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Abstract: Liquid phase diffusion is a high energy consumption process in chemical production. With the
rapid development of the chemical technology based on liquid phase diffusion, especially in some emerging
fields such as biomedicine and environmental science, the microcosmic study on the liquid phase diffusion
is becoming more and more important. By applying the digital holographic interferometry, a diffusion
process in liquid phase of pure ethanol and water was observed. After recording the digital hologram by a
Mach-Zehnder interferometer and reconstructing digital hologram of object beam by the gray scale
analysis, the phase variation of object wavefront in the diffusion process at different times and the curves
of refractive index change in the diffusion area were both acquired. The result shows that by applying the
digital holographic interferometry, a fast, real time and high-accuracy diffusion can be realized.
Moreover, this method can be used to realize a remote visual monitoring. In addition, this method
combining with wavelength and angular multiplexing techniques can be applied to obtain nonlinear
characteristics parameters in multiple-phase diffusion measurements.
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0 Introduction
diffusion is a high

consumption process in chemical production. With the

Liquid phase energy
rapid development of the chemical technology based on
liquid phase diffusion, especially in some emerging
fields

science"

such as biomedicine and environmental

21| the microcosmic study on the liquid phase
diffusion is becoming more and more important. Since
last century early, many diffusion models have been
proposed to enhance the mass transfer efficiency and
the

5]

accurately in microcosm -,

explain two-phase interfacial mass transfer

At present, experimental

methods to measure the liquid phase diffusion mainly

include Optical Holographic Interferometry (OHD ™™,
diaphragm cell™ and Nuclear Magnetic Resonance

(NMR)™, erc. The diffusion data are obtained by

analyzing the holographic interference fringes
reconstructed from the recorded hologram in the
method of OHI. In diaphragm cell method, the

solutions with different consistency pass through the
micropore film and diffusion, thus the consistency
change in both sides can be measured to obtain the
NMR method gets the diffusion

coefficient by the medium atomic moment rotation in

diffusion coefficient.

magnetic disturbances. Gabelmann-Gray'® and Jean'”
et al. applied OHI to determine the diffusion coefficient
of sucrose-water or gypsum-water system successively.

Singh et al™ used a diaphragm cell method to measure

the of PbBr2-AgBr
Claudio er al™ studied the two phase media diffusion of
PVdF-HFP and LiN(C,F.S0O,), with NMR method.

But in the diaphragm cell method, the main medium

diffusion coefficient system.

flow will be brought into the diffusion process and the
remained shell will exist in both sides of the film which
affect the measurement accuracy. NMR has a rapid

but both

nuclear magnetic moment and angular momentum of

measurement rate and a high accuracy,

the media molecules are required to be non-vanishing
which limits its application fields. The absolute value
of the diffusion data can be acquired directly with a high
in OHI, but the

recording hologram needs a complicated wet chemical

accuracy holographic plate for
processing and using this method one can only obtain
limited diffusion data at a certain time.

Different OHI,
Interferometry ( DHI) uses a Charge Coupled Device
( CCD ) or the Complementary Metal-Oxide-
Semiconductor ( CMOS) to record the
hologram and numerically reconstructs the holographic

the

complicated wet chemical processing of the holographic

from Digital  Holographic

transistors

interferogram by computer, which leaves out

plate and thus is considered as a new potential tool for
measuring flow field or phase diffusion. Sun et al M
realized the visual measurement of the Karman Vortex
Street in water flow field by using DHI and got its
dynamic distribution. Gopalan et al"'"’ observed the
decomposition of the petrol under dispersant employing
digital holographic microscopy. Hossain et al"'* applied
digital lensless Fourier transform holography to study
the temperature distribution of the layered free thermal
convection field in water and analyzed its temperature
variation. In this paper, we present a realization
method of the dynamic display of the liquid phase
diffusion the the

coefficient based on DHI. Analyzing the shapes of

and measurement of diffusion

interference fringes, to get diffusion coefficient in
OHI, are avoided by obtaining the phase distribution in
DHIL

conducive for a long-distance storage, transmission and

The hologram is digitally recorded which is

. .y . .
reconstruction, so it's also useful in the remote visual

monitoring process of liquid phase diffusion. In
addition, this method combining with wavelength and
angular multiplexing techniques can be applied to obtain
nonlinear characteristics parameters in multiple-phase

diffusion measurements.

1 Principles
the

refractive index distribution in interdiffusion region

In the transparent two-phase flow media,

changes due to the diffusion between two media and
this will affect the phase distribution of the wavefront
of the object beam passing through the media. That is
to say. the phase distribution varies with the refractive
index distribution in the interdiffusion process. In order
to record the phase distribution, a reference beam is
introduced to interfere with this object beam in
different states to form a series of holograms. These
holograms are separately recorded by a CCD and the
corresponding  reconstructed  complex  amplitude
distributions of the object beams bring the refractive
index distribution information in diffusion region. The
phase change can be calculated by comparing with the

the

refractive index change under different states can be

complex amplitude distributions. Furthermore,
obtained.
Assuming that the intensity distribution of two
recorded holograms in interdiffusion states is given by
I (xsy)=|U (x,y) TR, y) | "= (F+ud) tur, *
exp [i(g,— @) Jturoexp [ —i(oi— ¢ ) ] (D
where,U, (x,y) =u, (x,y) exp[jgp, (z,y) Jand R(x,y) =
ro (xsy)exp Ljo, (x,3) ] describe the complex amplitude
of the object and reference beams in the recording

plane, ¢, (z, y) and ¢, (x, y) depict the phase
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distributions of the corresponding wavefronts, and :=
0, 1,2,

states, respectively.

represent the initial and different diffusion
Similar to the optical double-
exposure holographic interferometry, we can add up
the intensity (gray) distributions of two holograms
recorded in initial and a certain diffusion states to get a
composed  digital  hologram, whose  intensity
distribution will be given by
I.(x.=1(x, )+ I[(x,y)=2(r,tu )+
usroexp [jCo—¢) Jturoexp [ —j(g—¢ ) |+
uyroexp [1(o—¢) Jtusrexp [ —ji(o—¢ ) ] (2
The holographic interferogram of the two reconstructed
object beams in diffusion states can be obtained by
numerically simulating the diffraction of the composed
digital hologram, of which the intensity distribution is

expressed by
L Cxoy) =TIy (s y) oS’ [W} 3

where, I, (x,y)4u,” (xyy)ry (xsy) Ap (s y) =
¢ (xsy) =@, (x,3). Eq. (3) shows that the intensity
envelope of the reconstructed holographic interferogram
forms a cosine-square distribution modulated by relative
phase change Ag, depending on the optical path
difference of the object beam. Assuming that the index
changes only along at the transverse direction and the
medium thickness is uniform, the relationship between
refractive index and relative phase change Ag, can be
expressed by
coy)=Ff . N E IR DY

n(x,y)f][Agp(x,y)]fnoi ol (4)
where, n, is the initial index, A is the beam
wavelength, L is the thickness of solution in the
container, and Ag(x, y) is the phase change between
initial and current states of the solution.

According to the Lorentz-Lorenz formula, the
index n of binary solution satisfies following the
relation %

W (xsy)—1 & ni(x,y)—1
n’ (1‘,y)+27171¢' n (x,y)+2

where, ¢, and n, (x, y) are the volume fraction and

(5

index of the respective components in the solution,
respectively. Eq. (5) can be applied if the solution is
dilute. In addition, the indices of solute and solvent are
nearly the same.

The relationship between the index change and the
concentration variation of the respective components,
which is also related with the temperature, can be

expressed as %

on,
An, (x,y):[a’ITl[T,(I,y)—TO (z.y) ]+
on,, ) o
[?QJTD”(I@) co (x53) ] (6)

where, ¢, (x,y) and T, (x, y) are the concentration

and temperature at the initial time, and ¢, (x,y) and T,
(x,y) are the concentration and temperature at time ¢,
(on,/9T), and (dn,/dc;) are the dependence of the
index on temperature and concentration, respectively.
Under the condition of constant temperature, Eq. (3)
can be simplified as
on,,
¢
between the

Anl(;r,y):[ ][c,,<.r,y>—c,o<.r,y>] 0

The relationship index and the
concentration of the respective components can be
expressed as

i (2,y) =y (I»y)+ I:ni (xsy) —ny (x5y) ]/

on;
5], ®

where, n, (x,y) is the initial index of the respective
components, ¢, (x, y) and ¢, (x, y) are the
concentration of the respective components at initial
time and at different time, respectively. [ 9n,/9c; ]r is
the dependence of solution index on the concentration at
the temperature T. The solutions with different
concentrations correspond to different indices. By
measuring the relationship between index and
concentration using V-prism refractometer, the [ on,/
¢ ]+ can be obtained. Consequently the concentrations
of solution at different time can be obtained by Eq.
(8). So the solution concentration in corresponding
states can be calculated out according to the
relationship between the index =, and the liquid
concentration. Furthermore, we can get the diffusion
coefficient based on the Fick's law of diffusion. It can
be expressed as

G G0 o —= 9

V4Dt

two-phase diffusion coefficient; ¢,

Ci..—Cy
where, D is
describes the molar concentration at time ¢; ¢, is the
initial mole concentration above the interface; c,.. is the
initial mole concentration below the interface; z and ¢
are the diffusion layer position and time, respectively;
symbol “erf” is the Gaussian error function.

The gray scale of a pixel of the phase change
distribution map is 256, so the corresponding precision
of the phase change is 2x/256. According to Eq. (4),
the precision of index change can be expressed as
follows
A
256 L
Then, combining Eqs. (8) and (10), the measurement

O = (10)

accuracy of concentration can be calculated.
Considering the effect of the zoom multiple of the
optical system, the size resolution that can be
expressed by the size of the analyte imaged in a single
pixel will be given by

S

3:FM 1D
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where, I'is the zoom multiple of optical system, S and
M are the dimension and pixel number of recording
medium in vertical direction, respectively. According
to Eq. (11),

improved by increasing the zoom multiple of optical

the measurement accuracy can be

system or/and the pixel number in unit length.
Therefore, the dynamic display and measurement
of the phase diffusion in two-phase liquid flow system
based on DHI is actually the measurement of the
corresponding phase change of the illumination object

beam.

2 Experimental setup

Fig. 1 shows the experimental setup, which adopts
image plane holography to record the digital holograms
of the samples. The digital hologram in the diffusion
applying a  Mach-Zehnder
interferometer. A light beam from a fiber-coupled laser
(A=532 nm) is divided into two parts by a 1 X2 fiber

coupler. One part serves as the object beam, while the

area is  recorded

other part acts as the reference beam. The collimated
object beam obtained after passing through the lens L,
is incident orthogonally on the quartz container with
dimension of 50mm X 50mm X 100mm and illuminates
the solution in the container. A 4 f system (lens L, and
L,) is introduced in the object beam path, to reduce
beam size comparable to the CCD target placed opposite
to the beam splitter BS. The reference beam is
collimated by lens L, and interferes with the object
beam at the CCD target (1625 X 1235y pixels with
pixel size of 7. 4 ym X 7. 4 pm), after reflection
through the BS. The neutral filter F is used to

attenuate the beam intensity.

Coupler

L, 4 Quartz

A :
.27\, container

Fig. 1 Fiber-based digital holographic experimental setup
for the record of digital holograms of two-phase
flow diffusion

In traditional DHI, pinholes are generally used to
filter out the high spatial frequency noises. Considering
the better performance in filtering the noises, which is
relative to pinhole, the fiber coupler made of 460HP

fiber with core diameter of 4 um is employed in the

experiment to replace two pinholes, two beam
expanders and one beam splitter, thus resulting in a
relatively simplified setup. Moreover, it also helps to
the the

parameters e. g. coherence

relax requirement of laser performance

length and beam
uniformity.

The samples in the quartz container are 99. 7%
ethanol and pure water. In order to prevent convection
in the diffusion, high density liquid is put in the bottom
of experimental quartz container. The ethanol with less
specific gravity is put first to the experimental cell, and
then kept still for 10 minutes. Afterward, pure water
with more specific gravity is injected slowly from the
bottom of experimental cell to avoid disturbance in the
interface. After the injection, adhesive tape is used to
seal vent on top of the experimental cell to avoid the
volatilization of ethanol in the process of measure thus
affect measurement results.
the digital
recorded by the CCD once every At time, and the m(m
=1, 2, 3,

state are numerical reconstructed with DHI.

In our experiment, hologram is
=+, M) hologram and the first one in initial
So the
relative phase change Ag, of the object beam at 1=mAt
the

distribution under different states in the liquid phase

time can be calculated and refractive index
diffusion process can be obtained according to the initial

medium refractive index.

3 Results and analysis

In the process of two-phase flow diffusion for one
hour, one hologram is recorded after every 30s time
interval. Fig. 2(a) shows the digital hologram of the
diffusion field at 60" min. The upper fringes in Fig. 2
(b) show the index variation caused by water diffusing

through ethanol. The middle black area originates from

(b) Partial enlared
detail in the ethanol
region

(a) Digital hologram at 60" min

(c) Partial enlarged
detail in the pure
water region

Fig. 2 Digital hologram of the diffusion field and
partial enlarged detail

0412001~ 4
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class lens effect which is formed by surface tension at
two liquid interfaces. The lower part in Fig. 2 (c¢)
shows index change caused by diffusing from ethanol to

In the reported literature™™ ., the diffusion

water.
coefficient is obtained by studying the change in the
fringe pattern the process of mass transfer. That is to
say, the curvature position, direction and degree of
interference fringe in the interdiffusion region need to
be measured. Because of the differences between the
curvature degrees of interference fringes, the
measurement precision of diffusion coefficient is low.
So, the average of wavefront phases in the same
horizontal plane will be calculated. Putting the average
value into Eq. (4), the refractive index will be
obtained with high accuracy.

In the experiment, by numerically reconstructing
the object waves from the holograms at initial state and
the mid-states, we obtain the corresponding phase
distributions of the reconstructed object waves. The
wrapped phase maps representing the distribution of
the concentration fields are obtained by subtracting the
phase distribution of the initial state from that of the
mid-states. Figs. 3(a~1{) show a sequence of the two-
dimensional wrapped phase maps at 10" min, 20" min,
30" min, 40" min, 50" min and 60" min, respectively.
It can be seen that the fringes appear parallel to the

diffusion interface.

(¢) 30" min

(f) 60" min

(d) 0‘h min ' (e) 0“‘ min .
Fig. 3 Digital holographic interferometry in diffusion
region at different time

We take point A on the bottom of experimental
quartz container in Fig. 3(a) as reference to analyze the
phase change Ag. According to Eqs. (1) ~ (3) and
variation of the fringes and grayscale in the Fig. 3, the
phase change of wavefront in the diffusion area of a
certain time can be worked out, as shown in Fig. 4.
The curves in Fig. 4 represent the phase change of
wavefront in the water and ethanol area, respectively.
The ordinate is Ag, and the abscissa is diffusion depth
(representing pixels in the vertical direction of diffusion
area). Each value on the ordinate is the average of
wavefront phases in the same horizontal plane. We can

find out that Ag increases with the time. The distance

between each two adjacent curves represents the
translation distance of the diffusion interface during the

corresponding time interval.

160 —————————— :
= 10" min
i s = = 20" min]
120 ¢ Water & Alcohol * 30" m?n_
,'.,’ > =+=40" min
- 100 ¢ ey .-"‘\‘ ==--=50" min]
] [ R s LI T S o min
:]S 80 AP _'\..\:\ 60™ min
60T ‘,::;:’,.'. PR R \'\?.:\\ T
R OT 2N R T NN, ]

40:.--’_,""’/ —~“".:§:\\‘\
20 ::__/\\:s:.\--

0 i A 2 " ,l': " 1
0 200 400 1000 1100 1200
Pixels

Fig. 4 Phase change of wavefront in the water and
ethanol area at different time

At normal temperature and pressure, the
refractive index of water and ethanol are 1. 33 and 1. 36
to 532 nm respectively. By stacking the index change in
diffusion region of water and ethanol at different time
and the initial refractive index, the refractive index of
two media at different time is shown in Fig. 4, in
which the ordinate presents refractive index n and
abscissa presents diffusion depth.

After the interdiffusion at 60 minutes, an ethanol-
water solution layer is formed near the diffusion
region. From Fig. 4, we can get that the index of the
solution layer in water area increases with time, while
the index of the solution layer in the ethanol area
decreases with time. With diffusion going on, the index
of solution eventually reaches a balance and the two
refractive index distribution curves join together. This
result is in accordance with the related study™'® which
has already been published.

Fick diffusion coefficient includes two influence
factors. One is MS diffusion coefficient, which express
the frictional force at the relative motion of diffusion
molecular. Because of a smaller variation of its value,
MS diffusion coefficient can be ignored. The other is
the influence of thermodynamics in the non-ideal state.
Its value is expressed by thermodynamic factor,
changing with non-ideal level. According to Egs. (8)
and (9), we obtain the diffusion coefficients of ethanol-
water, as shown in Table 1. The ¢ and c,... are the
molar  concentrations of ethanol and water,
respectively. In Fig. 3, the fringe variation between
two adjacent states decreases gradually. It shows that
the phase change decreases with the diffusion by
considering the same area and diffusion time. The
relationship among the phase change, index,
concentration and diffusion coefficient reveals that the

diffusion coefficient decreases with the diffusion time,

0412001~ 5
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which is consistent with the hydrodynamic theory, and
is also in accord with the relation between molecular
frictional resistance and diffusion coefficient. Thus,
with the increase of the solvent concentration in
solution, frictional resistance among molecules
increases and the diffusion coefficient decreases.

Table 1 Diffusion coefficients of ethanol-water at room

temperature and pressure

Cethanol Cyater 10°D/(m* s ")
0.0 1.0 0.1

0.1 0.9 —2.4

0.2 0.8 —4.5

In Fig. 5, the spacing of index curve of adjacent
time decreases gradually, which shows that the index
change decreases with diffusion in the same area and at
the same diffusion time (10 minutes). According to the
relationship among index, concentration and diffusion
coefficient, we can get the diffusion coefficient
decreasing with the diffusion. This is in accordance
with the result of the paper that diffusion coefficient
decreases with the increase of vitamin C concentration
in water when vitamin C and water interdiffusing, and
is also in accordance with the relation between
molecular friction resistance and diffusion coefficient.
That is to say, with the increase of the consistency of
the solute in solution, frictional resistance among
molecules increases which

causes decreasing of

diffusion coefficient.
1.3600 : —
08 —— 10" min
135981 _ _ 20" min
1.3596 F - .. .30% min

1.3594 } —-=40" min
1.3592 } ---=50"min
S T o 60™ min
1.3315 + 1
1.3310 1

1.3305
1.3300

400 1000 1100 1200
Pixels

(=3
393
(=3 3
(=

Fig. 5 Index change in the water and ethanol area at

different time

4 Conclusion

By making use of DHI, the diffusion in ethanol-
water system is dynamiclly measured for one hour, and
digital hologram is recorded every 30 seconds. The
curve of wavefront phase change and refractive index
change in the diffusion area is acquired. The results
show that the refractive index of two mediums is
gradually same with the diffusion time. The refractive
index change and diffusion coefficient decrease
gradually with diffusing in the same area and at the

same diffusion time. The experimental results are

consistent with reports on the related paper. Applying
DHI to study the phase change in two-phase flow has

the advantages of fast, real-time, high measure

accuracy, monitoring and etc. Because of the above
advantages, DHI is presented to improve the accuracy
of diffusion coefficient. The applications of DHI will be
expanded. In this paper, considering the aberration
characteristics of the optical system and according to
Eq. (10), the measurement accuracy can achieve 10~°
orders of magnitude. In addition, the temporal
resolution of digital holographic system is determined
by the sampling frequency of the recording medium. At
present, the sampling frequency of a high-speed camera
can be the million frames per second. By increasing the
sampling frequency of holograms, the diffusion process
can be subdivided. The measurement accuracy can be
improved. Through properly adjusting light way of
experiment, it can also visually measure appearance
and evolution process of multi-phase flow.
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