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Abstract; Based on the consideration of the high resolution of the spatial resolution of the refractive index of
the double liquid-core cylindrical lens( DLCL) , the liquid-phase diffusion coefficients of different concentra-
tions of aqueous sucrose solution are measured at room temperature (25 °C) using two methods. Method 1 ;e-
quivalent RI( refractive index) method is used to calculate the liquid phase diffusion coefficient by recording
the time-dependent change of a specific refractive index layer during diffusion. Method 2 :instantaneous diffu-
sion analytical method is used to determine the liquid diffusion coefficient by reading the relationship between
image width and diffusion position in an instantaneous diffusion image. The front liquid core of the DLCL
serves as a diffusion cell and a main imaging element, and the rear liquid core serves as an aplanatic auxiliary
system. The spherical aberration at a particular thin liquid layer can be reduced as needed with a DL.CL, and
the spherical aberration advantage within a certain range of refractive index can also be reduced. Both methods
have the characteristics of high measurement accuracy. The relative errors between the measured results and
the literature values of the two methods are less than 1. 3% and 3. 9% , respectively, indicating that the meas-
urement system is stable and reliable and the measurement results are accurate when the liquid-phase diffusion
coefficient is measured with a DLCL.
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1 Introduction

A

The diffusion coefficient is an important basic
data for the study of mass transfer process, calcula-
tion of mass transfer rate, and chemical design and
development. It is widely used in fields of chemical,
pharmaceutical, food, biological and environmental
protection fields''*. Since the average distance be-
tween liquid molecules is much smaller than that of
gas molecules, and the liquid molecules do not have
regular arrangments like solids, the theoretical de-
scription and experimental measurement of the liquid
phase diffusion coefficient are far more difficult than
gas and solids. The liquid phase diffusion data of

different systems is quite lacking”®'.

At present,
the liquid phase diffusion coefficient is mainly ob-
tained by experimental methods. By measuring the
concentration-dependent spatial and temporal distri-
bution of the solution due to the diffusion process,
the liquid phase diffusion coefficient is calculated
according to Fick’s law'”’ for describing the diffusion
process. From the experimental method to measure
the diffusion coefficient, the diaphragm pool meth-
od'®" | optical interference method"”’ and Taylor dis-
persion method'"*’ are widely used. In addition,
measurement methods such as nuclear magnetic res-

[

onance ' | dynamic light scattering'?', fluorescent

13]

molecular tracing '’ and radioactive element trac-

ing'") can also be used. Diaphragm cell method'®’

is a classical steady-state measurement method. This
method measures the initial and steady state solution
concentrations in the upper and lower parts of the
diffusion cell, so the measurement time is longer.
Optical interference method'®’ measures interference
fringes formed when target light and reference light
meet in space, and inverts the spatial and temporal
distribution information of diffusion solution concen-
tration carried by the target light through fringes.
The measurement accuracy of this method is high,
but its requirements for the experimental environ-
ment are extremely demanding. The Taylor disper-
sion method'"®’ is to inject trace solute into the sol-
vent flowing in the capillary. The solute diffuses in
the solvent to form a Gaussian distribution of the so-
lution concentration along the capillary axis. The
diffusion coefficient is calculated by measuring the
concentration distribution curves at different times.
The method is fast, but the measurement accuracy is
low. The NMR method''"’ has the characteristics of
anti-interference, fast speed, eic. , but it is only
suitable for measuring some special substances. The
dynamic light scattering method" ' is suitable for the
measurement of the diffusion coefficient of a polymer
solution. There are other methods such as fluores-

]

13 L
cent molecular tracing'™ and radioactive element

tracing[ “l

However, they are not widely used. In
order to solve these problems, according to the ima-
ging principle of the liquid-core cylindrical lens focal

plane, we proposed the equivalent RI( refractive in-
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dex) method"™"® and the instantaneous diffusion

A7) to measure the liquid-

image analytical metho
phase diffusion coefficient by analyzing the diffusion
image. Spherical aberration is the main factor influ-
encing the imaging quality of diffused images. The
ability of the DLCL'"® to reduce the spherical aber-
ration improves the imaging quality of the diffused
image, and it is the key to accurately measure the
liquid-phase diffusion coefficient. The front liquid
core of the DLCL serves as a diffusion cell and the
main imaging element, and the rear liquid core

. - [1920]
serves as an aplanatic auxiliary system

. In this
paper, DLCL is used to reduce the spherical aberra-
tion at certain thin liquid layers as needed, and it
can reduce the advantage of spherical aberration
within a certain refractive index range. In this pa-
per, the diffusion coefficients of different concentra-
tions of aqueous sucrose solution at room temperature
(25 C) are measured by combining the above two
methods.
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2 Experimental setup
FREE

The experimental setup is shown in Fig. 1.
Monochromatic parallel light( center wavelength A =
589 nm) is normally incident on the DLCL after slit
width limiting. The front liquid core of the DLCL
serves as a diffusion cell and the main imaging ele-
ment, and the rear liquid core serves as an abate-
ment assistant system. As an image acquisition sys-
tem, a CMOS industrial camera is fixed on a one-di-
mensional electronic displacement stage with a mini-
mum division value of 1 wm and connected to a com-
puter. The diffusion process can be observed on a
computer in real time.

STCERFE A1 R A0 (L
KA =589 nm) k4% R 58 )5 3 B A G #) DLCL
b, DLCL YRGS S 37 B A 32 2285 oo i,
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Fig.1 Schematic diagram of the experimental setup

ERE R ES T

JEBOEAE I THERZZ B R S8, CMOS Tl AL
NEMERIERGE, @ E— DR/ N T pm
() —4Ers 008 & LI SRR E , 72T 5L
NS R hpUIRIIE/  Su R

3 Measuring principle

n R A

3.1 Imaging principle
R A5 R

The imaging principle is shown in Fig.2. A
single solution with a refractive index of n, is injected
into the front liquid core of DLCL, and a liquid with
refractive index n’ is injected into the rear liquid
core. The monochromatic parallel light passes
through the lens perpendicular to the Z axis and the
CMOS in the image focal plane of the cylindrical
lens system will acquire a sharp focal line parallel to
the Z axis, as shown in Fig. 2(a). Two different re-
fractive index solutions are injected in the front lig-
uid core one after another. After diffusion, the lig-
uid forms a concentration gradient distribution of the
refractive index along the axis of the cylindrical
lens. Select a thin liquid layer refractive index n_,
move CMOS to the image focal plane of the thin lay-
er of refractive index, after the monochromatic paral-
lel light passes through the cylindrical lens system,
CMOS will collect a “beam waist” like diffusion im-
age, as shown in Fig. 2(b). On the imaging plane,

only the thin layer of liquid corresponding to the re-

fractive index n; =n_ is clearly imaged; when the re-

fractive index n; =n, <n,, the focal point is behind

the imaging plane, which is called “under-focu-
sing” , the parallel light forms a dispersion line seg-
ment with a width of 3, on the imaging plane. When
the refractive index n; =n, >n,, the focal point po-
sition is in front of the imaging plane, which is
called “over-focusing” , and the parallel light forms

a diffusion line segment with a width of 3, on the

imaging plane.

(@ Z,

" cMos

CMOS
(a) B—¥ I (b) PRI Z i Rl
(a) Filled with TERHT SR JT oA
uniform liquid (b) A refractive ubdex

gradient distribution of two different
liquid is formed along Z-axis, n,<<n,<n,

Fig.2 Imaging principle of DLCL
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3.2 Method for calculating the spatial distribu-
tion of refractive index
TR =S HHTER %

The refractive index of the front liquid core of
DLCL is n;, the refractive index of the rear liquid
core is n', and the focal length of the cylindrical
lens system is f;. Based on the Gaussian formula of
paraxial imaging, f; and n, satisfy the following re-

. [2122]
currence relations :

DLCL MR AR 220 n,, J5 WS W
AT R 0 MEBE R RGN £, BT
AR AL AR B R

RS,

/i =n0R6 + (ny ~1)S, +dy +d, +ds5 +dg,
(1)
noRs S
= - 2
SG n'R5 + (n/ —n0)55 dﬁ’ ( )
n'R,S,
S5 _nOR4+(no—n')S4_d5’ (3)
nyR;S,
= - 4
S nRy + (n; —ny)S, b 4)
_ n R, S,
5 = nyR, + (n; = n,)S, & =dy, (5)
R
S = ot —dy, (6)
ny

Where R, and d; are defined as shown in Fig. 3,
R =I1R,1 =450 mm, R, = IR, | =27.9 mm,
R =21.5 mm, R, = , respectively represent the
curvature radius of the DLCL glass surfaces; d, =
d,=4.0 mm, d, =d; =3.0 mm, d;=3.2 mm,
dg =12. 0 mm respectively represent the distance be-
tween each surface of the lens and the distance from
each surface to the center of the lens; the solid lens
that makes up DLCL is K9 glass, the refractive in-
dex ny, =1.516 3. The focal length is measured by
experiment. Substituting it into formulas (1) -
(6), the refractive index n, of the liquid to be meas-
ured in the front liquid core can be inversely solved.
A, R B d W LN 3 TR, R, = TR, | =
45.0 mm,R, = IR, 1 =27.9 mm, R, =21.5 mm,
Rg = oo , 435|327~ DLCL 2% Bl B iy 17 ) il > 42

fi;d, =d, =4.0 mm,d, =d; =3.0 mm, ds =
3.2 mm,dg =12.0 mm, 735 F /R BB 454 1 Z [8]
P37 g v L B B RS 5 ZH R DLCL 1Y [8 285388 5 A
KA K9 B, it ng = 1.516 3, HSLRITE
I ARER f ARAS (L) ~ (6) BV AT S H Rifii
AT IRAR BT 5 0y

Taking “under focus” imaging as an example,
a top view of the DLCL imaging light path is shown
in Fig. 3. When monochromatic parallel light with a
width of h passes through the cylindrical lens system
perpendicularly and if the refractive index of the thin
liquid layer is n; = n_, the monochromatic parallel
light passes through the cylindrical lens and is clear-
ly imaged on the imaging plane. The focal length of
the cylindrical lens system is f, ; When the refractive
index of the thin liquid layeris n;, <n,, a focal spot
having a width 3, is formed on the focal plane of the
focal length f, , and the focal length of the cylindrical
lens is f;. The following formula is approximated by
the geometric relations ;

P RBREE” A% 9 1, DLCL JA5O' i IR AL
B 3 B 98N h 1) HEFA 70T il
BB RS, WM ZT S5 ny = n B, B

R(O)i RO

T
GGy % 1RO9
R(O)i i iR©) f(n)

. J(n<n)

Fig.3  Top view of DLCL and corresponding imaging
light path
B3 BORGEHEE BT MBSO B IR L

FICE M B e AR 1L T T S, A B
RGUEHA £, AR Z YT AR ny <n 0, 1E£R
A f B FR T BT BE D 3 R SRR, B
FBEEN fio d LI SE Rl 45
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The width 3 of a certain position of an image is

(7)

measured by an experimental method, and the focal
length f; of the corresponding thin liquid layer can be
calculated according to formula (7). Substituting f;
into formulas (1) — (6), the refractive index n; of
the thin liquid layer can be calculated.

HY S8 75 VA 6 G — L B A T 3
BRIV RT AR 3 (7 ) S8 R R IR A= B AR R
A1) ~ (6) BRSO Z AT 5558 o
3.3 Method for calculating the liquid phase dif-

fusion coefficient
BB BABMITEGE

The diffusion of the two solutions along the cy-
lindrical lens axis ( Z-axis) is considered as a one-
dimensional free diffusion process, assuming that the
two diffusion solutions are A and B respectively, and
the concentration of A in B is C, and the diffusion
process of C along Z axis follows Fick's second
law'"

K PRI BT A B B A ) (Z b)) A9 HUE
f—4E B oS AR, B P RR T ORI 0
A M B,ALE B Iy C,C i Z iy Bl
TG Fick 5 g H "

dC(Z,1) _ D d’c(Z,t) ’
de dz?

(8)

Where C(Z,t) represents the concentration at Z at
time ¢, and D is the diffusion coefficient. Before dif-
fusion(tz <0), the initial concentrations of the two

solutions at both sides of the contact interface

7 :gm.erfmnv{[ﬂn(z;,tﬂ

3.3.1 Equivalentrefractive index thin layer transfer
method

S A F B R %
erfoinl/{[ [fln.(z,t)]

is a certain value after selecting a thin liquid layer

with refractive index n_, record the position( Z]) of

(Z=0) are C, and C,, respectively, and the solu-
tion of equation (8) satisfies:

A, C(Z,0) o « WZINLE Z AERHREE , D J& 4™
HURRL JTROTURRT (¢ <0) , PRR I 107 12 fih 5
I (Z =0) PRI R s 7302 €, # G, , X (8)
R AR A2

c, +C, C(

_Cz
C(2.0) = 2572 22

Z
9
m),()

where erf(u) = ijexp( - ) dtis a Gaussian error
)

function. During the experimental operation, the in-
itial contact interface Z, is not a precise horizontal
plane, so the selection of Z, has a deviation
AzL15-6]

tion point to Z, is denoted as Z,, and the actual

The relative position of the data acquisi-

measurement position Z| is corrected as Z] = Z, —
AZ. The relation between the solution concentration
and the refractive index C(Z,t) =f[n(Z,t) ] can
be calculated by experiment. formulas (9) can be

expressed as inverse error function;

K, erf(u) = exp( — *) de J2& 5 T iR 22 B

2
7l
W TESCIRERAE LR, S0 4 M SR T Z, A S
— AR5 9 KO T, I L Z, 4 5 BROAE TE i 25
AZV MR AR SR Z, AR X BT Z,,
W SERRMR L8 ZHBIEN Z] = Z, - AZ, TR
JERPT R Z MR C(Z,1) =f[n(Z,t)] 7]
Sz R . M (9) AT A 458 2% BR B R
H

¢,

_ C2
T>}_ AZ. (10)

_%}/(

For a fixed diffusion system, the time from the
start of diffusion to the recording of a certain diffuse

image is denoted as ¢. The inverse error function

(Cl Cz) (C] _Cz)
(6o tazay

2
the thin liquid layer at different times(¢) during the

diffusion process, a linear fitting of Z! and |t is per-
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formed to obtain an item coefficient k,, and the dif-

fusion coefficient value can be calculatedas follows:

X —[EEY B R, NG BOT IR e 5 —

erfoinv{[[f[nc(zf,t)] -

N —E M, LRy B AR A AR 20 (o) WA 2
TR L E (Z]) % Z] 5Vl T b4 43

D = K/4Cerfoinn] [0, (2

3.3.2 Refractive index spatial distribution instan-
taneous method
IR A L P e
This method only needs to record an instantane-
ous diffusion image during diffusion, and the diffu-
sion time ¢ is constant. Recording the width of the
image at different positions( Z!) in the diffused im-
age, the refractive index n; (Z],t) of the corre-
sponding thin liquid layer can be calculated accord-
ing to equations (1) — (7). n,(Z,t) is deter-
that is, Z!

1

mined with the spatial distribution of Z; ,
and the inverse error function are a one-to-one corre-
spondence. After the linear fitting of Z' and the in-
verse error function, the coefficient k, is obtained
and the diffusion coefficient value can be calculated

as follows ;

WEAS i R AE Y Bl f rhid st — e B S 1L
PR, HA HIOnS 8] ¢ #8801 9 s &b ATl
P (Z]) AR R SE Bz, BT AR5 (1) ~ (7)
TR DR 2 BT 28 0, (20 ,0) 0 (2],
t) B Z, 1) (8] oA 2w E 1Y, B Z’%fib%%l%ﬁ

erfoinv{[ﬂni(zf,t)] ¢, +C]/( )}7“"35

—— XN R R, K 2 lﬁfib’?%l_li%(Lﬁ‘
LIS G338 — R Rk, , BRI T K
ABUE

D =k/(4) . (12)

4  Measurement results and analysis

R 25 R 5 AT

The diffusion coefficients of aqueous sucrose so-

)] -

&9 BRI .
RMZ G, BOR2E PR AL

Beg it n I

(€, +Cz)]/(C1;CZ)}

B — IR BL Ky, BRSO A

c, +C ¢ -C 2
Ll P (11)
lution of 0.10, 0.30, 0.50 and 0.70 mol/L are
measured at room temperature. First, different con-
centrations of aqueous sucrose solution are prepared ,
and the refractive index is measured with Abbe re-
fractometer. The linear relationship between the a-
queous sucrose concentration and the refractive index
is fitted; C = f(n) =20.5082n - 27.3387,
R*=0.999 9.

SEEGIN AL T A R W 20 5 o 0..10,0.30
0. 50 F10. 70 mol/L Y FEAH /K 7 ¥ 1) 9 LR B
T SEIC B[R] B2 B R K VA, FH BT DL A S A
I AT 5 3, JELE R K P8 Y R T S R
ZIE) il R LG R C = f(n) =20.5082n -
27. 3387, SN R IR =0.999 9,

4.1 Measurement results of equivalent refrac-

linear

correlation coefficient is

tive index method
SMHRBRENELR
For the equivalent refractive index thin layer
method, it is necessary to collect a plurality of diffu-
sion images within a certain diffusion time, and the
diffusion coefficient is calculated by recording the re-
lationship of the focal position with time. Accurate
judgment of the position of the clear imaging point of
the thin layer of this refractive index is required by
this method, and it is also required to reduce the
spherical aberration at the thin layer of the refractive
index. After the diffusion solution is injected into the
front liquid core of DLCL and a refractive index thin
layer ( close to the refractive index of the liquid to be
measured *1) is selected, the relationship between

the spherical aberration of the DLCL system and the

refractive index of the rear liquid core is calculated
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at different refractive index thin layers. The calcula-
tion result is shown in the following figure.

SFYT AT AR T A — RE BY R (R AR
S MR HENS 8 A 10 53¢ A5 A B i A 1] ) 22
R AR HORE eIy 5 S W i S
SRR I G R L B, ORI AT 5 A2
Wb/ NER 2 o A8 DLCL (BT 8E A BOR
B AT A R U AT T )
Ja RN R R AL DLCL Rk E SR
BOSWAITHT R KRR T EA R AWIE 4 PR .

14} —=s—0.10 mol/L
g nl —e—0.30 mol/L .
2 4—0.50 mol/LL /,/
8 10t v 0.70molL  L*
= v. o’
= gt v. vl
I N e
; 6r A " 5//./ ‘A‘
.2 o S 7 A
5 4 ] " e
-] A
& 2} “,l//'/ “"v v’
0— ) ‘A‘ "'

1.396 1.397 1.398 1.399 1.400 1.401 1.402
Refractive index of liquid filled in the rear core(n’)

Fig.4 Relationship between the refractive index thin
layer spherical aberration and the refractive
index of the rear liquid core

Bl 4 AT G2 BR2E 15 5 O AT 3 R

(P

The diffusion coefficients of aqueous sucrose so-
lution of 0.10, 0.30, 0.50 and 0.70 mol/L are
measured. The selected thin layers of refractive in-
dex are 1. 3387, 1. 3481, 1.3580, and 1. 3676, re-
spectively. If the calculated system spherical aberra-
tion is the minimal , the refractive index of the corre-
sponding rear liquid core is 1.3973, 1.3973,
1.3985, and 1. 4008, respectively.

Wl B 4E B M 0,10, 0.30. 0.50
0. 70 mol/ LgE A /K Vi W A8 47 HI AR 0, P ik 5 i 37
SR ZE 5k 1.338 7,1.348 1,1.358 0 A0
1.367 6, 11545 B R GE Bk 22 foe/INNE, X 0 A IS R
OB YT B 2R 4350 A 1.397 3.1.397 3.1.398 5
F11.400 8,

Taking the diffusion coefficient of a 0. 10 mol/L

aqueous sucrose solution as an example, a 25 mm-

high 0. 90 mol/L aqueous sucrose solution is slowly
injected with a digital syringe in the front liquid core
of the DLCL and allowed to stand for 600 s to reduce
liquid disturbance. Then, 0. 10 mol/L aqueous su-
crose solution is slowly injected, and corresponding
best aplanatic liquid(n’ =1.397 3) is injected into
the rear liquid core. Adjust the displacement plat-
form of the CMOS imaging system so that it is loca-
ted on the focal plane of the selected thin liquid lay-
er(n,=1.338 7). In order to reduce the effect of
turbulence on the measurement of the liquid diffu-
sion coefficient, a diffusion image is to be collected
every 300 s after standing for 1 200 s. The diffusion
image of 0. 10 —= 0. 90 mol/L aqueous sucrose solu-
tion is shown in Fig. 5(only some experimental ima-
ges are listed ).

DA 0. 10 mol/L BEME 7K ¥ Y 4 AL 3R %K
Sy, 7 DLCL B RTHGE A, PO 3 A 218 11
A 25 mm & #Y 0.90 mol/L HEBE K ¥ W, W&
600 s A/ MR N5, FF g A 0. 10 mol/L
TRV, J5 VBES T AR I 1) i A 3K 22 ViR A
(n'=1.397 3) . J77 CMOS WG RGNV 5,
AL T B A2 (n, =1.338 7) (9 £EF-If
B R TN ER O DU B B B S
1200 s )5 AR 300 s SR A —E YT HUE &
0. 10—0. 90 mol/ LEEMH /K i M A Y™ AL IE B an i 5
e (B i S R o

Fig.5 Diffusion images of 0. 10—0. 90 mol/L aqueous

sucrose solution

K5 0.10—0.90 mol/L EEME /KW H &%

Record the change of focus position ( Z]) with
time (¢) during the diffusion process of 0. 10 —

0. 90 mol/L aqueous sucrose solution. The experi-
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mental data is shown in Tab. 1.

3% 0. 10—0. 90 mol/L REEME /K WY 8T

PR (Z]) B E] (o) B9k, SE 00 K die
k1 R,

Tab.1 Data record of equivalent refractive index location over time

x1 FERFEHERACERMAEETIER

/s Jr Z{/um /s Jr Z!/um
1 200 34.64 2249.5 4 500 67.08 4 350.5
1 500 38.73 2442.0 4 800 69.28 4488.0
1 800 42.43 2 673.0 5 100 71.41 4614.5
2 100 45.83 2948.0 5 400 73.48 4730.0
2 400 48.99 3157.0 5700 75.50 4829.0
2 700 51.96 3366.0 6 000 77.46 5016.0
3 000 54.77 3613.5 6 300 79.37 5131.5
3300 57.45 3800.5 6 600 81.24 5203.0
3 600 60.00 3965.5 6 900 83.07 5307.5
3900 62.45 4130.5 7 200 84.85 5417.5
4 200 64.81 4224.0 - - -

Linear fitting is performed on the positions( Z! )
and Jt in Tab. 1, and the fitting result is Z’, =

64. 1/ =36.6 ( correlation
0.998 6), the fitting result and f[ n, (Z],t) ] are
substituted into equatin (11), the diffusion coeffi-

coefficient R® =

cient of 0. 10 mol/L aqueous sucrose solution is cal-
culated as D =4.82 x107° ¢cm’/s. The relative er-
=4.87 x10™° em®/s

ror to the literature value'>*' D

is —1.03%.
X BLE (Z]) AN TR A A

lit

RN Z] =64 101 - 36.6 (MK RE R =
0.998 6) KA L HA fn, (Z],0) [ FRAK
(11) , RFAl3+5 4 0. 10 mol/ L BEME/K I 1R Y3 HE
ZHD =4.82 x10°° em®/s, 5 CHRE™ Dy, =
4.87 x 107" em’/s MARXTIRIERE ~ 1. 03% .

With this method, the diffusion coefficients of
other aqueous sucrose solutions is measured. The re-
sults are shown in Tab. 2.

FHIH T 1200 At e B8 MR /K VR P 9 HICRR
B, a5 RNk 2 R

Tab.2 Data of the equivalent refractive index method of aqueous sucrose solution for different concentrations

F2 REREEMKE RS S R RS AMR

Concentration/ Fitting Correlation D/ D, (241, Relative

(mol - L") result/ pum coefficient x107% em®+s ™! x10 ®cm’-s™! error/ %
0.30 Z! =63.8/1 -36.9 0.999 5 4.22 4.26 -0.94
0.50 Z! =51.7%t -68.6 0.998 7 3.70 3.67 0.82
0.70 7! =42.9/t -58.7 0.997 1 3.07 3.11 -1.29

4.2 Instantaneous method measurement results
BRI E LS R

For instantaneous method, a diffusion image at

a certain moment is acquired, and the liquid-phase

diffusion coefficient is quickly calculated by record-

ing the width characteristics of the image at different
locations. The experimental error of this method is
mainly caused by the influence of spherical aberra-
tion on the image width, so it is necessary to reduce

the spherical aberration over the entire refractive in-
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dex range of the diffusion system. The diffusion so-
lution is injected into the front liquid core of DLCL.
Based on the refractive index range of the liquid of
the front liquid core, the relationship between the
sum of the spherical aberration of the DLCL system
and the refractive index of the rear liquid core is cal-
culated. The calculation results are shown in the fol-
lowing figure.

B A A A — I Z R A — R T BRI R
8 3 T SR AN [R) (07 i A2 PR 40 ) B PEE AR A PR 35
WY HOCR R 7 IR A SRR 72 F2 B BRZE X
P8 98 BE RS2 MR R, BT DA SR AE S HIUUR R Ay
AT AT A B/ NBR ZE o £ DLCL F i8S
TEAY B, AR ARG EIR AR B T S R L 1
ARG HUA R DLCL REERR2E 2 M5 5 OER
PRI AR SE R AR AN 6 R

F
g —==0.10—= 0.90 mol/L s
= 6F  —e—030—= 0.90 mol/L b4
g 5[ —4-050—090molL W
g —v—070— 090 mol.
193 g /.
2 4r /'/ o*

7/
T:? 3t :\'\. /'/. /°/.
-2 ~e) o
2 of 3y R g
[ LN _an" P o ;/‘
5 1} TTvvegigeeet | at
=} ""'"1—0:044444" v
g (V3 VVyyovvT Y
2]

1.394 1.396 1.398 1.400 1.402 1.404 1.406
Refractive index of liquid filled in the rear core(n’)

Fig.6  Relationship between the sum of spherical aber-
rations of different diffusion systems and the re-

fractive index of the rearliquid core
K6 AR oA 5 5Kk 22 Z F05 5 W00 WA 3T 5 %
PN

The refractive index ranges of 0.10 —
0.90 mol/L, 0.30 — 0.90 mol/L, 0.50 —
0.90 mol/L and 0.70 —0.90 mol/L aqueous su-
crose solution for different diffusion systems are
1.3381-1.376 6, 1.3475-1.376 6, 1.357 5 -
1.376 6 and 1.367 4 —1.376 6, respectively. The
corresponding optimal liquid core refractive indexes
are calculated to be 1.398 0, 1.399 0, 1.400 5 and
1. 402 3, respectively.

KNP 8K FR 0.10-0.90 mol/L.0.30—
0.90 mol/L, 0.50 — 0.90 mol/L F1 0.70 —

0.90 mol/LjE Bl /K 7 ¥ 1 31 5F 35 Fl 23 51l Ay
1.3381~1.376 6,1.347 5 ~1.376 6 ,1.357 5 ~
1.376 6 1 1.367 4 ~1.376 6, 35545 31 X 17 A 5%
PR BOE AR AT S % 53 530 O 1.398 0,1.399 0,
1.400 5 F11.402 3,

In the diffusion process of 0. 10—0. 90 mol/L
aqueous sucrose solution, the thin liquid layer re-
fractive index n, =1. 338 9 is selected, and the cor-
responding liquid(n’ =1.398 0) is injected into the
rear liquid core. Taking the image acquired at the
diffusion time ¢ =2 400 s as an example, a number
of sampling points are collected on the image, and
the image width(3;) and position( Z]) of each sam-
pling point are measured, as shown in Fig. 7. By
substituting the image width into equations (1) and
(2), the spatial refractive index (n;) at the corre-
sponding position is calculated.

7£ 0. 10—0. 90 mol/L JEH /K ¥ W Y 9
e, S AR AT R 0, = 1.338 9, JR IS
TEAXT R (0" =1.398 0) , LAY B[] ¢ =
2 400 sHERAE NG BRI B, 1 R R T
AR S I A SRR AR B () My B
(Z)), mE 7 e BARwAALRX(D) Fi(2)
RIVRT 3 X A7 AR ) 25 TR 5 38 () o

Fig.7 Transient diffusion image of 0. 10—0. 90 mol/L

aqueous sucrose solution

K7 0.10—0.90 mol/L FERIK I W MBESY BLEIR

The position Z; and the inverse error function
in Tab. 3 are linearly fitted. The fitting result is
7! =2198. 1 xerfinv( {fln;(Z,t)] -0.51/0.4)
~79. 5 (linear relationship R* =0.980 1). Substi-
tuting the first-order coefficient k, =2 196. 1 into e-
quation (12), the diffusion coefficient D =5. 02 x
107° em®/s of 0. 10 mol/L aqueous sucrose solution

can be calculated. The relative error to the literature

value >’ D, =4.87 x 10 ® cm*/s.

lit
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Tab.3 Refractive index spatial
distribution data at 2400 s

F3 2400 s BRI Z = 8 5 R HE

Z!/pm 3./ pm n; C, erfinv

3311.0 38.5 1.3387 0.1156  1.459 1
3349.5 44 1.3386 0.1136 1.499 6
3415.5 55 1.3386  0.1136 1.499 6
3470.5 60.5 1.3385 0.1115 1.5457
3536.5 66 1.3385 0.1115 1.5457
3591.5 77 1.3384 0.1095 1.599 6
3674.0 82.5 1.3384 0.1095 1.5996
3756.5 93.5 1.3383 0.1074 1.6647
3 822.5 99 1.3383 0.1074 1.664 7
3899.5 110 1.3382 0.1054 1.7480

L 1 =2 400 s i, ANFENE 2 A HUE R
MTERE 30 R R A2 R C(Z]) A

DRZERBUE, Bl ne 3 s o

X3 HHYALE 2] 5 SR 28 pRR AT 2k
WG UGS 2] =2198. 1 xerfinv (1 fIn (Z],
)] -0.51/0.4) -79.5 (&% P*ZE R =
0.980 1), % —IRIAE Kk, =2 196.1 {8 A K
(12) , RFal3+5 4 0. 10 mol/ L FEME/K I 1 Y 3™ HE
ZHD =502 x 10 em’/s, 53¢k (E"™ D, =
4.87 x10™° em’/s{AIRT 22 3. 08% .

This method measures the diffusion coefficient
of other concentrations of aqueous sucrose solution.
The measurement results are shown in Tab. 4, and
the inverse error function is represented by x in the
fitting result.

IHe T e HL Al e J3E RE W K TR R
B, MR AR IR 4 PR, FORZE eI S 45 R
T xR

Tab.4 Data of transient methods for different concentrations of aqueous sucrose solution

x4 AREREFEKRRESELE

Concentration/ Fitting Correlation D/ Dmm / Relative

(mol -+ L7") result/pum coefficient x10 % em® + s %10 Cem? - 57! error/ %
0.30 7! =2049.6x -59.8 0.970 6 4.38 4.26 2.82
0.50 Z! =1908.2x —44.9 0.976 7 3.79 3.67 3.27
0.70 7! =1761.1x -69.2 0.9779 3.23 3.11 3.86

4.3 Error analysis
RESH

The experimental error of the equivalent refrac-
tive index thin liquid layer method is mainly caused
by the reading error of the focus position. Due to the
depth of focus, strictly speaking, the image at the
focus position is not an image point but has a certain
length.  Taking the diffusion coefficient of
0. 10 mol/L. aqueous sucrose solution as an exam-
ple, when the refractive index thin layer n, =
1. 338 7 is calculated from the refractive index law,
the geometric focal depth'™’ of the DLCL system is
88.0 wm, i e.
5.5 um)

—44 um( -8 pixels) to 44 pm(8 pixels) ,

16 pixels ( the size of a pixel is
the position ( Z; ) in Tab.1 is from
and the

length of the entire number of pixels is randomly

added to calculate the diffusion coefficient. The dif-
=4.78 x 10 "% cm’/s is ran-

fusion coefficient D,
domly calculated. The relative error between the dif-
fusion coefficient Drdmand the diffusion coefficient
D =4.82 x107° em’/s calculated by directly read-

ing the focus position is —1.0%.

YT AR I SRR 2 T h AR
MEEROR 225 DR, i TARRAIAA AL, SR AL E ALY
BRAR M — MR 2 B —E R
PAI 4 0. 10 mol/L FEM/K I R 4 1 R K 1,
AT ST R e BT R T R )R n, = 1. 338 7 I,
DLCL RSEH SRR ™ Jy 88.0 pum , B 16 4%
TC(—MEICHIRAN N 5.5 pm)  Xb 3 1T P &
(Z)H 44 pm( -8 MEI0) # 44 pum (8 &
J0) Z 18], BEUIA B ST B K R
HARR YT E AR Y R D, =4.78 X
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10 7% em®/s, 5 IR BUE SO BT EE AWM tem. According to the refractive index of the liquid

AR D =482 x10°° em’/s A X iR 2Z N
-1.0% ,

The experimental error of the instantaneous dif-
fusion image analytical method is mainly caused by
the influence of spherical aberration on the image
width. Taking the diffusion coefficient of a 0. 10
mol/L. aqueous sucrose solution as an example, the
refractive index of the liquid thin layer is n, =
1.338 9, and the spherical aberration of the image
in the refractive index range n, =1.338 1 ~1.338 9
is calculated to be less than 2. 0 wm, which is less
than the size of one pixel. Calculate the diffusion co-
efficient by randomly adding -5.5 pm, 0, and to
the image width( ;) in Tabl. 3. The diffusion coef-

ficient D, =4.71 x10~° ¢cm’/s is randomly calcu-

rdm

lated. The relative error between the diffusion coeffi-

and the diffusion coefficient D =5.02 x

cient D,
10 "° ¢m’/s calculated by directly reading the image
width is - 6.2%.

R A 1 S0 DR 22 T2 ph BR 22 TRMR B8 S ) 52
Wi i o LA 0. 10 mol/L BEME /K I ¥ 1 9™ X
RO, AR Z I G2 n, = 1.338 9, 115
Propf 3G H n, =1.338 1 ~ 1. 338 9 NIEMRIER 2
INF 2.0 pm  /NF—AMETCHI RN X3 3 A
B ()P ~5.5 pm 0 F15.5 pm, it
AHY AR LT AEGEY BRL D, =
4.71 %107 em®/s, b5 F He 0 PG 96 1T A
FIY BOR R D =5.02 x 10 7° em®/s FIAHX IR 2
N-6.2% ,

5 Conclusion
& %

In this paper, the diffusion coefficient of aque-
ous solutions of different concentrations of aqueous
sucrose solution at room temperature is measured u-
sing DLCL which is independently designed and pro-
cessed. The front liquid core of the DLCL serves as
a diffusion cell and a main imaging element, and the

rear liquid core serves as an aplanatic auxiliary sys-

in the front liquid core, the solution of the appropri-
ate refractive index is added in the rear liquid core,
so that the cylindrical lens system can eliminate
spherical aberration at different refractive index posi-
tions, or simultaneously decrease spherical aberra-
tion in a larger refractive index range. Based on this
advantage , the liquid diffusion coefficients are meas-
ured by combining the equivalent refractive index
thin liquid layer method and the instantaneous diffu-
sion image analytical method. The relative errors be-
tween the measured results and the literature values
of the two methods are less than 1.3% and 3.9% ,
respectively. Finally, the error analysis of the two
methods is performed. The experimental error of the
first method is mainly raised by the reading error of
the focus position, and the reading error may cause
a relative deviation of 1. 0% . The experimental error
of the second method is mainly caused by the influ-
ence of spherical aberration on the image width, and
the spherical aberration of one pixel may cause a rel-
ative deviation of 6.2% when reading the image
width. The results show that the measurement sys-
tem is stable and reliable, and the measurement re-
sult is accurate when the liquid-phase diffusion coef-
ficient is measured with DLCL. The capability of
DLCL to reduce the spherical aberration improves
the imaging quality of the diffusion image and plays
a key role in accurately measuring the liquid diffu-
sion coefficient.

AR B FE B LRy DLCL i & T 2 i
ISR BE EERE AR I T RCR £, DLCL (9 HYp
BOEAE T B A 3 2R T, I BOEAE T
PRZEEHIBN AR GE . AR BRGSO A 3 5 5 7
JERGE HTRAGE ST 8 AR IR, AT B B
RGAENRYT S FALE AL PR 2, BTERR AT
PR R A [R] O/ N R 22 o I — P03, 2 5
ST AR RS Bk A S UG A 0 B A
PR B, IR T 325 9 D00 445 R 15 SRR AR ) A X
DRET AN 1.3% 1 3.9% o ) X B Fp ik
AT TARZEIIT, 28 —Fh 7 ik i S g iR 22 T2



642

Hh DG

1%

AL B B ROR 22 5k, AR 22 T RE R
1. 0% W AEXHR 25 0 5 0 5 i i 92 0 18 2 R 2
HYBRZE X BR T8 14 R0 5|, 152 B I 44 5 38 it
— MEICHIERZE AT RET | 6. 2% RUARXS i 25 0 25

RFW], /] DLCL 0 BUR Bons, il R 50
T PTAE W S 2 SRR, DLCL Bl /N ek 22 1) BB
P 1T HEMG 0 G, R 0 A
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