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Experimental Studies on the Separation of Deuterium
Oxide in Continuous Thermal Diffusion Column for Low
Concentration Range

HO-MING YEH and SHYH-CHING YANG

CHEMICAL ENGINEERING DEPARTMENT
NATIONAL CHENG KUNG UNIVERSITY
TAINAN, TAIWAN, REPUBLIC OF CHINA

Abstract

Separation equations for the enrichment of heavy water in a continuous-flow
thermal diffusion column have been derived for low-concentration operations.
Experimentals on two feed concentrations of the H;O-HDO-D,0 system have
also been conducted, and the results quantitatively confirm the predictions of

theory.

INTRODUCTION

The application of the principle of thermal diffusion to the practical
separation of isotopes was devised by Clusius and Dickel (/, 2). In World
War II, thermal diffusion was used to separate uranium isotopes at Oak
Ridge Laboratory. Anderson and Libby applied the technique to the
enrichment of C in sewage methane in 1947 (3). For the separation of
hydrogen isotopes, this method is effective because of the large ratio in
molecular weights (4, 5).

It has been shown that heavy water can be concentrated in a thermal
diffusion column (/, 2, 6, 7). The enrichment of heavy water in a batch-
type thermal diffusion column has been studied both theoretically and
experimentally by the present authors (8). It is the purpose of this work
to investigate both theoretically and experimentally the continuous-
throughput rectification of D,0O with a thermal diffusion column in the
low concentration range.

687

Copyright © 1986 by Marcel Dekker, Inc. 0149-6395/85/2009-068783.50/0



13:22 25 January 2011

Downl oaded At:

688 YEH AND YANG

z
g,Cr
L2
N N
N2 Q Stripping
E ] 9 § Section
Q é N N
N
N \E
g Q N S
20,CF N\-w +w b - X
Noe N
N -
SINE § 3
‘R
Ny, o= Q Enriching
§ 5 N Section
N <& Jx~oo\
N N
N EZIN

L_L:>O:CB

F1G. 1. Schematic diagram of the Clusius-Dickel column.

SEPARATION THEORY

The separation theory of thermal diffusion for a multicomponent
isotopic liquid mixture in a Clusius-Dickel column was presented by
Jones, Furry, and Onsager (9-12). Figure 1 illustrates the flows and fluxes
prevailing in a continuous flow column. By integrating the transport
equations or modifying from previous results, two ordinary differential
equations for D,0 under steady continuous operation were obtained:
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dc
= = ¢ - K— 1
T = ocy = 6c + Hyed e (D
for the stripping section and
dc
T = —0cg = —oc+H(,cc‘—K-E (2)
dz

for the enriching section. The transport constants are defined by
Hy = a,pghr(20)(AT)Y/61uT 3)
K = pg’B¥2w)'B(AT)*/9'u*D + 2wpDB 4)
and the pseudoconcentration product, ¢¢, for low concentration is
cé = ¢[0.05263 — (0.05263 — 0.0135K,)c — 0.027¢"°K}]  (5)

where a,, the reduced thermal diffusion constant, is the same for all
isotopic pairs.

The assumptions made in obtaining the above results were that the
concentrations were locally in equilibrium at every point in the column,
that the flow rates were the same in both the enriching and stripping
sections, and that physical properties were constant. In addition, only low
concentration heavy water was considered in this study.

The pseudoproduct form of concentration dependence of the thermal
diffusion effect defined by Eq. (5) could be approximated by a straight
line within the low-concentration range

¢t = a+ bc (6)

in which

d
b= %(cé)k =c¢p

0.05263 — (0.10526 — 0.027K,,)cr — 0.0405K 22> (7)

a = clp — bey
= (0.05263 — 0.0135Keq)c,2: + 0.0135Kégzc}/2 (8)
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Consequently, Egs. (1) and (2) can be rewritten as

dc

Hyl(a + bc) —n(cy—¢)] =K . (9)
Hy[(a + bc) + n(cy — ¢)] =KjT§ (10)

where
n = o/H, (11)

The degree of separation may be obtained from Egs. (9) and (10)
associated with the boundary conditions:

C=Cf atz =0 (12)
c=cr atz = L/2 (13)
¢ =y atz = —L/2 (14)

The solution is

A=CB_CT

—A ] — gbAti=n/b) | — bl +n/b)

2bA | P — yp TR oy
where
A, = —2bA(cr + a/b) (16)
A = H,L/2K a7

a L = b l
A = — 2 bA ( (',- + ) ¢ = A ( 8)

and Eq. (15) becomes, by setting n = 0,
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TABLE 1
Values of (bA4)%/3! and (bA)*/5! at Various ¢, with 4 = —8.416 and K.y = 3.793 Taken from
Previous Work (8)

cp b X 10°, Eq. (7) [(bA)¥/31] X 10° {(bA)Y/5!] X 10°
0.05 3485 14.333 6.163
0.15 2.165 5.533 0919
0.25 1.248 1.838 0.101
0.50 —0.457 0.246 0.092
0.75 ~1.782 3.746 0.421
0.95 ~2.696 8.575 2.206

A_ 11zt dmet T 1 ey
A, 2bA e e~ 2bA

=L[2(bA)+2(bA)}+2M+ . ]
2bA 3! 5! :

+M+(bi,+...

=+ 51

(19)

Usually, (h4)* < | for the entire range as shown in Table 1. Therefore, we
conclude from Eqgs. (18) and (19) that

A=A,=A, (20)

for batch operation. In other words, Eq. (15) reduced to Eq. (26) obtained
in the previous work (8) for batch operation (n = 0). Some graphical
representations of Egs. (15) and (16) are given in Figs. 2 and 3,
respectively.

EXPERIMENTAL STUDIES

A concentric tube thermal diffusion column was constructed with two
stainless steel tubes with an annular space of 0.016 in., for hot and cold
surfaces. Hot water was circulated through the inner tube while cold
water was circulated through the jacket on the outside of the outer tube.
Hot and cold water were supplied from two temperature controlled tanks.
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FiG. 2. Effect of flow rate on separation at various feed concentrations, Eq. (15).

The mean temperatures of the hot and cold tubes were 47 and 14°C,
respectively, and thus the mean temperature of solution in the annulus
was 30.5°C. The tube temperature was kept constant within +1°C at all
times.

The feed flowed steadily from a constant-head tank by gravity into the
midpoint of the column. The flow rates of the two product streams were
controlled by adjustable needle valves and withdrawn continuously at
constant and equal rates to the accumulators. Samples of products were
analyzed at 25 + 0.05°C by an automatic density meter, model DA-101B,
Kyoto Electronics Manufacturing Co., Ltd. This instrument can measure
specific gravity with a precision of +0.00001. Samples of both streams
were analyzed at 30 min intervals until steady-state was reached as
indicated by no change in the specific gravity reading. The flow rate was
changed after each run. After the desired range of flow rates was covered,
the feed concentration, ¢z, was changed and new runs were carried out in
the same manner.

Most of the experiments employed in this study are the same as those
in Ych and Ward's work (13), except that no wire spiral was inserted in the
annulus. Furhter, the column dimensions and the experimental pro-
cedures performed in this study were the same as those in previous work
(8), except that the products were withdrawn from the top and bottom of
column steadily, and that the fractionating section was changed to 69.5
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FI1G. 3. Some graphical representations of Eq. (16).

in. Figure 4 shows the flow diagram of a continuous-type concentric-tube
thermal diffusion column.

RESULTS AND DISCUSSION

Once the specific gravities of the products were measured, the mass %
of D,O in the products could be easily determined from the calibration
curves constructed in previous work (8). The experimental results thus



13:22 25 January 2011

Downl oaded At:

694 YEH AND YANG

From Constant Head Tank

f~=——-=-"1

=

Top
Product

|
-{{& Thermal Diffusion Column OJlﬂ‘*-

1
)
t
i
1
1
! i
! )
i
i :
! |
I
| [
! Feed :
|
2 !
2 I
[EN I I
o !
< | |
5 | ,
|
I Cooling Filuid !
| [Je— —— —— - :
) ]
1 1
' Bottom Lo-.., ! !
' Product i I
| ! |
| |
I
! )
I /aHATD
f 1
I
i e
1/4HP 1 KW Cold Water Tank 3 Ton
Hot Water Tonk With Temperature  Refrigerator
With Temperature Controller
Controller

FI1G. 4. Flow diagram of concentric tube thermal diffusion column.

obtained are plotted in Figs. 5 and 6. The theoretical values of separation
for these two feed concentrations were calculated from Eq. (15) by using
the following transport coefficients and equilibrium constant (8):

=
|

= —1.473 X 10~ g/s
K=1549X 10" g-cm/s

K., =3.793 (T = 30.5°C)
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FiG. 5. Comparison of separation obtained from experimental work and theoretical
equations for ¢ = 0.0650.

and the column length
L=695in. =177 cm
The theoretical results thus obtained are also plotted in Figs. 5 and 6. The

experimental results are in good agreement with the prediction of
theory.

CONCLUSION

On the basis of the results of this study, the following conclusions were
reached.

(1) Separation equations for the enrichment of heavy water in a
continuous-type thermal diffusion column have been derived.
Some graphical representations are given in Figs. 2 and 3.
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Fi1G. 6. Comparison of separation obtained from experimental work and theoretical
equations for ¢ = 0.0995.

(2) The most important assumption made in this work was that the
concentrations were locally in equilibrium at every point in the
column. A linear approximation to concentration product, ¢é, was
also made for low-concentration operations.

(3) Experimental results of H,O-HDO-D,O system were carried out
for ¢, = 0.0650 and 0.0995. The results quantitatively confirm the
prediction of theory as shown in Figs. 5 and 6.
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SYMBOLS

A H\L/2K
a constant defined by Eq. (8)
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B column width; 2nR for concentric-tube column, cm
b constant defined by Eq. (7)
¢ fractional mass concentration of D,0O in H,O-HDO-D,O
system
Cr fractional mass concentration of DO in feed stream
C; initial fractional mass concentration of D,O in batch opera-
tion
Cp Cr ¢ obtained at the bottom and the top of the column, respec-
tively
mass diffusivity, cm?/s
gravitational acceleration, cm/s*
transport coefficient defined by Eq. (3), g/s
transport coefficient defined by Eq. (4), g+ cm/s
mass-fractional equilibrium constant of H,O-HDO-D,0O
system
column length, cm
system constant defined by Eq. (11)
mean temperature, °K
T difference in temperature of hot and cold surface, °C
axis normal to the plates
axis parallel to transport direction
pseudoconcentration product

ST Rl

Nkb\p:h

o
>

Greek Letters

reduced thermal diffusion constant

(0p/0T) evaluated at T, g/cm® - K

cg— Cr

“ defined by Eq. (16)

b A, Lcmi’ ie, Ay, in Ref. 8, A obtained in batch operation
mass density evaluated at 7, g/cm’

absolute viscosity, g-cm/s

transport of D,O along z-direction, g/s

mass flow rate, g/s

half of plate spacing, or half of annular space, cm

B> =g

€ adxrE o
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