moiré fringes can be obtained. The mathematical model for
extraction of phase from intensity distribution of moiré fringe is as follows. The intensity

distribution | (x, y) of moiré fringe can be expressed as:
I1(x,y) = a(x,y) + b(x,y)cos[2nfyx + p(x,V)] (85)

Where @ (x,y) is the phase that contains useful information and a (x,y) and b (x, y) are
intensity factors which results from propagation of light beam. In order to extract the phase

Eq.85 transformed into the following form by:

e = cosx + isinx .
1(x,y) = a(x,y) + C(x,y)e®™09) + Cgpe (x,y) e H2M0)] (86)
Where

1 . 1 .
C(x,y) =5b(x, y)el@@) and ¢, (x,y) = b o (—ib(xy)

By using one-dimensional Fourier transformer for x-coordinate Eq.84 transfer
1Ce,y) = A(f,y) + C(f = fo.) + Cave (f + f0, %) (87)

Where fis the spatial frequency in x co-ordinate. Eq.86 expresses function of frequency
distribution corresponding to EQ.85.The capital letters are the coefficient of Fourier

transform. In order to extract the phase factor from the spatial frequency distribution, a
band pass filter is used. As a result, the term C(f — f,,y) is kept only. The expression of

Fourier inverse transformation for the term C(f — f,, y)can be written as

C'(x,y) = 2 b(x, y)elleCey)+2mhox] (88)
Using identical transformation Eq.87 becomes
C'(x,y) = %b(x, y)cos[p(x,y) + 2nfyx] + isin[¢p(x,y) + 2nfyx]  (89)
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Figl7: Spatial frequency distribution of moire fringes [15, 30].
Thus the phase factor ¢ (x,y) can be extracted from Eq.89

Im(c
R

¢(x,y) = arctan e(C:; — 2Tfyx (90)

Where Im(c") and Re(c")imaginary and real component of complex c'respectively.
Because of periodic property of intensity function for moiré fringes, only main phase value

can be obtained from moiré fringe pattern by Fourier transform [30, 33].
2.3.5. Diffusion coefficient and Moiré fringe shift

The Moiré Defelectometery experimental set-up is used to measure the diffusion
coefficient of transparent solution. The deflected laser beam due to changes in refractive
index in the diffusion cell yields the shifted self-image on gratings and resultant Moiré
fringes show a deviation [21, 33]. For an isothermal mixture, without generation and
recombination, the physical problem associated with the experiment described above can
be formulated mathematically. A diffusion column of constant cross-section, extended in

the x-direction, and the concentration varying with the position coordinate x only. Thus,

the diffusion process can be formulated in terms of one-dimensional problem. The free
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diffusion process is governed by Fick’s second law, and for one dimensional diffusion
along x-axis it is given by:

ac(x,t) . 9%¢(xt)
at dx2 1)

Where: - €(x,t) is the concentration at position x and time ¢, Dis the diffusion coefficient,

assumed to be independent of concentration, and x is the direction of diffusion. If there is
the net external force, F (e.g. gravitational force), acting in the x-direction up on the
dissolved molecules and if p be the mobility of the molecules under consideration (i.e. the
steady wvelocity, acquired under the action of unit force) the steady velocity of these
molecules would be . F and the resulting flux of matter would be p.¢F(x,t)

Consequently the rate of concentration changes would then become:

ac 02 ¢C(x,t ac(x,t
00 _ et | pocen
at 0x2 at

(92)
It is even possible to reduce the problem of Eq.92 to that of ordinary diffusion EQ.91 by

the means of following transformation

w.F _ uzet

E(x,t) = & (x, t)elzo ™ ap | (93)

Where € is the function that satisfies Eq.91 If the steady wvelocity of the dissolved
molecules (uF) is very slow the current due to the external forces can be neglected and
Eq.92 reduce to Eq.91.The solution of Eq.91, for two binary liquid mixtures initially (t
=0) separated at (x =0) with concentration ¢, and C, is an error function given by

0—C1 n Co—C1

¢(x,t) = - erf[ﬁD_t]

(94)
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Where the error function is defined as

erf(x) = \/% fox et dt (95)

On the other hand, if we consider the solution of Eq.91 in EQ.95, x is replaced by
x —ugt. In this case the influence of gravity causes a change in the central diffusion
location, that is another layer as the second center of diffusion will formed [33,36]. In a
transparent mixture, a change in the concentration produces a change of refractive index,
which for the small concentration gradient can be considered a linear function between
refractive index and concentration.

The refractive index gradient is given by

2

el"ant! (96)

on(x,t) _ ng—ny
ax 2VnDt

Where: - n(x,t)is the local index at time t in the diffusion cell, n,the refractive index
of high concentration solution, and n,is of the low concentration solution. If the refractive
index changes the rays contributing to the formation of the moiré fringes pattern will be
deflected locally according to refractive index distribution, accordingly the Moiré fringes
will also change. The incident parallel laser beam passing through the diffusion cell, bends
by angle ¢(x,t) depending on the distribution of the refractive index on the cell. Because
the refractive index (concentration) depends on position (x) and time (t), accordingly, the
deflection angle also would be position and time dependent. Due to the deflection of the
collimated beam, imaging on the defelectometry system, the Fourier image of the first
grating shifts on the second grating [15].For small bending of light rays, the amount of
Fourier image shift would be ¢(x ,t) Z,. The displacement of the Fourier image of the
first grating on the second one, the Moiré fringe to shift with respect to the original

locations. The amount of fringe shift A&(x ,t)is given by

MG, 1) = E2 o (x, 1) 97)
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Where 0 a small tilt angle between the intersection of the grating lines and Z, is the th
Talbot distance between gratings. The desired information from diffusion process is
contained In ¢(x,t).On the other hand, the relation between the integrated deflection

angle and the refractive index n(x,t)is

1 L0 V,Z,
A(p(x, t) = n_a fO [%]y=cons.dz (98)

Where n,is the ambient refractive index along the x-axis diffusion, the direction and L
represents the thickness of diffusion cell measured along the propagation axis (z-axis).
The diffusion process is assumed to occur only along the x -direction, so the index of

refraction along the z -direction remain constant and the Eq.98 becomes

_ ian(x,t)
(p(x; t) - ng dx (99)
Taking into account Eq.97 and Eq.98 can be written as
on(x,
AE(x,t) = Zed On(xt) (100)

ng0 Ox
Eq.100, Shows the Moiré Fringe deformation is proportional to the refractive index
gradient introduced by the diffusion process [17, 33]. By replacing Eq.98 and Eq.100 the
corresponding local shift of Moiré Fringes results

2
_ Zd no-my [
Aé(x,t) = o8 29Dt e'apt (101)

Where for simplicity, A, defined as

_ Zzd(ng—ny)
0™ ng26VmDt (102)
_ Apzd [
AS(x,t) = ——etpt (103)



The diffusion coefficient can be obtained from a single Moiré pattern recorded at time

instant to. For two distance x, and x,, then (x, > x,) along the diffusion cell, the local

shift of Moiré fringes would be [33]

2
Zt-L Nng—Nnq [_xl ]
Al = —————¢elaDt
6 2ng./mDt,
2
—-X
Az — Zel _mo—ma e[4th]
0 2ng/mDt,
The ratio of two local shift is
A _x12_x22
n= -2 — e[ 4Dt ]
Aq

Then the diffusion coefficient can be defined as

sz—xl

4tglnn
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CHAPTER THREE

Experimental Technique

3.1. Materials used

In carrying out the experiment the following apparatuses were used:-

The 5mW He-Ne laser (4 =632.8nm) to produce the beam, The diffusion cell of
rectangular cross section, Syringes to fill the solution and distilled water into the diffusion
cell, plastic bottles to keep different concentration of Ethanol, two Ranchi Gratings each
(100 lines/mm) to produce Moiré patterns, the Mercury Thermometer to measure the
temperature of the room, expanding and collimating lenses (f=1/0cm each) to magnify the
fringes, screen to observe the fringe patterns, CCD(Digital camera with 20.1Mega pixel)
to take pictures from the Opal screen, A data cable to connect the digital camera with the

computer. Different concentration of ethanol prepared by volume-volume ratio. (eg. To
prepare 5% of ethanol solution, from the total 30ml (100%) 1.5ml of ethanol was mixed
with 28.5ml of pure water.)

Fig 18:- Different concentration of ethanol and the diffusion cell (cuvette)
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3.2. Experimental set-up

The Moiré defelectometry experimental set-up used to measure the diffusion coefficient
of different Ethanol solution in pure water at room temperature (23+ 2°C). A 5-mW He—
Ne laser beam (A4 =632.8nm) were expanded and collimated. Two similar Rhonchi
gratings G1 and G2 of 100 lines/mm (with pitch of 0.04mm) were used to construct the
Moir¢ fringe patterns. The distance between planes of G; and G; was fixed and it is known
as one of Talbot distances for the gratings used. Then the Moiré fringes were formed for a
fixed Talbot distance. The diffusion cell which is, 15mm thick, 90mm high and 20mm
wide the longer dimension gives the direction of diffusion placed in front of grating. The

distance separating the inside surfaces is equal to 18mm.

11 -

Fig 19: - Experimental set up viewing from near digital camera and near He-Ne laser.

3.3. Experimental procedures

The cell was first half-filled with pure water (higher concentration of equal volume) from
below using a syringe. After allowing for residual motions to dissipate, the Ethanol
solution was slowly injected on the upper part of the diffusion cell; this process takes about
10 seconds. Time was measured from the moment injection was stopped. Then the He-Ne
laser is released near the interface on the diffusion cell and the fringes produced by two

gratings are magnified using microscopic lens placed atthe back of second grating. Finally
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the Grating patterns, during the evolution of diffusion phenomena, are captured from the

opal screen at different time interval by digital camera and are stored in the computer.
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CHAPTER FOUR

Results, Analysis and Discussion

4.1. Determination of diffusion coefficient of ethanol solution in different

concentration

The diffusion coefficient of a solute in solvent depend on temperature, concentration, size
of particle, position and the time taken for diffusion. The concentration of solution in this
experiment is also the function of position and time taken keeping the temperature
constant. The following figures and data analysis for the diffusion coefficients were made

for various concentration of Ethanol solution at room temperature.
4.1.1. Results obtained for 5 % of ethanol solution

ty =0, t; = 90min t, = 2hr
Fig 4.1: Fringe shift in 5 % of ethanol solution

Table 1. Fringe shifts in 5% of ethanol solution after t, = 0,t; = 90min.and t, = 2hr

Time (hrs.) Shift(cm) Local Ratio of | Diffusion
shift(cm) local shift | coefficient

to |t t2 | %o X1 X2 A1 A2 n D(x10->cn¥/s)

0 1% |2 |0655 (068 |0.78 | 0.025 | 0.105 0.238 0.616
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4.1.2. Results obtained for 10 % of ethanol solution

1
to =0, t, = 2hr. t, = ZEhr

Fig 4.2:- Fringe shift in 10 % of ethanol solution

Table2. Fringe shifts in 10 % of ethanol solution after t, = 0,t, = 2hr.and t, = Z%hr

Time (hrs.) Shift(cm) Local Ratio of | Diffusion
shift(cm) local shift coefficient
to|t1 |2 X0 X1 X2 A1 A n D(x10-5cn¥/s)
2 |2% |066 |0.75 |0.846|0.09 |0.096 |0.937 0.715

4.1.3. Results obtained for 15 % of ethanol solution

1
t0: 0, t1=2§hr t2:3hr

Fig 4.3: Fringe shift in 15% of ethanol solution

Table 3.Fringe shifts in 15 % of ethanol solution after t, = 0,t, = Zihr andt, = 3hr

Time (hrs.) Shift(cm) Local shift Ratio of Diffusion
local shift | Coefficient

to |11 t2 | X0 X1 X2 A1 A2 n D(x10-5cn¥/s)

0 [2% |3 |0.65 |0.74 | 0.87 |0.09 | 0.13 | 0.692 0.76
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4.1.4. Results obtained for 20 % of ethanol solution

ret

t, = 3hr.and t, = 3§hr
Fig 4.4: Fringe shift in 20% of ethanol solution

Table 4. Fringe shifts in 20 % of ethanol solution after t, = 0,t; = 3hr.and t, = 3§hr,

Time (hrs.) Shift(cm) Local Ratio of | Diffusion
shift(cm) local shift | coefficient

o |1 |2 X0 X1 X2 A1 A2 n D(x10-5cn¥/s)

0 |3 |[3% |0.657 {0.805 |0.89 |0.148 | 0.085 |1.74 0.792

4.1.5. Results obtained for 25 % for ethanol solution

t;, =3 ihr. t, = 4hr,

Fig 4.5: Fringe shift in 25% of ethanol solution

Table.5.Fringe shifts in 25% of ethanol solution after t, = 0,t; =3 %hr.and t, = 4hr,

Time (hrs.) Shift(cm) Local shift Ratio of | Diffusion
local shift | coefficient
to |11 t2 | X0 X1 X2 A1 A2 n D(x10-°cn¥/s)
3% (4 |0.636 | 0.861 | 0912 | 0.2 |0.251 | 0.8 0.832
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4.1.6. Results obtained for 30% of ethanol solution

tl = 4hr t2 = 5hr,
Fig 4.6: Fringe shift in 30% of ethanol solution
Table 6. Fringe shifts in 30% of ethanol solution after t, = 0,t, = 4hr. and t, = 5hr,

Time (hrs.) | Shift(cm) Local Ratio of Diffusion
shift(cm) local shift | coefficient
to [t1 |2 | X X1 X2 AL A n D(x10->cné/s)
4 |5 1065 |0.867 |092 |0.217 |0.053 |4.1 0.846

4.1.7. Results obtained for 35 % of ethanol solution

to =0, t, = Shr. tp=5-hr,
Fig 4.7: Fringe shift in 35 % of ethanol solution

Table 7. Fringe shifts in 35 % of ethanol solution after t, = 0,t; = Shr.and t, = Sihr,

Time (hrs.) Shift(cm) Local Ratio  of | Diffusion
shift(cm) local shift | coefficient

to [ |t X0 X1 X2 A1 A2 n D(x10-5cnm¥/s)

0 |5 |[5% [0.654|0.882 094 [ 0.23 |0.058 | 3.9 0.884
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4.1.8. Results obtained for 40 % of ethanol solution

P8

1
to=0, t, = 6hr t; = 6 hr.
Fig 4.8: Fringe shift in 40% of ethanol solution

Table 8. Fringe shifts in 40% of ethanol solution after t, = 0,t;, = 6hr andt, = 6%hr.

Time (hrs.) Shift(cm) Local shift Ratio of | Diffusion
local shift | Coefficient
to [t1 |2 X0 X1 X2 A1 A2 n D(x10-5cn¥/s)
6 6% | 0.65 [0.891 | 0.98 | 0.24 |0.089 | 2.71 0.96

4.1.9. Results obtained for 50% of ethanol solution

ty =0, t, = 8hr and t, = 9hr
Fig 4.9: Fringe shift in 50% of ethanol solution
Table 9. Fringe shifts in 50% of ethanol solution after t, = 0,t, = 8hr and t, = %hr,

Time (hrs.) Shift(cm) Local shift Ratio of | Diffusion
local shift | Coefficient
to [t1 [T Xo X1 X2 | A1 A2 n D(x10-°cn¥/s)
8 |9 066 [0.899 |1 |0.24 |0.10 |2.36 1.0008
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4.2. Discussion

Moiré defelectometery provides data about changes of concentration/refractive index
between two different solutions. The Moiré pattern shown in the beginning of the
experiment is when the laser beam scans a uniform area. As the heavier solution in the
lower part of the diffusion cell pushes the lighter solution to the top of the cell, the moiré
fringes, due to both solutions, would be seen simultaneously. The refractive indices at
various planes along the diffusion cell are different and the liquid passing through the cell
will have different optical paths. In a transparent mixture, change in concentration for a
multi-component liquid mixture, results in the change in index of refraction. A parallel
laser beam passing through such a medium of varying index of refraction, is locally
deflected even if it passes perpendicularly to the gradient of index of refraction in the
diffusion direction. The deflection angle is direct mapping of the refractive index gradient
of the medium. In the Moiré defelectometry technique, the monitored area is restricted by
the laser beam and grating size. For the wide/expand laser beam and larger grating size it

is possible to monitor large areas of diffusion cell.

As we can see from table (1-9) the diffusion coefficient obtained for some
concentration of Ethanol in pure water at room temperature using Moiré defelectometry
technique is in good agreement with the diffusion coefficient obtained by other
researchers using other techniques like :

In 30 percent ethanol solution the value of the diffusion coefficient found was D =
(0.846+ 0.02) X10 °n/s. This value is comparable with the one found by empirical
correlation, Cussler, E. L. [18] which was D = 0.84 X10-°m?/s

In 40 percent ethanol solution the value of the diffusion coefficient is found to be D =0.96
x10°m?/s. The obtained value is also comparable with that is found by theoretical
correlation, Wilke. C.R. etal. [19] which was: D = 0.96 X10-°n¢/s.

In 50 percent ethanol solution the value of diffusion coefficient obtained was D = (0.99
+ 0.02) x10°nmé/s. This value is comparable to that one found by Wilke.C.R. Empirical
finding method which is equal to D = 1 x10-°m?/s.
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To some up, the average value of the diffusion coefficient (D) is found to be (0.822+ 0.02)
X 10-°n/s.

4.3. Diffusion Vs concentration graph

In transparent solution change in the concentration produces the change of refractive
indices, that results in the deflection of angle. Due to the deflection of collimated beam on
the defelectometery system the displacement of image of the first grating cause fringe shift

from original direction.

m  diffusion coefficient
1.05 Linear Fit of diffusion coefficient
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Fig 4.3.1 Diffusion Vs concentration graph

Table 10: The result of slops and intercept for Diffusion Vs concentration graph

Equation y =a+b*x
Adj. R-Square 0.9999

Value Standard Error
diffusion coefficient | Intercept 0.61482 | 8.47066E-4
diffusion coefficient | Slope 0.00807| 2.91495E-5

From the graph we can see that, in transparent solutions the diffusion coefficient and small

concentration gradient can be a linear function between refractive index and concentration.
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CHAPTER FIVE

Conclusion and Recommendation

5.1. Conclusion

Moiré defelectometery is a power tool for determining diffusion coefficient of transparent
liquid solution and it includes direct mapping of ray deflection due to the change of
refractive index of diffusion medium. This leads to local perturbation of acollimated laser
incident beam which is mapped by Moiré firings patterns. From the experiment conducted
(table 1-9), the average value of the diffusion coefficient (D) obtained was (0.822+ 0.02)
x10-m2/s,and it is in good agreement with the reported values in literatures using other
methods [18, 19]. The result shows that ray deflection increase linearly with the increase
in concentration and increase the index of refraction of the solution. As we have seen
for different concentration of ethanol the diffusion coefficient is nearly similar but the
rate of diffusion varies with concentration. Also, the Moiré fringes shift due to the
refractive index distribution inside the diffusion cell describes, the relationship between
the change in the moiré fringes and the deflection angle of the laser beam that passes
through the diffusion cell.

5.2. Recommendation

The research was carried out on different concentration of ethanol in pure water at the
same temperature. Ethanol is used for different purposes. It is widely available and easy
to use. It is also renewable source that can be reused. Ethanol is used as alternative liquid
fuel for Automobile because when it is mixed with petrol in some proportion it undergoes
complete combustion. This helps for the reduction of greenhouse gas emission (emits low
CO and COzto air). And also used as petrol extender and therefore reduce consumption
of petrol.

Therefore, we recommended that it is better to do on the mentioned use of ethanol

especially in Ethiopia.
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