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Abstract Laser holographic interferometry is the newest method to measure the
mass diffusion coefficient and has been widely used in recent years. The processing
of interference fringe images is a critical step of getting the final precise experimen-
tal results. On the basis of Fourier transformation and phase measurements, a new
method of processing Mach—Zehnder interference fringes is introduced in this article.
By experimental verification and uncertainty analysis, the accuracy of this method is
validated. Mass diffusion coefficients of ethylene glycol dimethyl ether and diethylene
glycol dimethyl ether, two new fuel additives in air were measured with the method
introduced in this study.

Keywords Mass diffusion coefficient - Laser holographic interferometry - Ethylene
glycol dimethyl ether - Diethylene glycol dimethyl ether

1 Introduction

The mass diffusion coefficient introduced by the second Fick’s law is a basic thermo-
physical property in the field of mass transfer, and it represents the fluid’s capacity of
diffusion [1-3]. It is the basis of the research on the phenomenon of mass diffusion by
experiment and by theoretical calculations [4,5]. In recent years, with the development
of substitutive fuels, biochemistry, environmental pollution control and isotope sep-
aration, theoretical and experimental research on the mass diffusion coefficient have
gained more and more attention. Currently, the experimental methods for measuring
mass diffusion coefficients mainly include: diaphragm cells [6], Taylor dispersion [7],
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pulsed-field gradient nuclear magnetic resonance [8], dynamic light scattering [9],
and holographic interferometry [10,11]. Compared with other methods, holographic
interferometry has the highest accuracy. By different models of interferential light
paths, holographic interferometry can be classified according to three types: Gouy,
Rayleigh, and Mach—Zehnder interferometry.

Compared with Gouy and Rayleigh holographic interferometry, Mach—Zehnder
holographic interferometry has the advantage that its interferential light path is simple,
the experimental system is easy to construct, and the change of interference fringes
is associated with the physical quantity to be measured. By now, there are several
methods of processing Mach—Zehnder interference fringe images such as the method
of extracting the centerline of the interference fringe, least-square fitting of the cen-
terline of interference fringes, phase measurement by phase-shift interferometer, etc.,
the first two methods mentioned above have some accuracy limitations. Although the
third method has a high accuracy, its corresponding experimental system needs an
additional phase-shifting device. In order to improve the experimental data processing
precision and keep the experimental system as simple as possible, in this study, on the
base of Fourier transformation and phase measurements, a new method of processing
Mach—Zehnder interference fringes is introduced. The new method makes good use
of the phase information of the interference fringes and improves the accuracy of the
experimental results greatly. The method includes mainly the following steps: wavelet
de-noising, frequency-domain wave filtering, object wave reconstruction, and phase
unwrapping.

The structure of the article is organized as follows: in Sect. 2, the theory of mass
diffusion and the theory of holographic optics are reviewed briefly. In Sect. 3, the
new image processing method is introduced step by step. In Sect. 4, the reliability of
the new image processing method and the experimental uncertainty are analyzed. In
Sect. 5, mass diffusion coefficients of some fuel additives were measured using the
new image processing method. Finally, this article will be concluded in Sect. 6.

2 Theory

Figure 1 shows the experimental system used in our laboratory to measure the mass
diffusion coefficient of fluids. From this figure, we can see that the laser beam is emit-
ted from He—Ne laser source 1 and is reflected by mirror 2; then the laser beam goes
into spatial filter 3 in which it is expanded. The expanded laser beam is collimated
by achromatic doublet lens 4 into a parallel laser beam. After that, the parallel laser
beam is split into reference beam and object beam by beam splitter 5. The object
beam passes through diffusion cell 7 and record the information of diffusion. Finally
both the object beam and the reference beam interfere at beam splitter 9 to form the
interference fringe which is collected by CCD camera 10 and recorded on computer
11[12].

Figure 2 shows the diffusion cell used in this study, and it is an improved version
of our previous apparatus reported before. In order to make sure the experiment goes
on in a stable temperature environment, the diffusion cell is placed in the thermostatic
water bath and the thermostatic water is supplied by the thermostatic water system
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Fig. 1 Experimental system of
Mach—Zehnder holographic
interferometry: / He—Ne Laser;
2, 6, 8 mirror; 3 spatial filter;

4 achromatic doublets lens;

5, 9 beam splitter; 7 diffusion
cell; 10 CCD camera; 11
computer

Fig. 2 Diffusion cell system:

1 thermostatic water bath,

2 diffusion zone, 3 diffusion cell,

4 optical glass, 5 honeycomb 1
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(shown in Fig. 3) whose temperature could be controlled from (0 to 80)°C with an
uncertainty of 0.2 °C.

In order to calculate the mass diffusion coefficient from the interference fringe
image, the primary goal is to establish the relationship between the mass diffusion
coefficient and the phase of the object wave. Along with the development of the mass
diffusion in the experiment, the refractive index of the solution changes continuously
and the phase of the object wave changes concomitantly. And it leads to a continuous
change of the interference fringe on the hologram. So if we extract the phase of the
object wave from the interference fringe image and utilize the relationship between
the mass diffusion coefficient and the phase of the object wave, the mass diffusion
coefficient can be obtained.

For one-dimensional mass diffusion, the mass diffusion coefficient Daog can be
expressed as the following equation which was deduced from the second Fick’s law
[13]:
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Fig. 3 Circulating water bath thermostatic system
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where #; and t, are the moments of collecting the interference fringes and Azp, is
the vertical distance between the two extreme points of the solution’s concentration
difference, as shown in Fig. 4.

From Eq. 1, we can see that so long as 71, 7, and Az, are obtained, the mass diffu-
sion coefficient can be calculated. #; and #, may be read from the computer timer, and
Azm may be extracted from the phase information of the object wave. The relationship
between the phase change of the object wave and the change of concentration is

Acl2m

Ag —k @

where Ag is the phase difference of two object waves at different times, Ac is the
concentration difference of solution, k is the ratio coefficient pertinent with the solu-
tion’s refractive index, A is the wavelength of the laser beam, and / is the width of the
diffusion cell in the direction of the laser beam.
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From Eq. 2, we can see that the relationship between the phase difference of the
object wave and the difference of concentration is linear, so the vertical distance
between the two extreme points of concentration difference is equal to that of the object
wave’s phase. Therefore, to calculate the mass diffusion coefficient is to determine
Ag@. The method of Fourier transformation phase measurement is used to determine
this value in our study.

The complex amplitudes of the object wave O (x, y) and reference wave R(x, y)
can be represented as

O(x,y) = o(x, y)exp[—ig(x, y)] 3

R(x,y) =r(x,y)expl—i¢'(x, y)] )

The object wave and reference wave interfere to form the interference fringe hologram,
and its intensity distribution is

1(x,y) = |R(x, ) + O(x, »)I> = [R(x, »)I* + |0(x, y)I* + R*(x, ) O(x, y)
+O0*(x, Y)R(x, y) = |R(x, »)I* + 0 (x, y)I?
+2r(x, y)o(x, y) cos [p(x, y) — ¢'(x, y)] )

From the Fourier transformation of the interference fringe hologram, the frequency
spectrum of the interference fringe may be obtained as (see Fig. 5)

GE.n) =CiE.n)+C2(§, )+ C3(5,m) + Ca(€. 1) (6)

where C| represents the frequency spectrum of the reference wave, C, represents the
self-correlation part and the cross-correlation part of the object wave, C3 represents
the frequency spectrum of the original object wave, and C4 represents the frequency
spectrum of the conjugate image of the object wave.

By removing Cy, C3, and C4 on the frequency spectrum of the interference fringe
with a rectangular window filter, we can obtain the frequency spectrum of the original
object wave C3. Then, performing an inverse Fourier transformation to transform C3
to the spatial domain, the original object wave can be obtained. From two object waves
of different moments, the wrapped phase difference Ay can be calculated. Unwrap-
ping the wrapped phase difference, the distribution of continual phase difference Ag

@ Springer



1828 Int J Thermophys (2009) 30:1823-1837

Freqt
domain
filtering

Freq
domain
filtering

interference

fringe att,
= D
denoising

interference
fringe at ¢,
2 2 [ Wav.e!el
denoising

Fig. 6 Image processing based on Fourier transformation phase examination

Object Wave
01(xy)

unwrap

Distance between
extreme points of phase
difference AZm

‘'ontinual phase

difference

Object Wave
0x(xy)

can be obtained, from which we can read the distance between the two extreme points
Az . Finally, inserting Az, #1, and #; into Eq. 1, the mass diffusion coefficient Dap
can be obtained.

3 Image Processing Method

The processing method of holographic interference fringe images used in this study
mainly includes the following steps, as shown in Fig. 6.

Taking the interference fringe image of a liquid-liquid mass diffusion system as an
example, the entire process of the image processing method is introduced below.

3.1 Image Gathering and Wavelet De-noising

The interference fringe image was collected and transmitted to the computer by a CCD
camera, and was recorded as a digital matrix by MATLAB, the value of each pixel on
the interference fringe image represents the intensity of laser light.

In the process of gathering the interference fringe image, there are many factors
that lead to the existence of errors on the interference fringe image, such as the uncor-
related light, the dust in the path of the light, the water fog on the glass wall of the
diffusion cell, etc. So the reduction of noise is necessary for further processing of the
interference fringe image. Considering that the phase information of the object wave
exists in the details of the interference fringe image, the traditional de-noising methods
such as the mean-value filter and the mid-value filter are not appropriate here. The
wavelet de-noising technique is a multi-scale frequency analyzing method, and it can
reduce the noise sufficiently and retain the useful information at the same time.

In this article, an improved wavelet de-noising method using the NeighCoeff method
[14] with a 3 x 3 window B; ; to de-noise the interference fringe image is proposed.
It includes the following steps: (1) decompose the interference fringe image to the
wavelet domain with “db5” wavelet by five layers. (2) Accumulate all squares of the
wavelet coefficients in the window B; ; in each frequency band, and compare the
results with the squares of Donoho’s universal threshold [15]. If the former is less than
the latter, the wavelet coefficient is set to zero, or it will be shrunk by a factor of 8.
(3) Perform the inverse wavelet transformation and reconstruct the interference fringe
image. The wavelet coefficient is determined by the following algorithmic equations:

0 ZB” d,',jZ < A2

dij =
\J 2 2
di,./ X /31"4/' ZB,'YJ‘ di,j > A

(N
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Original image De-noised image

Fig. 7 (a) Original interference fringe image and (b) de-noised interference fringe image

r=oy2logmn Bij1-2> /D d};
B j

where d is the wavelet coefficient, A is Donoho’s universal threshold, § is the shrink
factor of the wavelet coefficient, and m, n are the dimensions of the interference fringe
image. The de-noising result is shown in Fig. 7, and we can see that the de-noising
result is very effective.

3.2 Frequency-Domain Filtering and Reconstruction of Object Wave

The process of frequency-domain filtering used in this study is shown in Fig. 8. H (¢, n)
is the transfer function of the rectangular window filter, its usage is to preserve the
frequency component of the object wave and remove other irrelevant frequency com-
ponents.

After performing a two-dimensional Fourier transform to the de-noised interference
fringe image, the frequency spectrum (see Fig. 9a) of the interference fringe image
can be obtained. Then the frequency spectrum is filtered with a rectangular window to

Interference o Reconstruction of
Fringe Frequency Domain Filtering Object Wave
Filter Inverse
Fourier Post
Functlon Fourier .
Transform T Processing
C(C,n) H(C, mxC(C,n)

Fig. 8 Steps of frequency domain filtering
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(a) (b) (c)

Fig. 9 Frequency spectrum and reconstruction of object wave: (a) frequency spectrum of interference
fringe image, (b) first-level frequency spectrum extracted by a rectangular window, (¢) reconstruction of
the object wave

extract the first-level frequency spectrum (see Fig. 9b), which contains the information
of the object wave. The inverse Fourier transform was performed to reconstruct the
object wave (see Fig. 9c) in the spatial domain, as shown in Fig. 9.

Figure 10 shows the filtering results by the method of a Butterworth band-pass filter,
Gauss band-pass filter, and rectangular window filter. Figure 11 shows the comparison
of the reconstructed object wave by three different filter methods. From Fig. 10, we
can see that the problem of the conventional filter method is filtering insufficiently
or overly and this will lead to the inaccuracy of the reconstructed object wave such
as the indistinctness and rupture (as shown in Fig. 11a, b). Compared with the first
two filter methods, the rectangular window filter method is more effective, and it can
extract the first level of the frequency spectrum more precisely. The rectangular win-
dow sufficiently preserved the useful frequency component and thoroughly removed
the other unrelated frequency components. The reconstructed object wave is distinct
and has no rupture (as shown in Fig. 11c), and it establishes a good foundation for
subsequent image processing.

3.3 Determinations of Phase Difference and Az,

Finding the ratio of the reconstructed object waves of different moments O, (x, y) and
O1(x,y)

Oz(x,y) . )
Ox,y) = —— =exp{j[V2(x,y) = ¥1(x, )]} =expljAY(x,y)] (8
O1(x,y)
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(a) (b)

Fig. 10 The comparison of the frequency-domain filter by different methods: (a) filtering results with But-
terworth band-pass filter, (b) filtering results with Gauss band-pass filter, (c¢) filtering results with rectangular
window filter
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Fig. 11 The comparison of the reconstructed object wave by different filter methods: (a) reconstructed
object wave with Butterworth band-pass filter, (b) reconstructed object wave with Gauss band-pass filter,
(c) reconstructed object wave with rectangular window filter
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Using the following logarithm algorithm to compute the wrapped phase difference of
two reconstructed object waves, its distribution is obtained, as shown in Fig. 12a.

log[Q(x, y)] = jAY (x,y) (

\O
~

The value obtained after the above operation is merely the wrapped phase differ-
ence Ay (x,y), and it is wrapped in [—7 ~ m]. In order to obtain the continuous
phase difference A¢(x, y), the unwrapping operation to the wrapped phase difference
A (x, y) is performed.

Considering both the practicability and the algorithmic efficiency, a least-squares
phase unwrapping method to unwrap the wrapped phase difference is adopted. For a
two-dimensional wrapped phase image, the relationship between the wrapped phase
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Fig. 12 Phase difference of object waves: (a) distribution of wrapped phase difference Ay (x, y), (b)
distribution of continual phase difference Ag(x, y), (¢) linear distribution of continual phase difference

Avr(x, y) and the continuous phase Ap(x,y) is Ap(x,y) = AyY(x,y) + 2Kx
(K=0,1,2,...).

The primary goal of the least-squares unwrapping method is to calculate the result
of the following formula:

min § D" [Vep(x, y) = WV (x, DI + D [Vye(x, y) — WV, (x, y)]|2]

X,y X,y

where W is the wrap function W [p(i, j)] = ¥ (i, j)
To calculate the minimum of the above formula is equivalent to solving the discrete
Poisson equation,

[p(x +1,y) = 20(x,y) + o(x — 1, y)]
+lox,y+1) —20(x,y) +o(x,y — D] = p(x,y) (10

In the above equation,

px,y) = WIVir(x, )] = WIVi¥r (x = 1, y)] + W[V, ¥ (x, y)]
—WIVy¥(x,y = D] (1)

From Eqs. 10 and 11, the continual phase difference A¢(x,y) (Fig. 12b) can be
calculated from Avr(x, y).

Through calculating the mean value of each row vector of the continual phase dif-
ference matrix, the line of continual phase difference is obtained, as shown in Fig. 12c.
The y-coordinate represents for the number of pixels, and the value of Azy, can be
determined from it.
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4 Experimental Verification and Uncertainty Analysis

In order to verify the accuracy and reliability of the image processing method,
mass diffusion coefficients of saccharose in an aqueous solution at condensation of
0.1mol-L~! were measured at five different temperatures, the interference images
were gathered and processed using the new method and a least-squares fit of the cen-
terline of interference fringes. Comparison of experimental results in this study and
literature data are presented in Table 1 and Fig. 13.

From Table 1 and Fig. 13, we can see that the image processing method used in this
study can improve the data processing accuracy greatly. Compared with literature data,
the relative deviation of mass diffusion coefficients of saccharose in aqueous solution
obtained with the image processing method of this study can be controlled within 3 %,
while the relative deviation obtained with the previous method is about 5 %. The pre-
vious method uses only an integral gray grade, by comparison, the method introduced

Table 1 Experimental results for different processing methods

T (K) Reference This study R.D.2o| (%) The previous R.D.2o| (%)
data [16] 10°Dap method? 100D ap
106DAB (cm2 . s_l) (cm2 . s_])
(cm2 ~s*1)

288.15 4.62 4.67 1.08 4.72 2.22

298.15 5.56 5.64 1.44 5.69 2.35

303.15 5.89 5.98 1.53 6.06 2.86

313.15 7.66 7.81 1.96 8.02 4.57

333.15 9.87 10.11 243 10.37 4.84

ARelative deviation,
bProcessing method of least-squares fit of centerline of interference fringe

12.0 T T T T T

11.0

mo >

10.0 - i

9.0 - B

,cm s

8.0 |

60} 4
50f é/ i

4.0 Il Il Il Il Il
280 290 300 310 320 330 340

T,K

Dx10°

Fig. 13 Mass diffusion coefficients of saccharine in aqueous solution: -l- literature data, -O- experimental
data in this study, -A- experimental data obtained by the method of least square fitting of the centerline of
interference fringe
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in this study use all the gray scale information, so the data processing accuracy is
improved greatly.
To determine the experimental uncertainty in the measurement, the following equa-

tion is used [17]:
U =kuec=k /Z(ui)Z (12)

where subscript i is the influencing factor of the mass diffusion coefficient, u; is the
uncertainty for each variable, u. is the compound uncertainty for each variable, and k
is the confidence coefficient (it is usually taken to be 2 or 3). When k = 2, the degree
of confidence is 95 %; When k = 3, the degree of confidence is 99 %. In this study,
the confidence coefficient of the compound uncertainty is taken to be 2.

The experimental method of measuring the mass diffusion coefficient used in this
study is laser holographic interferometry, it is an indirect measuring technique. We
need to measure 71, f, and Azy, and insert them into Eq. 1 to compute the mass diffu-
sion coefficient; therefore, the experimental uncertainty was determined in measuring
these three physical quantities.

t1 and t, were recorded automatically by software developed by VC++, and its
uncertainty was estimated to be 1073 s; therefore, the absolute uncertainty in d#; and
dty is 1073 s. Considering the elapsed time between 71 and 1,, the uncertainty in time
is 2.22 ppm.

In the entire process of image processing, the largest uncertainty which influences
the final result for Az, was produced in the step of unwinding the wrapped phase
difference, the uncertainty of this step reaches several pixels, which is 107> m in
magnitude. Therefore, the absolute uncertainty of the final result Azy, is 107 m.
Considering the size of the interference fringe, the uncertainty in Azn, is 0.1 %.

The experimental uncertainties in temperature and mass diffusion coefficient in this
study are estimated to be no greater than 0.16 K and 0.2 %, respectively, as shown in
Table 2.

Table 2 Experimental

. Temperature
uncertainty of temperature and
mass diffusion coefficient ] ]
Platinum resistance thermometer, u| (K) 0.01
Data collection and process detector equipment, us (K) 0.025
Temperature control system, u3(K) 0.05

Temperature stability of constant temperature cabinet, uq(K) 0.05

Combined standard uncertainty, u¢ (K) 0.08

Mass diffusion coefficient

Time of determining hologram, u (ppm) 2.22
Distance between two extreme points of 0.1
concentration, up (%)

Combined standard uncertainty, u¢ (%) 0.1
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Table 3 Mass diffusion coefficients of ethylene glycol dimethyl ether (GDME) and diethylene glycol
dimethyl ether (DGM) in air

T (K) GDME (1) + Air (2) DGM (1) + Air (2)

IOSDAB (cm2 . sfl) 105uD12 (cm2 . sfl) IOSDAB (cm2 . sfl) 105uD12 (cm2 . sfl)

278.15 7.680 +0.0021 6.228 +0.0022
281.15 7.733 +0.0024 6.284 +0.0022
284.15 17.783 +0.0023 6.326 +0.0021
287.15 7.862 +0.0022 6.391 +0.0022
290.15 7.938 +0.0022 6.439 +0.0023
293.15 8.026 +0.0024 6.488 +0.0022
296.15 8.132 +0.0021 6.565 +0.0021
299.15 8.266 +0.0022 6.638 +0.0021
302.15 8.399 +0.0021 6.717 +0.0022
305.15 8.526 +0.0022 6.820 +0.0022
308.15 8.680 +0.0021 6.933 +0.0021
311.15 8.851 +0.0020 7.059 +0.0022
314.15 9.020 +0.0022 7.185 +0.0024
317.15 9.181 +0.0021 7.329 +0.0025
320.15 9.384 +0.0023 7.498 +0.0024
323.15 9.586 +0.0022 7.638 +0.0024
326.15 9.829 +0.0023 7.787 +0.0023
329.15 10.06 +0.0024 7.961 +0.0023
332.15 10.29 +0.0023 8.174 +0.0022
335.15 10.56 +0.0021 8.387 +0.0024
338.15 10.82 +0.0022 8.629 +0.0023
13.0 T T T T T T T

125F ]

120f 1

nsk A

. mof .,-"" 4

e 1051 o 4

“= wof ,J"' ]

“ os5[ . ]

. o

= oo} o’ J

T ssl o« ah

Q e o A 1

:‘: f .-Q—’.‘._. A A A - 1

7.0 aad .

A A
65F L aahAaAd A ]
6.0 ]
M 1 'l ' L L L 1
270 280 29 300 310 320 330 340
T. K

Fig. 14 Mass diffusion coefficients of ethylene glycol dimethyl ether (GDME) and diethylene glycol
dimethyl ether (DGM) in air. e experimental data of GDME, — polynomial fit of experimental data of
GDME, A experimental data of DGM, ...... polynomial fit of experimental data of DGM
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5 Mass Diffusion Coefficients of Some Fuel Additives

With the method introduced above, mass diffusion coefficients of two fuel additives,
ethylene glycol dimethyl ether and diethylene glycol dimethyl ether in air were mea-
sured from 278.15K to 338.15K.

The experimental results of the mass diffusion coefficients of ethylene glycol
dimethyl ether (GDME) and diethylene glycol dimethyl ether (DGM) in air at
T=(278.15 to 338.15)K are reported in Table 3 and Fig. 14. A polynomial for cal-
culating the mass diffusion coefficients of ethylene glycol dimethyl ether in air was
fitted to the experimental data at 7=(278.15 to 338.15) K, as follows:

Dap = 1.243 x 1073 — 1.245 x 107°T +4.298 x 107872 — 4.751 x 1071173
(13)

The polynomial of calculating the mass diffusion coefficients ethylene glycol dimethyl
ether in air was fitted by the experimental data at 7= (278.15 to 338.15) K, as following:

Dag = 1.241 x 1073 = 1.223 x 107> +4.125 x 107872% — 4.484 x 107113
(14)

6 Conclusions

A new method of processing Mach—Zehnder interference fringe images is introduced
in this article. The method makes use of phase information of interference fringe
images to calculate the mass diffusion coefficient and significantly improved the data
processing precision when compared with traditional methods. By an experimental
uncertainty analysis and experimental verification, the reliability of the new method is
demonstrated. The experimental uncertainty in temperature and in the mass diffusion
coefficient is estimated to be 0.16 K and 0.2 % respectively. On this basis, the mass
diffusion coefficients of two fuel additives, ethylene glycol dimethyl ether and dieth-
ylene glycol dimethyl ether in air within the temperature range from 279K to 335K
were measured.
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