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Abstmct 

In this thesis the diffusion coefficients of coffee, caffeine and sugar were investigated. 

The technique cmployed is Moire deflectometry. New technique of on-line monitoring of 

the quality of liquor in the process of manufacturing is also introduced. The diffusion 

coefficient of caffeine was found to decrease with an increase in the caffeine 

concentration at constant temperature. The diffusion coefficient of grinded and sieved 

raw coffee at a concentration of 4.11mg/ml in distilled water, at temperature of 22°C was 

(3.05±0.16) x JO.6cm2/s. This value of diffusion coefficient is less than the value of the 

diffusion coefficient of caffeine at the same concentration and temperature, in distilled 

water, which is (6.13±0.16)xl0·6cm2/s. The main factors that are expected to have 

contributed to this difference are the fact that coffee is a mixture of many ingredients, as 

wcll as the particle size of the grinded raw coffee. Diffusion coefficient of 10% sugar 

solution in distilled water at a room temperature of 24°C was also measured and the value 

found is (6.68 ± 0.07) xlO·6cnfls. On-line monitoring of a liquid quality in the process of 

manufacturing is also found applicable in controlling a liquid quality. This was applied to 

sugar solution that was made to flow through a horizontal diffusion tank and expected 

result was found. The qualitative aspect about any change in the index of refraction of 

liquid that passes through a horizontal tank with diffusion column can easily be observed 

by a person at work; only by referring to ray deflections that correspond to the optical 

density of the medium. 

Key words: coffee, caffeine Moire deflectometry, diffusion coefficient, and index of 

refraction 
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Diffusion can be defined as the random walk of an en,sell,lbl~ qfpllrti9lysfro,1l1 regions, 
, ., , 

of higher concentration to a region of lower concentration [1,17]. The process plays an 

important role in many fields of study in physics, chemistry, mechanical engineering 

etc. It helps in the study of crystal growth, pollution control, separation of isotopes, 

doping of impurities and also to study some biological systems [2]. Interference optical 

methods of observing the refractive index gradient change occurring in an initially sharp 

diffusing boundary has been developed to study diffusion coefficients of different kinds 

of fluids by Coulson, Cox, Ogsten and Philpot (1948), and Ogston (1949). They 

developed an apparatus called Gouy diffusiometer. It mainly served for measuring 

rapidly diffusing substances such as protein solutions. But the limitations of the 

apparatus are its sensitivity to a small temperature change and vibration [10]. 

The Gouy diffusiometer was applied to measuring the diffusion coefficient of 

caffcine in pure water. The result found showed that there was a slight decrease of the 

coefficient of diffusion with the increase in the concentration of the caffeine. The 

extrapolated graph for three data points for diffusion coefficient versus caffeine 

concentration at a temperature of 25°C indicated that the value of the diffusion 

coefficient for caffeine at zero concentration is 6.79 X 10.6 cm2/s [11]. 

Wave front comparison methods such as optical and holographic 

interferometery are among the widely used techniques for diffusivity studies. But the 

limitations of these techniques are their sensitivity to vibrations. Also the data has to be 

processed manually to obtain derivatives of the phase shift. This in turn may add to 

numerical errors [2]. Laser based techniques are the most sensitive methods to measure 

diffusion coefficient and thermal conductivity [2,3].Their advantages are that they are 

non-contact methods that allow remote monitoring; show less sensitivity to vibration, 

have very high spatial precision, fast response time and are reliable [2, 4]. This could be 

possible through the development and application of the moire fringe projection and 

moire deflctometry. It begun with the careful observation of Lord Rayleigh who noticed 

the phenomenon of the moire fringe in 1874. He used to look at the moire between two 

identical gratings to determine their quality. 
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Righi (1887), first showed the relative displ~cemeht o( t~vo' gbtiilgS '6b~1(d :be 

determined by observing the movement of the moi\e fring~s, 

The next significant advance in the llse of ffioil:e was presented by Weiler and 

Shepherd (1948). They used moire to measure the deformation of an object under 

applied stress by looking at the difference in grating pattern before and after the applicd 

stress. They were the first to usc shadow moire, where a grating is placed in front of a 

non-flat surface to determine the shape of the object behind it by using the shape of the 

moire fringe. A rigorous theory of moire fringe did not exist until the mid fifties when 

Ligtenberg (1955) and Guild (1956,1960) explained moire for stress analysis by 

mapping slope contour and displacement measurement, respectively. In 1967 Rowel 

and Welford used fringe projection technique to detelmine surface topography. The 

technique entails projecting a fringe or grating on an object and viewing it from 

different directions [9]. 

The technique was used by Brooks and Helfinger (1969) for optical gauging and 

deformation measurement. Until 1970, advances in moire teclmiques were primarily in 

stress analysis. Some of the first uses of moire to measure surface topography were 

reported by Meadow et al. (1970), Takasaki (1970), and Wasowski (1970). 

A theoretical review and experimental comparison of moire and projection 

technique for contouring is given by Benoit et al.(1975). Automatic computer fringe 

analysis of moire pattern by finding fringe centers were reported by Ytagai et al. (1982). 

Among these techniques the moires deflectometry is vital for the study of diffusivity of 

miscible fluids flow. The molecular diffusion coefficient of the fluids can be determined 

using physical relations between changes in the optical path length and phase properties 

as a function of concentration and time at a constant temperature [2,5]. The technique is 

applied to measuring the diffusion coefficient of a transparent liquid solution of sugar in 

pure water. Accordingly, the diffusion coefficient of sugar in pure water at room 

temperature and 10 % concentration was found to be 0.66 X 10-5 cm%.[2]. 

Moire fringe projection and moire deflectometry are among the active areas of 

study in recent time. Among these areas of research are: Ray deflection approach to 

optical testing for diagnosis of phase object and specular surface of optical devices[6], 

the measurement of modulation transfer function of Electra-optical system and their 

components sllch as X-ray imaging intensifier tube and fluorescence screen [7], 
2 



visualizing flow field in a diesel combustion chamber and determination of temperature 

distribution of its flow field quantitatively, turbulent flow of gas and temperature 

distribution of flame [8),and the moire deflectomeric technique for measuring the 

diffusion coefficient of a transparent liquid solution which was introduced in 2004 by 

group of researchers Kazem Jamshidi-Ghaleh, Mohammad Taghi Tavassoly and 

Nastaran Mansour[2). Experimental simplicity, real-time monitoring, and less 

sensitivity of the moire deflectometry to vibration makes it very suitable for application 

in industrial areas in addition to its reproducibility [2). In my thesis, therefore, I will try 

to utilize these advantages of the technique and check weather it can be applied to 

controlling the quality ofliquid in the process of manufacturing. 

Objectives: 

I. General Objectives: 

The main objectives of this thesis are to determine the diffusion coefficient of 

transparent liquid solutions of caffeine, coffee and sugar in pure water using moire 

deflectometry. Secondly, the economical utility of the technique in controlling the 

quality of liquor at the time of manufacturing is checked, an appropriate design of 

apparatus required are designed, produced from locally available materials and used for 

the experiment. This experiment is also aimed at assisting the country's effort in the line 

with quality control of some of its domestic and imported industrial items and 

forwarding cost and time effective alternative methods to do this. Thus, on-line 

monitoring of a liquid quality is introduced. 

II. Specific Objectives: 

The specific objectives of the experiment are to measure the diffusion coefficient of 

caffeine and sugar at different concentrations and time at constant temperature. The 

moire fringe shifts due to ray deflection is measured for the different concentrations and 

analysis is made to determine the diffusion coefficient of their solutions in distilled 

water. Diffusion cell and an apparatus for on-line monitoring for quality control of 

liquid in the process of manufacturing are made from locally available materials.On-line 

monitoring of liquid quality by ray deflection is checked. 
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The thesis is presented in five chapters. The first chapter discusses about 

diffusion phenomena and diffusion equations such as Fick's law. It also discusses 

Einstein-Smoluchwsky equation and factors that affect diffusion coefficient of solute in 

a solvent. chapter two is about moir0 fringes, fringc projection, shadow moire and moire 

deflectometry.lt discusses the similarities and differences between these techniques and 

their areas of application. The third chapter describes the experiment; the procedures 

followed, materials and methods used are presented. Results and discussion on the 

results of the experiment are presented in unit four. Comparison between the theoretical 

values and the experimental results is made. Finally, conclusions and recommendations 

are made in the fifth chapter. 
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CHAPTER ONE 

1. Diffusion and Diffusion Equations 

Diffusion is a physical process by which matter spreads out from a region of higher 

concentration to a region of lower concentration. In more general terms, diffusion may 

refer not only to the movement of matter but also of heat. For example, if one end of 

metal block is heated rapidly and then the heat source is removed, over time the heat 

will diffuse through the block until temperature of the block becomes uniform. The fact 

that atoms and molecules are in constant motion is the basis for diffusion. Each 

molecule undergoes many collisions with other molecule in the gas or liquid medium in 

a very short period of time. Because of this the molecule appears to move in a 

somewhat random fashion. This is usually considered as random walk. 

Fig.l.l The motion of a molecule or an atom appears to be a random walk. 

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 molecules such as O2 in gas phase at 300K the mean free path is about 

80nm. Taking an average speed of 400mls the average time between collisions is about 

2x 1O- lOs. This means this small molecule makes 5x 1 09 collisions per second. 

As the 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 a particular type in one region of the solution, then 

over time the molecules will spread out and become evenly distributed through out the 

solution. This is the process of diffusion. For an initial concentration gradient of a gas 
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or liquid media the rate at which the molecules spread out is proportional to the 

difference in the concentration gradient. i.e., 

Diffusion Rate = D x Concentration gradient (\.1) 

Where D is diffusion coefficient in [Length]'. [Timer' 

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 1O·6cm'/s. 

1.1 Diffusion Coefficient and Mean Free Path 

Diffusion coefficient is related to the mean free path that a molecule travels via 

Einstein-Smoluchowskyequation, 

2 

D =~ 
2, 

(1.2) 

Where A. is the mean free path and, is the average time between collisions. 

Assuming that the average time between collisions can be calculated from the average 

speed and the mean free path, the time between the collisions can be expressed as, 

A 
1'=-

va, 

Where va, is the average speed of the molecule. 

Substituting equation (1.3) into equation (1.2) gives 

(1.3) 

I 

D = AVal• 

2 
(1.4) 

Using the gas phase value of 80nm for the mean free path and 400 m / s as the average 

speed the predicted diffusion coefficient for a small molecule is 2xlO-5m2/s; which is 

much larger than the typical value for the diffusion coefficient of liquid phase. i.e, 

1O-9m'ls. 
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1.2 Diffusion Coefficients and Viscosity 

Diffusion in fluid medium is related to a measurable property called viscosity. Viscosity 

is the measure of the resistance of the fluid to flow. Liquids such as water that flow 

easily have a relatively low viscosity compared to thicker fluids. The viscosity of a 

liquid is also its measure to transport momentum. Its unit is poise (P), where I P= 

O.lkgm-'s-' .Typical viscosities are in the range of IO-4p for gas and 1O-2p for liquids. 

The rclationships betwecn diffusion coefficient and viscosity is given by Einstein­

Stokes equation 

D= 
KT 

6trlJR 
(1.5) 

Where K is Boltzman's constant T is the temperature and R is the radius of the 

molecule. The equation is derived, of course, assuming that the molecule is spherical in 

shape. Qualitatively the Einstein-Stokes equation shows that viscosity and diffusion 

coefficient are inversely related. D is also related to temperature via the equation 

(1.6) 

Where Do IS diffusion coefficient at infinite temperature (maximum diffusion 

coefficient) and EA is activation energy. 

1.3Random Walk as a Statistical Model for Diffusion 

(One-Dimensional Treatment) 

Processes such as diffusion in which a single molecule moves through a solution a huge 

number of other particles, can be modeled statistically. 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 the particle as a random walk. The simplest 

example of this type of modeling is one-dimensional random walk. The diffusion 

motion of random walk simulation can be shown by calculating the average square 

distance from the origin, (x 2
). To do this, many individual random walk simulations 

are carried out, and the average is taken over many individual random walks. 
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Results for (x') versus time for a random walk in one dimension is shown in fig.l 2. 

below. 

~o 
Random walk. in one dlnlMston 

-'~'r'--

Random slop longths 
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• 20 
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Results for <x~ versus time tor random walk in one· dimension (from 
Computatlollal PhyJits. N. J. Giordano. Prentice Hall. Upper Saddle River. NJ, 
1997). 

Fig. 1.2 Diffusion and random walk 

The result presented in the figure shows that the system follows the equation 

(x') ex Dt (1.7) 

Where t is the time (proportional to the number of steps) and D is the diffusion 

coefficient. 

1.4 Fickian Diffusion 

In 1885, Adolf Fick introduced two differential equations that quantify the inter 

diffusion between two species in which there is no net volume change across the plane 

of reference. If one species is large and dictates a low diffusion rate for the system, one 

diffusion equation can be used to describe the phenomena. 
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1.4.1 Ficke's First Low: 

It states that the flux J of a component of concentration C, across a membrane of area 

in a predefined plane, is proportional to the concentration differential across that plane. 

i.e. 

J = -D"1C (1.8) 

Where J is the paIticle flux, C is the concentration of the solute, D is the diffusion 

coefficient, V' (del) is the differential vector operator and is represented by 

Accordingly, 

a- a- a­
V' = -i +-j +-k ax 0' az 

For one-dimensional expansion equation (1.10) reduces to, 

a J=-D(ax C) 

(1.9) 

(1.10) 

(1.11) 

The negative sIgn shows that diffusion takes place in the direction of decreasing 

concentration 

1.4.2 Fick's Second Law: 

It states that the time rate of change of concentration in a volume element of a 

membrane with in the differential field is proportional to the rate of change of flux 

gradient at that point in the field. i.e. 

ac =-"1J 
at 

9 
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CHAPTER TWO 

2. Fringe Projections, Moire and Moire Deflectometry 

The telm moire is a French word, which refers to an in-egular wavy finish, usually 

produced on a fabric by pressing between engraved rollers (Webster's 1981). In optics it 

refers to a beat pattern produced between two gratings of approximately equal spacing. 

Lord Rayleigh uscd moire [01' reduced sensitivity testing for the first time in 1874. He 

looked at the moire between two identical gratings to deten-nine their quality even 

though each individual grating could not be resolved under a microscope. 

Fringe projection entails projecting a fringe or grating pattern on an object and 

viewing it from different directions. Rowe and Welford presented the first use of fringe 

projection for determining surface topography in 1967. It is a convenient technique for 

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

Moire and fringe projection interferometry compliment the conventional holographic 

interferometry, especially for testing optics to be used at longer wavelengths. It can 

contour surfaces at any wavelength longer than 1 O-lOOf!m with reduced environmental 

requirements and no intermediate photographic recording sehip. Moire is also a useful 

technique for aiding in the understanding of interferometry and interferometric results. 

Fig.2.1 moire patterns produced by two identical straight line grating rotated by small 

angle from the vCliical axis relative to each other. 

10 



Dark fringes are produced when the lines are out of phase by one- halfpcriod and bright 

fringes are produced when the dark line of one grating fall on top of the corresponding 

dark line for the second grating. If the angle between the two gratings is increased the 

separation between the bright and dark fringes decreases. 

The following analysis shows how to treat moire fringe patterns for arbitrary gratings. 

Let the intensity transmission functions for two gratings be f,ex, y) and f2(x, y) be 

given by 

~ ~ 

f,ex, y) = a,+ 2),. cos[II¢,(x,y)) f2(x,y)= a2+ 2)2m cos[m¢2 (x,y)] 
11=1 m=1 

Where ¢(x,y) is the function describing the basic shape of the grating lines. 

For the fundamental frequency ¢(x,y) is equal to integer number times 27r 

i.e. ¢(x, y) = (n 27r) 

at the center of each bright line, where n is an integer. 

And is equal to an integer plus one- half times 27r at the center of each dark line, 

i.e. ¢(x,y) = 27r (n+1I2) 

at the center of each dark line, where n is an integer. 

(2.1) 

(2.2) 

(2.3) 

The b terms determine the profile of the grating lines (Le. square waves, sinusoidal 

waves, etc.). For sinusoidal waves line profile bi! is the only non- zero term. When these 

two gratings are superimposed the resulting intensity transmissions function becomes 

the product of the two transmission functions. i.e. 

~ ~ 

= a,a2+ a , 2:)2m COS~II¢2 (x,y)]+ a22),. COS[II¢, (x,y)] 
m=1 11=1 

~ ~ 

+ I2:),,,b2m COS[II¢,(X,Y)]COS~II¢2(X,y)] (2.4) 
m=! 11=1 

The first three of equation (2.4) provide infOimation that can be gained by inferring to 

the two gratings separately; but the fourth term contains information about the relation 

ships between the two grating functions. Let us now express the last term as follows 

II 



(2.5) 

Consider the first term of equation (2.5) above: It represents the difference between the 

fundamental patterns masking up the two gratings. Also, assume that the two gratings 

are oriented at an angle 2a between them with the Y-axis of the co-ordinate system 

bisecting this angle as shown in the fig. below. 

L- x 

Destructive 
Interference 

-t-- Constructivo 
Interference 

Observation 
Plane 

N2sin(l:' 

Fig.2.2 Moire between two straight-line gratings of the same pitch at an angle 2 a 

with respect to one another. 

Then the two grating functions can be written as, 

¢, (x,y) = 210 (xcosa + ysin a) and¢, (x,y) = 210 (xcosa - ysin a) 
A, A, 

(2.6) 

Where A,andA, are the line spacing of the two gratings. Taking the difference between 

the two grating functions in equation (2.6) we have 

210 210. 
¢, (x,y)-¢,(x,y) = --xcosa+~ ysma 

Abm, A 
(2.7) 

12 



Where 
,1,1 

A = " the average m line spacmg 
A, +,1, 

IS the beat 

wavelength between the two gratings. The moire or beat will be the lines whose center 

satisfies the equation 

(Mx,y) -q,,(x,y) = 2mll (2.8) 

Where m is an integer that correspond to the fringe order. Now we can consider three 

different cases. 

I. When A, = A, = A 

In this case the first term in equation (2.7) has to be zero so that the equation becomes 

meaningful. Thus the fringe center is given by 

q,,(x,y)-q,,(x,y) = 2," ysina=2mll 
A 

=>mA=2ysina (2.9) 

As it is expected this is an equation of an equi-spaced horizontal lines. 

II. Let the fringes be parallel to each other with a = 0° , 

This makes the second tenn of (2.7) vanish. The moire will then become lines that 

satisfy the condition 

(2.10) 

Fig.2.3 shows the moire patterns caused by two straight-line gratings under 3 

conditions. 

Same Frequency 

Tilted 

(a) 

Different Frequencies 

No Tilt Tilted 

(b) (c) 

Fig.2.3 moire patterns caused by two straight- line gratings with (a) the same pitch 

tilted with respect to one another,(b)different frequencies and no tilt, and (c)different 

frequencies tilted with respect to one another. 
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III. When the two gratings have different line spacing and the angle between them is 

non-zero, In this case the equation for the moire fringc will be 

- X 
mA=--xcosa +ysina 

Abeal 

(2.11) 

Equation (2.11) represents straight-line fringes whose spacing and orientation depends 

on the rclative diffcrence between the spacing of the two gratings and the angle between 

them. 

2.1 Fringe Projection Techniques 

A simple approach to contouring is to project interference fringes of gratings on to an 

object and viewing it from different directions 

Pm;oct I ri 1'1\)<'$ 
Of graling 

View 

Fig.2. 4 projection of fringes or gratings on to an object and observing it an anglea. P 

is the periodicity of the gratings (pitch) and C is the contour interval. 

Assuming a collimated illumination of beam and viewing the fringes with 

telecentric optical system, straight, equally spaced fringes that are incident on the object 

produces equally spaced contour intervals. Any departure of a viewed fringe from a 

straight line shows the departure of the surface from a plane of reference. When the 

14 



C=~=_d_ 
sina lana 

(2.13) 

These contour lines are planes of equal heights; and the sensitivity of the measurement 

is determined by a. The larger the a, the smaller the contour interval. If a is 90° the 

sensitivity is maximum; the reference plane will be parallel to the direction of the 

fringes and perpcndicular to the viewing direction as shown in fig.S,(a )below. When a 

is zero the contour intervals will be infinite and the measured sensitivity is is zero. For 

best results an angle no longer than the largest slope on the surface should be chosen. 

View 

Fig.2.5 (a) maximum sensitivity for fi'inge projection at 90° 

Fig.2.S ( b) fringe produced by two interfering beams. 

When interference fringes are projected onto a surface rather than using a grating the 

fringe spacing P is determined by the relation 

A P=---
2sinLlB 

(2.14) 

When A is the wavelength of illumination and LlB is the angle between the two 

interfering beams. Substituting the value of Pinto (2.14 ) the contour interval becomes, 
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A 
C ~ -:-:--:-:--

2 sin I:>.e sin a 
(2.15) 

Tilting one beam with respect to the other will change the contour 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 projected onto the object will 

not be composed of straight, equally spaced lines. The height between the contour 

planes will be a function of the distance from the source and viewer to the object. 

2.2 Shadow Moire 

This is a simplc method of moire interferometery for contouring objects. It uses a single 

grating placed in front of the object as shown in the figure below. 

Fig.2.G geometry for shadow moire where illumination and 

viewing points are at infinity 

The grating in front of the object produces a shadow on the object that is viewed from a 

different dil'ection through the grating. A low frequency or pattern is seen. This is 

caused by the interference between the gratings shadows on the object and the grating 

as viewed. Ifwe assume that the illumination is collimated and that the object is viewed 

at infinity or telecentric optical system is used, the height Z between the grating and the 

object point can be determined from the geometry shown. 

NP 
Z~----

tan a + tan fJ 
(2.16) 

a is the illumination angle,fJ is the viewing angle, P is the spacing of the grating lines, 

N is the number of grating lines between the points /\ and B. The contour interval in the 

direction perpendicular to the grating will simply be given by 
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P C= ----'--
tan a + tan fJ (2.17) 

As it can easily be understood from equation (2.17) the distance between the moire 

fringes in the beat pattern depends on the angle between the illumination and viewing 

direction. The larger the angle, the smaller the contour interval; the reference plane will 

be parallel to the grating. Note that this reference plane is tilted with respect to the 

reference plane obtained if viewed projected on to the subject. Essentially the shadow 

moire 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 therefore it is important to consider the case of finite illumination and 

viewing distances. However the only cases where illumination and viewing positions 

are the same distances from the grating will be used. The grating is assumed to be close 

enough to the object surface so that diffraction effects are negligible. The following 

figure illustrates this phenomenon. 

rr 
-' . 
I 

x 

.. I , . ., 

Fig.2.7 shadow moire when both illumination and viewing positions are at 

finite distances. 

The height between the object and the grating is given by 

NP Z= ---=.:.::...-~ 
tan a' + tan fJ' (2.18) 

a' and fJ' are the illumination and viewing angles at the object surface. These angles 

change for every point on the surface and are different from a and fJ, where a and fJ 

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

then be written as 

Z=NC (Z) NP(l+Z) NPL 

W W-NP (2.19) 
v", ~~ftWn 

-. £/ 
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This equation shows that the height is a complex function depending on the position of 

each object point. Thus the distance between the contour intervals depends on the height 

of the surface and the number of fringes between the gratings and the object. 

Individual contour lines will no more be planes of equal heights but they arc now 

surfaces of equal height. The expression can be simplified by considering the case 

where the distance to the source and the viewer is large compared to the surface 

variations, 

I.e. I » Z. Then the surface height can be expressed as 

Z= NPL_ NP 
W tana+tan,B 

(2.20) 

Even though the angle ,B and a vary from point to point on the sllrface, the sllln of 

thcir tangents remain cqual as long as I » Z for all object points. The contour interval 

remains the same. Because of the finite distances there is also distortion due ·to the 

viewing perspective. A point on the surface Q appears to be at the location Q' when 

viewed through the grating. By similarity of triangles the distances x and x' from a 

linc perpcndicular to the grating intersecting the camera location can be related via 

z+! 
(2.21 ) 

x x' 
--=-

=:>x = x'(l+~) where x represents the actual co-ordinate in terms of the measllred 
I 

co-ordinates. Similarly, the y co-ordinate can be corrected as 

z 
y= y'(l+-) 

! 
(2.23) 

This enables the mcasured 'surfacc to be mapped onto the actual surface to corrcct the 

viewing perspective. These same factors can be applied to fringe projection. 

2.3 Projection Moire 

Moire 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. 
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Project fringos 
or grating 

, , 

, , 
Viow through 

grating 

Fig.2 8 projecting moire fringe 

The difference between the projection and the shadow moire is that two diffcrent 

gratings are use in the projection moire. The orientation of the reference frame can be 

arbitrarily changed using different gratings pitch to view the object. The contour 

interval can is given by 

d 
C=----

tal' a + tan fJ 
(2.24) 

Where d is the period of the grating in the y plane. As long as the gratings pitches are 

matched to have the same value of d. This makes the projection moire the same as 

shadow moire although projection moire can be much more complicated than the 

shadow moire. 

2.4 Two Angle Holography 

Projected fringe contouring can also be done using holography. First the hologram of 

the object is made using the optical setup shown in the figure. Then the direction of the 

beam illuminating the object is changed slightly. When the object is viewed through the 

hologram then interfering fringes are seen that correspond to the interference between 

the wave fronts stored in the hologram and the line wave front with the tilted 

illumination. These fringes are illumination beams simultaneously. The beams would be 

tilted with respect to the other by the same amount that the illumination beam was tilted 

after making the hologram. 
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Variable 
[lenmsplilter Reference beam 

Laser ~-----~~----------------~ 

Spallal 
Filter 

Tlltable 
Mirror 

Collimating 
Lens 

Spatial 
Fillor 

Hologram 

Fig.2.9 setup for two-angle hologram 

To produce straight, equally spaced fringes the object illumination must be collimated. 

When collimated illumination is used the surface contour is measured relative to the 

surface that is a plane. The theory of projecting fringe contouring can be applied to two 

angle holography yielding a contour interval. 

c ~ 

2sin 26.Bsin a 

Where 26.B is the change in the angle of the object illumination. 

Chango angfe 
aftor making 

hologram 

View through 
hologram 

Fig.2.10 Shifting the angle of illumination 

(2.25 ) 

The common features of all the techniques described above produce fringes 

corresponding to contours of equal heights on the object. They all have a similar 

contour interval determined by the fringe spacing or grating period and the angle 

between the illumination and viewing directions as long as the illumination and viewing 
20 



are collimated .The surface height measured are relative to the reference surface that is a 

plane as long as the fringes or grating lines are straight and equally spaced at the object. 

Thc only difference between the fringe projcction and the moire and two-angle 

holography is the change in the location of the reference plane. If the fringes are 

digitized, or phase- measuring intrferometric technique is applied the reference plane 

can be changed in the computer mathematically. 

The precision of the interferometric technique depends on the number of fringes used. 

When the fringes are digitized using fringe following techniques, the surface height can 

be determined to III 0 of a fringe. If phase measurement technique is used the surface 

height can be determined to III 00 of a fringe. Therefore it is advantageous to use as 

many fringes as possible. And because reference frame can be changed in a computer, 

projected fringe contouring is the simplest way to contour an object interferometrically. 

These techniques can all be used for measurement of stress 01' displacement as 

well as for contouring an object. Displacement measurement is made by comparing the 

fringe patterns obtained before and after a small movement of the object or before and 

after applying a load to the object. Because the sensitivity of these techniques is 

variable they can be used for a larger range of displacements and stress than the 

holographic techniques. 

Using the surface measurement techniques the surface height relative to some reference 

surface can be obtained quantitatively. If the contour lines are straight and equally 

spaced in object space, then the reference surface will be a plane. In the computer, any 

surface described can be subtracted from the surface height to yield the surface profile 

relative to any surface. This is similar to viewing the contour lines through a grating to 

reduce their number. If the contour lines are not equally spaced and not parallel the 

reference surface will be something other than a plane. Therefore, surfaces arc 

determined by placing a flat surface at the location of the object height. Once this 

surface is measured, it can be subtracted from subsequent measurements to yield the 

surface height relative to a plane surface. 

2.5 Moire Deflectometry 

If a fine grid or grating is illuminated fi'om behind through, usually, an identical grid or 

grating moire fringes are produced on a screen behind the second grid or grating. 
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What is imaged is the composite patterns of the nearer grid or grating and the shadow 

on it of the grid upstream. The nearer grating is undistorted, but the distOliion of the 

light beam (such as its divergence or convergence) lead to distortion of the shadow 

component and corresponding distortions in the Moire fi'inges from their normally 

regular appearance. The distortion of the light beam could be produced by the presence 

of a simple lens or more interestingly phase object whose optical power varics with 

position in it such as a liquid with density or temperature gradients within it. Refi'active 

index variations map onto these gradients. The refractive index variations then 

determine the shape of the moire fringe. 

Moire deflectometry is a wave front technique combining Talbot effect with 

moire techniques for measuring and testing phase objects or reflective surfaces. Moire 

deflecograms provided by light deflection from tested phase objects or refractive 

surfaces can be used to calculate the deflection angle which represents the reflfctlve 

index of the phase object or the height of the ret%Stive surface. A moire deflectometric 

measurement of aspheric surfaces by using digital Fourier transform method is one 

application area ofthe technique to check the evenness of a glass surface. 

2.5.1 Phase Measuring Deflectometry 

This is a new method of deflectometry applied to measure a specular free form surfaces 

within few seconds. The basic principle of the technique is to project the sinusoidal 

fringe patterns on to a screen located remotely from the surface under test and to 

observe the fi'inge reflected via the surface. Any slope variation leads to a distortion of 

the pattern. Using well known phase shifting algorithm, we can precisely measure these 

distortion and then calculate the surface normal in each pixel. 

Moire deflectometry is simple and powerful tool for measuring ray deflections 

within the paraxial approximation measurement of defection angle of 0.1 0 have been 

reported. The main advantage of moire defletometry are its experimental simplicity, low 

cost and low sensitivity to external disturbances in comparison to other interferometric 

methods that require high precision and stable experimental setup. 

The sensitivity of the moire deflectometry can be easily tuned to suit the experimental 

requirements by varying the gratings pitch and their distances (where the diffraction 

effects are aliowed).In transparent mixture, change in concentration for a multi 

component liquid mixture and temperature results in a change in refractive index of the 
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liquid. A parallel laser beam passing through such a medium of varying index of 

refraction is locally dcflected even if it passes perpendicular to the gradient of the 

diffusion direction. The deflection angle is direct mapping of the refractive index 

gradient of the medium. 

LASER 

Fig.2.ll the deflection of a laser beam in a liquid of varying index of refraction 

The deflected laser beam due to the change in refractive index in the diffusion cell 

yields the shifted self image of the gratings and resultant moire fringes show a 

deviation. This can now be treated mathematically by Fick's laws of diffusion. 

Let us consider the diffusion of an isothermal mixture in a container of constant 

cross-section, extending in the x-dircction. By considering the column as semi-infinite 

medium, since the diffusion process is very slow, the boundary condition at the open 

end of the column does not influence the solution during the time range of interest. Thus 

the diffusion process can be formulated in terms of one-dimensional problcm.One­

dimensional free diffusion along the x-axis is given by the equation, 

aC(x,l) = D a'C(x,!) 
01 ax' 

(2.26) 

Where C(x ,t) is the concentration at position x and time t, and 0 is the diffusion 

coefficient which is assumed to be independent of concentration and direction of 

diffusion. Further more if there is a net external force F, ( e.g. gravitational force), 

acting in the x-direction upon the dissolved molecule and if Jl be the mobility of the 

molecule under consideration ,the steady velocity of this molecule would be Jl F and 

the resulting flux of matter would be C(x ,t) Jl F . The rate of concentration change 

would then become 
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aC(x, t) = D a'C(x, t) 
at ax' 

F 
aC(x,t) 

- Jl ' 
ax 

(2.27) 

If the steady velocity of the dissolved moleculcs is very slow, the current due to the 

external forces can be neglected and equation (2.27) reduces to equation (2.26). The 

solution to equation (2.26) for two binary liquid mixtures initially separated at x = 0 

when t = 0 with concentrations Co and CI is given by 

Co - CI Co - CI [X ] 
C(X,1) = 2 + 2 erf 2$1 . 

(2.28) 

Where the error function is defined as 

.) I." - ' nfn) = -. - ~-I' <II. 
fo,o 

(2.29) 

In a transparent liquid mixture, a change in concentration produces a change in the 

index of refraction, which for a small concentration gradient can be considered as a 

linear function between refi'action index and concentration. The refractive index 

gradient is given by 

al1(x, t) 

ax 

, 
--,11°",-=11=1 [x 1 exp--
2.JtrDt 4Dt 

(2.30) 

Where n(x, t) is the local refi'active index at time t in the diffusion cell, no the refractive 

index of the liquid with higher concentration and nl that of the lower concentration. 

The incident parallel laser beam that passes through the diffusion cell, bends by an 

angle<P(x,t) depending on the distribution of the refractive index of the cell. Because 

the refractive index is a function of both position and time, the deflection angle also 

depends on position and time. Due to the deflection of the collimated laser beam, 

impinging on the defleetometry system, the Fourier image of the first grating shifts on 

the second grating. For small angle of bending light rays the amount of the image shift 

would be 

<p(x, t) .Z I (2.31) 
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where z = /lip' 
, A (2.32) 

Z, is the Talbot distance between the two gratings G I and G, . 

P is the periodicity of the grating; m is an integer and A is the wavelength of the laser 

light. The moire fringe shift with respect to the first grating is given by 

Z 
M;(x,t) = ~<fl(x,t) (2.33) 

e is a small tilt angle between the intersections of the gratings. On the other hand the 

relation between the integrated dcflection and the local refractive index n (x, t) will be, 

Ilai'[illl(X.y,Z.I)] 
6.~o(x.1) = - a dz, 

lla 0 X .l'=coOI (2.34) 

n, is the ambient refractive index ofthe. 

If the length of the diffusion cell in the direction of diffusion (x) is L then equation 

(2.34) becomes, 
m( ) _ L an(x,t) 
"¥ x,t -

nu ax 
(2.35) 

Substituting equation (2.35) into equation (2.33) we get 

A ( ) z, L an(x, t) 
uS x,t =-e nuax 

(2.36) 

Equation (2.36) shows that moire fringe deformation is proportional to the refi'active 

index gradient introduced by the diffusion process. Equation (2.36) can be modified and 

written as 
, 

( 
z, nu -n, -x 

6.6 x, t) = - L r;::;-; exp(-) e n 2vtrDt 4Dt u 

(2.37) 

Equation (2.37) predicts the time evolution of moire fringe along the diffusion cell. 

Now we can determine the diffusion coefficient at time t u using two distinct values of 

positionx,andx" along the diffusion cell, where x, is greater than x,, i.e. if 

, 
A _ 3iL nu -n, (-X, ) 
U I - r:::;:;;- exp e nu2vtrDtu 4Dtu 

(2.38) 

is the value oflocal shift at x I and 
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, 
A _ z, L II" -II, ,(-X, ) '-', - - r:::r;;-- exp --

e 11"2vTfDI,, 4DI" 

the local shift at x, 

Then the ratio ofthe local shifts is 

, , 
~, (x, -x, ) 

I] =-=exp 
~, 4D1o 

Taking the logarithm of both sides we get, 
, , 

0= x, -x, 
41" Inl] 
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CHAPTER THREE 

3. Experiment 

3.1 Materials and Methods ofthc Experiment 

3.1.1 Apparatus 

The rollowing apparatus were used in doing the experiment: Ile-Nc laser source with 

power I I11W and 5 mw, wave length 632.8nl11, Collimator, Dirrusion cell, Constricted 

glass tank with diffusion capillary, Sieve (250 JL m diamcter), Diffraction grating with 

pitch 100 lines/mm, electric balance, Beakers, semitransparent screen, digital cameras 

and adjustable slit 

3.1.2 Matcrials uscd 

The materials used for this experiment were grinded raw coffee, caffeine and sugar. 

3.2 Experimcntal mcthods and proccdurcs 

3.2.1 Dct cl'mination of diffusion coefficicnts of coffee, caffeine and sugar 

Helium-Neon laser sourcc with wavelength of 632.8nm that can deliver a power of 

Imw was sent to a collimator so that an expanded parallel light beam scans the whole 

column of the grating after passing through the liquid. A liquid of higher density and of 

the same volume was injected into the diffusion cell by a capillary tube from the bottom 

of the tube. The converging lens was used to converge the moire fringe on to screen. A 

digital camera that has a resolving power of 2848 X 2136 pixels was used to take the 

image fi'om the semitransparent screen. In order to achieve consistent rcsults, thc 

camera was also mounted on a stand and had been kept fixed until the experiment was 

ovcr. 

In thc cxperimcntal analysis of sugar the digital camera used was the one with a 

resolution power of640X480 pixels. In front of the diffusion cell an adjustable slit was 

also used to control the width of light falling on diffracting grating and hence the 

number and width of fringes formed when the converging lens was not used. The setup 

is shown in Fig. 3.1. 
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L.S C D 

L.S = Laser source, C = Collimator, D= diffusion cell, GI& G2 = diffraction gratings, 

L= convex lens, T.S= semi-transparent screen, D.C = digital camera 

Fig. 3.1 Experimental setup for determination of diffusion coefficients 

Afier the setup shown in fig.3.1 is completed the following measurements were made: 

• Choosing the right position of the Talbot distances for the gratings, 

• Measuring the 1'00m temperature of the laboratory 

• The diffusion coefficient of caffeine is measured for tow different 

concentrations: 4.11 mg/ml and 2.74 mg/ml. 

• Mass of coffee = 41.1 mg 

• The average room temperatlll'e of the laboratory was 220C. 

• Mass of the caffeine used = 41.1mg 

Concentration = mass of caffeine/molar mass of caffeine x volume of the solution 

=0.02IM or 

Concentration 1= 41.1mg/1 Oml 

= 4.llmg/m I 

Concentration2 = 41.1 mg/20ml 

=2.74mg/ml 

Distance of the screen = 62 cm 

Pitch used, 100 lines /mm 

Gratings' Talbot distance = 0.8cm 

Focal length of the convex lens used = 5cm 

Concentration of sugar =1 0%. 
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3.2.2 On-linc monitoring of thc quality of liquJ! 

In this part of the experiment a Imw Helium-Neon laser light scanned the colilllln 

of a manometer, which is part of the horizontal diffusion tank through which liquid 

flows. A ray (light beam) that passes through the column of the liquid was collected by 

a lens and sent to an adjustable slit. The slit then throws vertical light rays onto the 

scrcen from which the shift in fringes was seen. Fig.3.2 shows the setup of the 

experiment. Three different concentrations of sugar solution were also used for analysis: 

10%,15% and 20%. 

L.S=laser source, C = Collimator, D.T= diffusion tanker, L =Iens, A.S = adjustable slit, 

S = Screen 

Fig. 3.2 Setup for on-line monitoring. 
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The following table represents the relative position of the fringe patterns for caffeine, 

coffee and sugar solutions as measured at the beginning of the experiment (X'I & x '2) 

and when the fringes showed no major shift (XI & X2) in thc diffusion process. The 

calculations for local shift and diffusion coefficicnts were done using thesc valucs. 

sample concentration relativc position in cm 

(mg/ml) 
X2 XI X'2 Xii 

caffeine 2.74 1.3 0.7 0.6 0.4 

4.11 1.3 0.8 1.2 0.6 

coffee 4.11 1.3 0.6 1.1 0.5 

sugar 10% 2.7 0.8 1.6 0.4 

Table 3.1 Relative Positionsttr.inges of sugar, coffee and caffeine at 

the given concentrations. 

30 



CHAPTER FOUR 

4. Results And Discussion 

4.1 Determination of diffusion coefficient of caffeine 

The diffusion coefficient ofa solute in a solvent depends on temperature, concentration, 

size of the particle and time taken for diffusion. The concentration of the solution in this 

experiment is also a function of position and time. The diffusion coefficient of caffeine 

was determined at two different concentrations. The following figures and analysis were 

made for these concentrations separately. 

4.1.1 Caffeine concentration of 4.11 mg/ml 

The following photograph was taken by a digital camera (a) at the beginning of the 

experiment and after 16 hour (b), when the fringes didn't show major shifts. The 

average room temperature was22oC. 

a 

b 

Fig.4.1 Fringe pattern for caffeine concentration of 4.11mg/m I. 
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Por the two fringes taken at '0' and 1 Ghr, in the figure above (a & b ),the relative 

positions of two adjacent fringes from the vertical axis was measured. Accordingly, 

when X,= 1.3cm, X2 = 0.7cm for (b) and XI'= O.Gcm, X2'= OAcm for (a), the local shifts of 

the fringes became, 

6, = 0.7cm- OAcm 

6, = l.3cm- 0.6cm 

The ratio of the two local shifts is given by 

6, 
17=-

6, 

The diffusion coefficient is calculated using the equation 
, , 

D= x, -x, 
410 In 17 

The value of the diffusion coefficient D = (0. 62 ± 0.16) x 10·5cm2
S". 

4.1.2 Caffeine concentration of2.74 mg/ml 

Similar procedure yields the following data for concentration of 2.74mg/ml of caffeine 
under similar conditions of the experiment and room temperature. The positions of the 
fringes were XI' = 1.2cm and X2' = 0.6cm for (c) and x, = I.3cm and X2= 0.8 cln for (d) 
where(c) and (d) refer to fringes at 'O'hr. and 16hrs. respectively. (See figA.2 ). The 
local shifts ofthe fringes after 16hrs. became, 

6,= 1.3cm -1.2cm 

6, = 0.8cm - 0.6cm 

The ratios of the two local shifts will be 

6 
-' =17 
6, 

The diffusion coefficient is then calculated in the same way as it was done above. i.e. 

Then the diffusion coefficient is found to be (0. 66 ± 0.16) xl 0.5 cm2/s. 

32 



c 

Fig. 4.2 Fringe pattern for caffeine concentration at 2.74 mg/ml in distilled water 

The results for the diffusion coefficient of caffeine for the two concentrations used 

above show the tendency of increasing with the decrease in concentration. Moreover, 

the data points almost coincide with the extrapolated graph of the diffusion coefficient 

versus caffeine concentratioll found using Gouy diffusiometer in a different 

experiment[IO]. 

4.2 Diffusion coefficient of grinded raw coffee 

Grinded powder of raw coffee is sieved by 250 pm diameter sieve and made to 

dissolve in distilled water so that it forms a solution of concentration 4.llmg/ml 

similar to the first concentration of caffeine, under similar experimental condition 

and temperature. Figure 4.3 shows the time evolution of the fringe shifts as 

observed with the same digital camera. The relative positions of the fringes from the 
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vertical axis for 'O'hr. and 16hr. is then x,'= 0.5cm,x2' = I.lcm and x,=0.6cm X2 = 

1.3cm 

The value of the local shifts of the fringes after 16hl'. becomes 

~, = 0.2cm 

~, = O.lcm 

Using the same relation for the ratio of the local shifts i.e. 

~ 
-' =1/ 
~, 

The value of the diffusion coefficient of the r~v coffee at the given concentration is 

then 
, , 

D= x, -x, 
410 In 1/ 

Thus, the diffusion coefficient becomes (0.30± 0.07) xlO·5cm2/s. 

This value of the diffusion coefficient of coffee found is less than that of the 

caffeine found above. The observed decrease in the diffusion coefficient is due to: 

(i)the fact that coffee is a mixture that has many ingredients such as lipids and 

antioxidants that have different rates of diffusion. The observed diffusion coefficient 

is the average of all diffusion coefficients of individual particles.(ii)The other factor 

that is expected to be the cause for the difference is the particle size of the ground 

coffee. The particle size of the grinded raw coffee was 250 II m in diameter. The rate 

of diffusion on the other hand inversely proportional to the diameter of diffusing 

particles via Stokes-Einstein equation. 
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Fig.4.3 Fringe pattern for coffee in distilled water at a concentration of 4.llmglml 

4.3 Diffusion coefficient of sugar in distilled water 

In this part of the experiment, Helium-Neon laser of power 5mw is used instead of 

the ImlV laser used above. This is done to check the validity of the experiment when 

a digital camera is used instead of the CCD camera. Also, a slit is used instead of a 

lens so that fringes ean easily be taken from the screen behind the diffraction 

grating. This helps to take an image of the moire fringes with a digital camera of 

less resolution power. The digital camera used in this experiment is the one with a 

resolution power of 640x480 pixels. The concentration of sugar used is 10%. The 

room temperature was 24°C.Fig. was taken at the beginning of the experiment and 

after 24hrs. 
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Fig.4.4 Fringe pattern of 10% sugar in distilled water 

Similar formula applied to both coffee and caffeine is applied to solving the 

diffusion coefficient of sugar. The value found for D is given by 
, , 

D= x, -x 1 

410 In '7 

The fringes didn't show major shift during the 241h hour. Thus the value of to used is 

86400 seconds. The value of the diffusion coefficient then became (0.68 ± 0.18) 

xlO-scm'/s. The value obtained is comparable to the one found by digital 

holography which is 0.65 x I 0-5cm ' Is and also by similar experiment when CCD is 

used (0.66±0.05) x 1O-5cm' Is) [2]. 
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4.4 On-line monitoring of liquids quality 

In this part of the experiment new technique to control the quality of liquid in the 

process of manufacturing is introduced. The setup is designed for qualitative 

analysis of a change in the index of refraction of a liquids in a horizontal flow that 

enables a practitioner or worker on duty to know whether the liquid quality is 

changing or not. 

The experimental setup can also be applied to study the diffusion coefficient 

of liquids. In the experiment, the manometer column of the constricted horizontal 

glass container (tanker) served for two things. First, it helps for providing a flat 

surface that a laser light scans. Secondly, it helps for maintaining the column of the 

liquid in it almost at constant position so that the part of the liquid in it is not in 

advective or mass flow while the part of the liquid in the pipe below the column is 

in flow. In this experiment the deflection of a ray occurred as a liquid of different 

index of refraction (sugar solution) begun flowing into the horizontal pipe that 

contained pure water. But, the walls of the capillary tube were not perfectly flat. 

They had curved surfaces. This produced non-patterned and scattered fringes that 

were seen on a screen. To overcome this difficulty a converging lens and adjustable 

slit were used to cast vertical rayon to a screen. The screen was placed at 75cm 

away from the diffusion tank and 30cm from the slit. Also, the capillary column of 

the tank had to be canned so as to avoid the effect of atmospheric pressure. 

Moreover, flow rate had to be controlled to achieve a steady flow of the solution 

using rubber controller. 

When sugar solution was allowed to flow through the tank, which was 

originally filled with tap water, a ray that was passing through the capillary part of 

the tank deflected from its path. Consequently ,the vertical ray that was casted on 

the screen shifted by 0.35 cm for 10%, O.4cm for 15% and 0.6cm for 20% 

concentration of sugar solution, respectively. From this experiment it is observed 

that ray deflection increases with the increase in concentration. This is an expected 

result because an increase in concentration will increase the index of refraction of 

the solution, which in turn causes increase in the angle of refi'action of the emergent 

ray [19]. 
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Since the part of the liquid in manometer column is not in advcctive flow the only 

means by which the density or index of refraction of a liquid in, ide the column of 

the tube·changed is by diffusion. The eause for the change in the index of refraction 

of the liquid is sugar particles that diffused into the column of the manometer. A 

change in the index of refraction in turn is an indication for the change in the quality 

of the product in the process of manufacturing. 
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CHAPTER FIVE 
5. Conclusion 

Moir'e deflectometry is a powerful tool for determining diffusion coefficient of a 

transparent liquid solution and also for Oil-line monitoring of a liquid quality in the 

process of manufacturing. Its experimental simplicity makes it easily adaptable to 

possible experimental conditions such as replacing the CCD camera by digital 

camera. Diffusion tank with a capillary tube in the form of a manometer made from 

locally available materials (glass tubes) and applied for the on-line monitoring 

indicated the possibility for both qualitative and quantitative analysis of liquid 

quality. Analysis with sugar solution showed an increase in ray deflection as the 

concentration of the solution that flew through the horizontal tank increased. This 

fact can be utilized by any practitioner at work to observe any change in the quality 

of his product in the process of manufacturing. If the intensity of the deflected ray is 

measured using CCD camera or if calculations about local sh ifts is made the 

diffusion coefficient of any transparent liquid solution can be measured 

quantitatively. 

Investigation of the diffusion coefficient of caffeine at different concentrations 

in distilled water showed that it decreases with increase in concentration at constant 

temperature. This is in agreement with the result reported by G'lsting et.al using 

Gouy diffusometer. On the other hand, the diffusion coefficient ,)f a grinded raw 

coffee (which is a mixture of many ingredients and with larger size of grains) is 

found to be less than that of equal concentration of caffeine in distilled water at a 

given temperature showing the impact of particle size on diffusion. 

In the future, the ray deflection and the moir'e deflectometrc techniques have to 

be applied to different transparent liquid solutions so that this experimental 

verification of liquid quality reach a standard that can be applied to control the 

quality of different industrial products and imported items. 
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