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ABSTRACT

The separation equation for heavy water enrichment by thermal diffusion

in countercurrent-flow Frazier schemes has been derived and the average

value of concentration-product term was treated separately in the enrich-

ing and stripping sections. The effect of the flow-rate fraction variation of

a countercurrent-flow device on separation efficiencies for a H2O–HDO–

D2O system, has also been investigated theoretically and experimentally.

A qualitative agreement is achieved between the analytical predictions
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and experimental results. The analytical predictions are represented

graphically and are compared with that in a classical Frazier scheme of

the concurrent-flow device. Considerable improvement in the device

performance is obtained by using a countercurrent-flow Frazier scheme

with flow-rate fraction variations, instead of using a concurrent-flow device.

Key Words: Thermal diffusion; Heavy water; Separation efficiency;

Frazier scheme; Countercurrent flow.

INTRODUCTION

Thermal diffusion is a powerful technique for concentrating desired highly

valuable substances such as isotopes and rare gases, which are not possibly sepa-

rated by conventional separation techniques such as extraction and distillation. In

thermal-diffusion columns, a temperature gradient for establishing a net transport

of one component in the radial direction (opposite direction for the other compo-

nent) and density differences resulting in convective flow either upward or

downward in the vicinity of the hot and cold walls. The utility of the thermo-

gravitational column, in which a cascading effect, due to natural convection,

multiplies the thermal-diffusion effect, and has an advantage in small-scale opera-

tions to purify materials because of a resultant concentration gradient. The

important application of thermal-diffusion column for practical isotope separation

was first developed by Clusius and Dickel;[1,2] subsequently, a complete theory

presentation for a Clusius–Dickel column was derived by Furry et al.[3,4] The

isotope mixtures of uranium at Oak Ridge during World War II[5] and heavy

water by the US government under the Manhattan District Program[6] were

successfully separated by thermal-diffusion column. The practical applications

of thermal-diffusion columns are commonly used to purify tritium in production

and to recover hydrogen isotopes in the fusion nuclear fuel cycle.[7–10] Recently,

several theoretical and experimental approaches have been presented[11–13] for

the enrichment of heavy water in the Clusius–Dickel column.

In addition, there are two conflicting effects to be confronted in the significant

factor of convective flow in thermal-diffusion columns: the desirable cascading

effect and an undesirable remixing effect. Consequently, many significant

papers are devoted entirely or largely to enhance the former effect and to suppress

the latter effect within the operating conditions in thermal diffusion. With proper

adjustment in designing improved columns, the separation efficiency improve-

ments on thermal-diffusion columns with inclination,[14] rotation,[15] moving

wall,[16] packing,[17] and winding a wire helix[18] were accomplished.

The connection of vertical thermodiffusion columns with the same column

length resulted in a tremendous increase in the separation obtainable in a single

Ho et al.2300
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operation, the so-called Frazier-scheme thermal-diffusion columns, as shown in

Fig. 1, was given by Frazier[19] and Grasseli and Frazier.[20] Rabinovich[21] and

Sovorov and Rabinovich[22] have developed and presented a general formalism

to the Frazier-scheme thermal-diffusion column for binary mixtures. The separ-

ation theory of concurrent-flow thermal-diffusion columns on modified Frazier

scheme for the enrichment of heavy water with column length varied at a constant

ratio has been developed,[13] and the equations for the best column number, best

column-length ratio, as well as for the maximum separation efficiency under

flow-rate fraction variations, also have been derived.Considerable device perform-

ance is obtainedwhen amodified concurrent-flowFrazier scheme is operated at the

best corresponding column-length ratio. In contrast to concurrent-flow thermal-

diffusion columns, the change in the concentration difference for each column

of the countercurrent flow is nowhere as large as it is for the inlet column of the

concurrent flow. The mass transfer of countercurrent flow in the present study

could be analogized from that of heat exchangers, hence, the separation efficiency

improvement under the sameworking dimensions is greater for the countercurrent

flow than for the concurrent-flow arrangement. It is the purpose of the presentwork

to develop and to investigate theoretically and experimentally the separation theory

of thermal diffusion on the Frazier schemewith flow-rate fraction variations under

countercurrent-flow operations, instead of operating under concurrent flow.

THE THERMAL-DIFFUSION COLUMN IN THE

FRAZIER SCHEME

Rabinovich[21] and Sovorov and Rabinovich[22] developed the theoretical

analysis to the Frazier-scheme thermal-diffusion columns with the same

column length, while a modified device with column length varied at a cons-

tant ratio was given by Ho and Chen.[13] Figure 2 illustrates the Frazier-

scheme concentric-tube thermal-diffusion column, having a column length

L and transverse-flow streams of opposite directions under flow-rate fraction

variations. The mass flow rates rs and (12 r)s with feed concentration CF

are accomplished at the upper and lower ends, respectively, with the

product end and the supply entrance on the opposite sides.

The transport equations of D2O for the ith column of countercurrent-flow

Frazier scheme were modified from the previous results[3] for the top and the

bottom of the column, respectively

ÿti ¼ ÿHCĈC þ K
dCi

dz

�

�

�

�

z¼L

¼ rs � ðCT;iÿ1 ÿ CT;iÞ ð1Þ

ÿti ¼ ÿHCĈC þ K
dCi

dz

�

�

�

�

z¼0

¼ ð1ÿ rÞs � ðCB;i ÿ CB;iþ1Þ ð2Þ
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and also making material balances around the ith column yields

rsðCT;iÿ1 ÿ CT;iÞ ¼ ð1ÿ rÞs � ðCB;i ÿ CB;iþ1Þ ð3Þ

The pseudoconcentration products, CĈ is defined as follows:

CĈC ¼ C

(

0:05263 ÿ ð0:05263ÿ 0:0135KeqÞC

ÿ 0:027 1ÿ 1ÿ
Keq

4

� �

C

� �

CKeq

� �1=2
)

ð4Þ

Figure 2. The one-column Frazier-scheme thermal-diffusion column.
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in which the equilibrium constant Keq for the following equilibrium relation

H2Oþ D2O, 2HDO ð5Þ

is

Keq ¼
½HDO�2

½H2O� � ½D2O�
�

19� 19

18� 20
ð6Þ

Keq does not vary sensitively within the operating temperature range. For

instance, the values of the equilibrium constant are Keq ¼ 3.80 and 3.793, at

temperature T ¼ 258C and 30.58C, respectively.[23]

The appropriate value of CĈ ¼ A (¼ constant) in Eqs. (1) and (2) maybe

assumed to obtain the simultaneous solution of this set of nonlinear equations.

A rather reasonable approximate for CĈ ¼ A in a Frazier-scheme thermal-

diffusion column is determined by using the least-squares method in previous

works.[12] Accordingly, minimizing the following integration

R ¼

ðCB

CT

ðCĈC ÿ AÞ2dC ð7Þ

i.e.,

dR

dA
¼

ðCB

CT

ÿ2ðCĈC ÿ AÞdC ¼ 0 ð8Þ

one obtains

A ¼
1

CB ÿ CT

ðCB

CT

CĈCdC ð9Þ

The appropriate value of A, thus obtained in Eq. (9), is exactly the average

value of CĈ in the concentration range. Also, the transport constants in

above equations are defined by

H ¼
abTrgð2vÞ

3BðDTÞ2

6!m �TT
, 0 for a , 0 ð10Þ

and

K ¼
rg2b2

Tð2vÞ
7BðDTÞ2

9!m2D
þ 2vrDB ð11Þ
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Substitution of Eqs. (1) and (2) into Eq. (3) gives

ÿHCĈC þ K
dCi

dz

�

�

�

�

z¼L

¼ ÿHCĈC þ K
dCi

dz

�

�

�

�

z¼0

ð12Þ

or

dCi

dz

�

�

�

�

z¼L

¼
dCi

dz

�

�

�

�

z¼0

¼
dCi

dz
¼ constant ð13Þ

Equation (13) indicates that the concentration gradient in the z direction is

constant through the entire column.

Countercurrent-Flow Operations

One-Column Operations

For one-column operations, i ¼ 1, CT,0 ¼ CF, and CB,2 ¼ CF. Thus, the

degree of separation is obtained from Eqs. (1) to (3)

CT;1 ÿ CB;1 ¼
HL

K
Aþ

rs

H
ðCF ÿ CT;1Þ

h i

ð14Þ

CT;1 ÿ CB;1 ¼
HL

K
Aþ

ð1ÿ rÞs

H
ðCB;1 ÿ CFÞ

� �

ð15Þ

Multiplying Eq. (14) by (12 r) and Eq. (15) by r, and add the results to get

ðCT;1 ÿ CB;1Þ ¼
HL

K
Aþ

srð1ÿ rÞ

H
½CF ÿ CT;1 þ CB;1 ÿ CF�

� �

ð16Þ

sLrð1ÿ rÞ ÿ K

K
S1 ¼

ÿHLA

K
ð17Þ

where

S1 ¼ CB;1 ÿ CT;1 ¼ D1

Multicolumn Operations

For two-column operations, i ¼ 2, CT,0 ¼ CF, and CB,3 ¼ CF. Thus, the

degree of separation is obtained from Eqs. (1) to (3) for the first and second

columns separately

CT;1 ÿ CB;1 ¼
HL

K
Aþ

rs

H
ðCF ÿ CT;1Þ

h i

ð18Þ
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CT;1 ÿ CB;1 ¼
HL

K
Aþ

ð1ÿ rÞs

H
ðCB;1 ÿ CB;2Þ

� �

ð19Þ

CT;2 ÿ CB;2 ¼
HL

K
Aþ

rs

H
ðCT;1 ÿ CT;2Þ

h i

ð20Þ

CT;2 ÿ CB;2 ¼
HL

K
Aþ

ð1ÿ rÞs

H
ðCB;2 ÿ CFÞ

� �

ð21Þ

Multiplying Eqs. (18) and (20) by (12 r) and Eqs. (19) and (21) by r, and

add the results to get

CT;1 ÿ CB;1 ¼
HL

K
Aþ

srð1ÿ rÞ

H
ðCF ÿ CT;1 þ CB;1 ÿ CB;2Þ

� �

ð22Þ

and

CT;2 ÿ CB;2 ¼
HL

K
Aþ

srð1ÿ rÞ

H
ðCT;1 ÿ CT;2 þ CB;2 ÿ CFÞ

� �

ð23Þ

Combination of Eqs. (22) and (23) gives

ÿD1 ÿ D2 ¼
HL

K
2Aþ

srð1ÿ rÞ

H
S2

� �

ð24Þ

or

S2 ¼ ÿ
H

srð1ÿ rÞ

HL

K
ðD1 þ D2Þ þ 2A

� �

ð25Þ

in which D1 ¼ CB,12 CT,1, D2 ¼ CB,22 CT,2, and S2 ¼ CB,12 CT,2.

For further-column operations, the degree of separation is readily

obtained if we perform the calculations of Eqs. (18)–(25) repetitively. The

resultant expressions of multicolumn operations for heavy-water enhance-

ment in countercurrent-flow thermal-diffusion column are as follows:

ÿ
X

N

i¼1

Di ¼
HL

K
NAþ

srð1ÿ rÞ

H
SN

� �

ð26Þ

or

SN ¼ ÿ
H

srð1ÿ rÞ

HL

K

X

N

i¼1

Di þ NA

" #

ð27Þ

in which DN ¼ CB,N2 CT,N and SN ¼ CB,12 CT,N.
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Concurrent-Flow Operations

The calculation procedure for a concurrent-flow Frazier-scheme thermal-

diffusion column of the same working dimension is rather simpler than that for

a countercurrent-flow device. The degree of separation for concurrent-flow

Frazier-scheme thermal-diffusion column[13] is

S0N ¼ ÿ
HLA

K
1ÿ

Lsrð1ÿ rÞ

Lsrð1ÿ rÞ þ K

� �N
" #

ð28Þ

SEPARATION DEGREE IMPROVEMENT

The improvement of the continuous Frazier-scheme thermal-diffusion

columns by operating under the countercurrent-flow pattern is best illustrated

by calculating the percentage increase in separation efficiency based on the

concurrent-flow device as

Irð%Þ ¼
SNðcountercurrentÞ ÿ S0Nðconcurrent; r ¼ 0:5Þ

S0Nðconcurrent; r ¼ 0:5Þ
� 100% ð29Þ

Similarly, the flow-rate fraction improvement may be defined as

Icð%Þ ¼
SNðcountercurrentÞ ÿ SNðcountercurrent; r ¼ 0:5Þ

SNðcountercurrent; r ¼ 0:5Þ
� 100%

ð30Þ

As an illustration, some equipment parameters and physical properties of the

mixture[23] to calculate the separation degree improvement as a numerical

example for the separation of heavy water is given as follows:

H ¼ ÿ1:473� 10ÿ4 g sec ¼ ÿ0:53 g hrÿ1

K ¼ 1:549� 10ÿ3 g cm secÿ1 ¼ 5:5763 g cm hrÿ1

Keq ¼ 3:793; L ¼ 122 cm; B ¼ 10 cm;

s ¼ 2:1 g hrÿ1; 2v ¼ 0:04 cm

DT ¼ 35K; �TT ¼ 30:5K; CF ¼ 0:381;
DT

2v
¼ 875K cmÿ1

with these values, some results are presented in Tables 1 and 2 for the counter-

current-flow Frazier-scheme thermal-diffusion column.

Heavy Water Enrichment by Thermal Diffusion 2307
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MAXIMUM SEPARATION WITH BEST

COLUMN NUMBER

The best column number N� for maximum overall separation degree

SN,max with r and s as parameters in a countercurrent-flow Frazier-scheme

thermal-diffusion column with a fixed sum of the column length (as an illus-

tration, the column length L ¼ 5000/N cm for each column) are calculated by

using the method of two variable univariant search.[24] The calculation proce-

dure is to find N� first and then SN,max is obtained in Eq. (27). Similarly, for a

concurrent-flow Frazier-scheme thermal-diffusion column, the best column

number N0
� and the maximum degree of separation SN,max

0 have been calcu-

lated and presented in Tables 3 and 4.

EXPERIMENTAL STUDIES

The experimental apparatus used in this study is almost the same as that in

Yeh and Ward’s work,[18] except that two same dimensions were connected in

series. Two continuous-type concentric-tube thermal-diffusion columns to

separate heavy water from water–isotope mixtures were constructed of stain-

less steel with column length L ¼ 122 cm and annular space 2w ¼ 0.04 cm, as

shown in Fig. 3. Hot and cold waters with high enough rates and controlled

temperatures, circulating countercurrently through the inner tube and jacket,

respectively, were supplied from two thermostat tanks to heat and cool

Table 1. The separation degree improvement with the flow-rate fraction variation and

column number as parameters; CF ¼ 0.381, s ¼ 2.1 g hr21.

Ir (%)

r N ¼ 1 N ¼ 2 N ¼ 3 N ¼ 4 N ¼ 5

0.1 143.16 128.39 115.49 104.16 94.15

0.2 49.52 46.44 43.70 41.26 39.07

0.3 17.26 16.46 15.81 15.30 14.90

0.4 3.82 3.72 3.71 3.81 3.98

0.5 0 0.08 0.25 0.50 0.84

0.6 3.82 3.76 3.80 3.93 4.15

0.7 17.26 16.57 16.03 15.62 15.33

0.8 49.52 46.69 44.23 42.04 40.11

0.9 143.16 129.35 117.36 106.87 97.63
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the tube surfaces within +0.58C at all times. Four copper-constantan thermo-

couples located on the surface of each plate were used to monitor the mean

surface temperatures of hot and cold surfaces, which were 478C and 148C,

respectively. Hence, the temperature difference between the hot and cold

plates (338C) and mean temperature of the mixture (30.58C) were used

during the calculation procedure. Four holes were drilled at the top and

bottom of the hot and cold plates, respectively, to serve as feed and product

ports. The needle valve was installed in each product stream to control and

to measure the flow rates. Deaerated feed, consisting of various feed concen-

tration CF and feed rate s at 30.58C, was regulated due to gravitational force

with flow-rate fraction variations by a constant-head tank into the top of

the first column and the bottom of the last column at each time. The two

product streams, the bottom of the first column and the top of the last column,

were attuned by needle valves, withdrawn continuously through cooling coils

and were measured by rotameters with the flow-rate fraction r and (12 r),

respectively, before being collected as product samples. The product

samples were analyzed at 25+ 0.058C by an automatic density meter

(model DA-210, Kyoto Electronics, Tokyo, Japan). The precision of

+1.0 � 1024 g cm23 as well as+5.0 � 1024 D2O mass fraction was obtain-

able in this instrument. The theoretical predictions and experimental results

are compared and represented in Fig. 4 for one- and two-column operations

with CF ¼ 0.381, and r ¼ 0.5 and 0.7. It is found from this figure that the

theoretical predictions confirm pretty well with experimental results.

Table 3. Comparison of the degree of separation obtained in the concurrent- and

countercurrent-flow operations with the mass flow rate as a parameter; CF ¼ 0.381,

r ¼ 0.50.

s (g hr21)

Concurrent flow Countercurrent flow

N0
� SN,max

0 N� SN,max

0.1 5 0.45849 7 0.50157

0.2 8 0.33015 9 0.36192

0.4 11 0.23645 13 0.25994

0.6 13 0.19414 16 0.21368

0.8 15 0.16865 19 0.18584

1.0 17 0.15117 21 0.16667

2.0 24 0.10746 30 0.11867

4.0 34 0.07627 42 0.08431

6.0 41 0.06239 52 0.06899

8.0 48 0.05408 60 0.05982

10.0 53 0.04841 67 0.05355

Ho et al.2310

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



The accuracy of the experimental results maybe calculated by using the

definition

E ¼
1

M

X

M

i¼1

jSN;i ÿ ŜSN;ij

SN;i
ð31Þ

where SN,i denotes the theoretical prediction of SN, while SN and M are the

experimental data of SN and the number of experimental measurements,

respectively. The error analysis of the four measurements for each experi-

mental run in Fig. 4 is calculated by Eq. (31). As an illustration, the accuracy

of the experimental results are 9.0 � 1022 and 8.0 � 1022 for r ¼ 0.5 and 0.7

of two-column operations, respectively.

RESULTS AND DISCUSSIONS

The Degree of Separation in Countercurrent-Flow

Frazier-Scheme Thermal-Diffusion Columns

The present study for improving the performance in Frazier-scheme

thermal-diffusion columns under flow-rate fraction variations countercurrent-

flow operations is to suppress the remixing effect and to enhance the

Table 4. Comparison of the best column number obtained in both

concurrent- and countercurrent-flow operations with the mass flow rate

as a parameter; CF ¼ 0.381, r ¼ 0.50.

s (g hr21)

SN,max
0

(or SN,max)

Concurrent flow

Countercurrent

flow

N0
� N�

0.1 0.45849 5 4

0.2 0.33015 8 6

0.4 0.23645 11 8

0.6 0.19414 13 10

0.8 0.16865 15 12

1.0 0.15117 17 13

2.0 0.10746 24 18

4.0 0.07627 34 26

6.0 0.06239 41 32

8.0 0.05408 48 37

10.0 0.04841 53 42
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cascading effect. Some experimental results and graphical representations

calculated from Eqs. (27) and (28) are shown in Figs. 4–8. Figures 5 and 6

show, respectively, the overall degree of separation vs. flow-rate fraction

with feed concentration as a parameter for one- and two-column operations.

Figure 3. Flow diagram of the experimental system.
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Figure 4. Comparisons of the overall degree of separation obtained from theoretical

predictions and experimental results.
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Figure 5. Effect of flow-rate fraction variation on the overall degree of separation

with feed concentration as a parameter for one-column operations; s ¼ 2.1 g hr21.
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Figure 6. Effect of flow-rate fraction variation on the overall degree of separation

with feed concentration as a parameter for two-column operations; s ¼ 2.1 g hr21.
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Figure 7. Effect of flow-rate fraction variations on the overall degree of separation

with number of columns as a parameter; CF ¼ 0.381, s ¼ 2.1 g hr21.
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Figure 8. Effect of feed rate on the overall degree of separation with number of

columns as a parameter; CF ¼ 0.381, r ¼ 0.5.
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It is found that in Figs. 5 and 6 and Table 3 the degree of separation for the

countercurrent-flow Frazier-scheme thermal-diffusion columns decrease

with increasing mass flow rate and as the flow-rate fraction goes away from

r ¼ 0.5. Figures 7 and 8 show the overall degree of separation vs. flow-rate

fractions and feed concentration with the number of columns as a parameter

up to five-column operations. The overall degree of separation increases

with number of columns and as flow-rate fraction goes away from r ¼ 0.5

but decreases with mass flow rate. These results would suggest that the

devices with flow-rate fraction variations and countercurrent-flow operations

could enhance the separation efficiency in Frazier-scheme thermal-diffusion

columns.

Separation Degree Improvement in

Countercurrent-Flow Operations

The separation degree improvements, Ir and Ic, after N column operations

were calculated from Eqs. (29) and (30). Table 1 shows that the separation

degree improvement, Ir, of countercurrent-flow Frazier-scheme thermal-

diffusion columns is much larger than that of concurrent-flow Frazier-scheme

thermal-diffusion columns, while Table 2 shows the influence of the flow-rate

fraction on the separation degree improvement, Ic, of countercurrent-flow

devices. The separation degree improvements, Ir, in the countercurrent-flow

Frazier-scheme thermal-diffusion columns with flow-rate fraction as a para-

meter based on a concurrent-flow Frazier-scheme thermal-diffusion column

with the same working dimensions and the same mass flow rate at both ends.

The minimum degree of separation is operated at r ¼ 0.5 under concurrent-

flow devices, as concluded from our previous work.[13] Therefore, the

separation degree improvements, Ir and Ic, were defined by Eqs. (29) and

(30), respectively, and calculated with respect to the operation at r ¼ 0.5 to

show the percentage increase of separation efficiency, and, thus, the zero

value is obtained at r ¼ 0.5. It seems apparent that the separation degree

improvements increase when flow-rate fraction goes away from 1/2. The
minus signs in Table 2 indicate that when N ¼ 5, no improvement in separa-

tion efficiency can be achieved as s , 0.85 g hr21, and, in this case, the

countercurrent-flow device with r ¼ 0.5 is preferred to be used rather than

operating the device with r= 0.5.

The best column number N� and N0
� with the maximum separation degree

for both operations in concurrent- and countercurrent-flow Frazier-scheme

thermal-diffusion columns are calculated and presented in Tables 3 and 4

with mass flow rate as a parameter for CF ¼ 0.381 and r ¼ 0.5. Table 3

shows the achievable maximum separation degree of countercurrent-flow
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Frazier-scheme thermal-diffusion columns is larger than that of concurrent-

flow operations under the same feed rate, while the comparison of the best

column number between these two flow-type operations under the same

maximum separation degree is shown in Table 4. The column number of

countercurrent-flow operations is smaller than that in concurrent-flow oper-

ations to obtain the same maximum separation degree, as confirmed from

Tables 3 and 4, and, hence, the less operating cost is needed.

CONCLUSIONS

The theoretical and experimental study of the separation efficiency

for heavy-water enrichment in countercurrent-flow Frazier-scheme thermal-

diffusion columns has been investigated with the column number as a para-

meter. It is shown in Figs. 5–8 that the degree of separation decreases

almost with the mass flow rate, but increases with the column number and

as flow-rate fraction goes away from 1/2. The separation degree improvement

by operating at the best column number is illustrated for both concurrent- and

countercurrent-flow Frazier-scheme thermal-diffusion columns, as shown in

Tables 3 and 4. The countercurrent-flow Frazier-scheme thermal-diffusion

columns can enhance the separation degree of heavy water compared with

that in concurrent-flow Frazier-scheme thermal-diffusion columns under the

same working dimensions and operating parameters. Considerable improve-

ment in separation degree is obtainable by using such a countercurrent-flow

Frazier-scheme thermal-diffusion device, instead of using the concurrent-

flow one. Also, there exists the separation efficiency enhancement by suitable

adjusting the flow-rate fractions of two product streams; this is the value

of present study in designing countercurrent-flow Frazier-scheme thermal-

diffusion columns under the smaller column number.

NOMENCLATURE

A CĈ, defined in Eq. (9)

B column width (cm)

C fraction mass concentration of heavy water in H2O–HDO–D2O

system

CB,i C in the bottom product stream of ith column

CF C in the feed stream

CT,i C in the top product stream of ith column

D ordinary diffusion coefficient (cm2 sec21)

CĈ pseudoproduct form of concentration for D2O defined by Eq. (4)
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g gravitational acceleration (cm sec22)

H transport coefficient defined by Eq. (10) (g sec21)

Ir improvement of the degree of separation defined by Eq. (29)

Ic improvement of the degree of separation defined by Eq. (30)

Jx2OD mass flux of heavy water in the x-direction due to ordinary

diffusion (g cm22 sec21)

Jx2TD mass flux of heavy water in the x-direction due to thermal

diffusion (g cm22 sec21)

Jz2OD mass flux of heavy water in the z-direction due to ordinary

diffusion (g cm22 sec21)

K transport coefficient defined by Eq. (11) (g sec21 cm21)

Keq mass-fraction equilibrium constant of H2O–HDO–D2O system

M the number of experimental measurements

N total column number

r flow-rate fraction

SN the degree of separation

SN,i theoretical prediction of SN
SN experimental data of SN
T mean absolute temperature (K)

T̄ arithmetic mean value of T of hot wall and cold wall (K)

x coordinate in the horizontal direction (cm)

z coordinate in the vertical direction (cm)

Greek Symbols

a thermal-diffusion constant for D2O in H2O–HDO–D2O system,,0

br (2@r/@T) evaluated at reference temperature (g cm23K21)

DN degree of separation in a countercurrent-flow Frazier scheme,

CB,12 CT,N

DT difference in temperature of hot and cold plates (K)

m absolute viscosity of fluid (g cm21 sec21)

r mass density of fluid (g cm23)

s mass flow rate of top or bottom product (g sec21)

ti transport of heavy water along z-direction in ith column, ,0

(g sec21)

v one half of the plate spacing of columns (cm)

ACKNOWLEDGMENT

The authors wish to thank the National Science Council of the Republic of

China for its financial support.

Ho et al.2320

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



REFERENCES

1. Clusius, K.; Dickel, G. Neues Verfahren zur Gasentmischung und Isoto-

pentrennuug. Naturwissenschaften 1938, 26, 546–552.

2. Clusius, K.; Dickel, G. The separation-tube process for liquids. Naturwis-

senschaften 1939, 27, 148–162.

3. Furry, W.H.; Jones, R.C.; Onsager, L. On the theory of isotope separation

by thermal diffusion. Phys. Rev. 1939, 55, 1083–1095.

4. Jones, R.C.; Furry, W.H. The separation of isotopes by thermal diffusion.

Rev. Mod. Phys. 1946, 18, 151–224.

5. Murphy, G.M. Production of Heavy Water; National Nuclear Energy

Series, III-4F; McGraw-Hill: New York, 1955.

6. Bebbing, W.P.; Thayer, V.R. Production of heavy water. Chem. Eng.

Progr. 1959, 55, 70–87.

7. Yamakawa, H.; Matsumoto, K.; Enokida, Y.; Yamamoto, I. Numerical

analysis of dynamic behavior at start-up of the thermal diffusion

column for hydrogen isotope separation. J. Nucl. Sci. Technol. 1999,

36, 198–203.

8. Yamakawa, H.; Matsumoto, K.; Enokida, Y.; Yamamoto, I. Effect of

operational pressure on periodic oscillation of secondary circulation

near the bottom of thermal diffusion column. J. Nucl. Sci. Technol.

1999, 36, 297–303.

9. Kobayashi, N.; Hirano, R.; Enokida, Y.; Yamamoto, I. Isotopes separ-

ation of H2–HD gas mixture with “cryogenic-wall” thermal diffusion

column with a heated-tube. J. Nucl. Sci. Technol. 2002, 39, 431–434.

10. Kobayashi, N.; Hirano, R; Enokida, Y.; Yamamoto, I. H2–HT separation

using “cryogenic-wall” thermal diffusion column with heated-tube.

Fusion Sci. Technol. 2003, 44, 415–419.

11. Yeh, H.M. Enrichment of heavy water by thermal diffusion. Chem. Eng.

Commun. 1998, 167, 167–179.

12. Ho, C.D.; Yeh, H.M.; Guo, J.J. An analytical study on the enrichment of

heavy water in the continuous thermal diffusion column with external

refluxes. Sep. Sci. Technol. 2002, 37, 3129–3153.

13. Ho, C.D.; Chen, Y.T. The study of continuous thermal-diffusion columns on

modified frazier-scheme for the enrichment of heavy water with column

length varied at a constant ratio. Sep. Sci. Technol. 2003, 38, 2425–2445.

14. Power, J.E.; Wilke, C.R. Separation of liquid by thermal diffusion

column. AIChE J. 1957, 3, 213–222.

15. Sullivan, L.J.; Ruppel, T.C.; Willingham, C.B. Rotary and packed thermal

diffusion fractionating columns for liquids. Ind. Eng. Chem. 1955, 47,

208–212.

16. Ramser, J.H. Theory of thermal diffusion under linear fluid shear. Ind.

Eng. Chem. 1957, 49, 155–158.

Heavy Water Enrichment by Thermal Diffusion 2321

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



17. Sullivan, L.J.; Ruppel, T.C.; Willingham, C.B. Packed thermal diffusion

column. Ind. Eng. Chem. 1957, 49, 110–113.

18. Yeh, H.M.; Ward, H.C. The improvement in separation of concentric

tube thermal diffusion columns. Chem. Eng. Sci. 1971, 26, 937–947.

19. Frazier, D. Analysis of transverse-flow thermal diffusion. Chem. Ind. Eng.

Process Des. Dev. 1962, 1, 237–240.

20. Grasseli, R.; Frazier, D. A comparative study of continuous liquid thermal

diffusion system. Chem. Ind. Eng. Process Des. Dev. 1962, 1, 241–258.

21. Rabinovich, G.D. Theory of thermodiffusion separation according to the

frazier scheme. Inzh. Fiz. Zh. 1976, 31, 514–552.

22. Suvorov, A.V.; Rabinovich, G.D. Theory of a thermal diffusion apparatus

with transverse flows. Inzh. Fiz. Zh. 1981, 41, 231–238.

23. Standen, A. Encyclopedia of Chemical Technology; Wiley: New York,

1978; Vol. 7, 549.

24. Poloujadoff, M.; Christaki, E.; Bergmann, C. Univariant search: an oppor-

tunity to identify and solve conflict problems in optimization. IEEE Trans.

Energ. Conversion. 1994, 9, 659–663.

Received September 2003

Accepted March 2004

Ho et al.2322

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


