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Enrichment of Heavy Water in a Transverse-Flow
Wired Thermal-Diffusion Column with Tubes
Rotated to Achieve Improved Performance

B i
Ho-Ming Yeh!"
Department of Chemical and Materials Engineering, Tamkang University,
Tamsui, Taipei county, 251 Taiwan

Abstract—This study investigated the rotation of tubes in opposite directions to enrich heavy
water in a transverse-flow concentric-tube thermal diffusion column inserted as a spacer in the
annular region with a wire spiral, having a diameter equal to the annular spacing. Equations for
the optimal speed of tube rotation to achieve a maximum separation and maximum output were
derived. Instead of using a stationary column without a wire spiral, considerable improvement
in performance can be obtained if a rotated wired column is employed, operating at the optimal
speed of tube rotatjon to create a desirable cascading effect. 1

Key Words : Heavy water, Thermal diffusion, Rotated wired column, Transverse flow

INTRODUCTION

The thermogravitational thermal diffusion col-
umn introduced by Clusius and Dickel (1938, 1939)
is a powerful device for the separation of isotope
mixtures. It was used to separated uranium isotopes
at Oak Ridge Laboratory in World War II. For sepa-
ration of hydrogen isotopes, this method is particu-
larly attractive because of the large ratio in molecular
weights (Jones and Furry, 1946). Verhagen (1967)
has tried this method for routine enrichment of trit-
ium samples. By suitable arrangement of two diffu-
sion columns and a container, a ten-times enrichment
with better than 95 percent recovery has been
achieved in about twenty hours. The first complete
presentation of the separation theory for the Clusius-
Dickel column was made by Furry et al. (1939) and
Jones and Furry (1946). It has been found that heavy
water (D,0 ) is the most feasible moderator and
coolant for fission reactors to finish excess neutrons
which may be absorbed in materials other than ura-
nium, while deuterium (D) is the optimal nuclear
fuel for fusion reactors, which may play an important
role in fulfilling the world’s energy requirements in
the distant future.

The feed in conventional thermal diffusion col-
umns (C-D column) is introduced in the middle of
the column, and the products are withdrawn from the
top and bottom. However, thermal diffusion columns
in industrial applications are connected in a series
called the Frazier scheme (Frazier, 1962). The feed-
ing method in the Frazier scheme requires that the
sampling streams not pass through but rather move

1 2R 09

outside the columns, as shown in Fig. 1. The enrich-
ment of heavy water in a transverse-flow concentric-
tube thermal diffusion column with a wire spiral
inserted to achieve improved performance was dis-
cussed by Yeh (2001). In the present study, we deal
with the enrichment of heavy water in a transverse-
flow wired thermal diffusion column with tubes ro-
tated in opposite directions to achieve improved per-
formance.

ANALYSIS
Velocity profile

Figure 2(a) illustrates a concentric-tube thermal
diffusion column (where the outside radius of the in-
ner tube is denoted by R,, the inside radius of the
outer tube by R, and the height by 4) with a small
annular spacing, 2w =(R, - R), and a tight fitting
wire spiral, having a diameter equal to the annular
spacing, wrapped around the entire inner tube with a
wire angle of ¢ . During operation, the tubes are ro-
tated in opposite directions with constant speed V.
Because of the diminutive size of the annular spacing
as compared with the tube diameters, it has been
used as a moving-wall parallel-plate column (Yeh
and Tsai, 1972) inclined with an angle ¢ on the
edge and with a plate width B (Yeh and Ward, 1971;
Yeh and Ho, 1975), as shown in Fig. 2(b) and Fig. 3.
Figure 1 also illustrates the flows and fluxes needs
for the enrichment of heavy water in such a column.

Since the space between the surfaces of the
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Fig. 1. Transverse-flow flat-plate thermal-diffusion column.
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Fig. 2. Spiral wire inserted as a spacer in the annulus of a
concentric-tube thermal-diffusion column. (a) Wired
column with tubes rotated; (b) transport direction.

column is so small, we may assume that the convec-
tive flow produced by the density gradient is laminar,
and that the temperature distribution is determined
by conduction in the x-direction only. We also as-
sume that the convection velocity is in the z-direction
only, that both end effects can be neglected, and that
the mass fluxes due to thermal and ordinary diffusion
are too small to affect the velocity and temperature
profiles. Yeh and Ward (1971) obtained the steady-
state velocity profile in a wired concentric-tube
thermal diffusion column. When the tubes are rotated

Vertical
Constant
Speed V. P

Hot wall

Cold wall

257/c,

Fig. 3. Moving-wall parallel-plate column inclined on edge.

oppositely, in addition to natural convection, the
fluid is subjected to a linear shear, and the velocity
profile is readily obtained by adding a linear velocity
term [—(V sing)n7] (Yeh and Ho, 1975):

_ ,Ba)zg(AT) cos ¢

vy = > (m-n")-sing)y,(1)
M

where 77 =x/w and x denotes the axis normal to the
tube surfaces.

Concentration distribution
The horizontal mass flux J, of heavy water in

water-isotope mixtures is related to the velocity by
the differential mass balance equation:

ai+pa)vzﬁ=0. 2)
on Oz

Here, J, may be calculated by substituting Eq. (1)
into Eq. (2) and then integrating with the following
boundary conditions:

J, =0 at p==+I. 3)

The solution is obtained by assuming that dc¢/dz is
independent of x (Furry et al., 1939; Jones and Furry,
1946):

@{ L’ g(AT)cos ¢ y

Te=mpog, 12
(7" /2)-(n* 14~ (1/4)]
~(Vsing)[(n*12)-(1/2)] }. )

Under the assumptions that the diffusion in the
z-direction is negligible, that the bulk flow in the x-
direction is negligible, and that for the enrichment of
heavy water from a H,0 -HDO-D,0O system by
means of thermal diffusion, the concentration is lo-
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Table 1. Some values of cp¢p defined in Eq.(6) with
koy =3.793 at T, =30.5°C (Yeh and Yang, 1984).
cp 0.1 0.3 0.5 0.7 0.9
cpérx102 0357 0709  0.761 0.591 0.237

cally in equilibrium at every point in the thermal dif-
fusion column (Yeh and Yang, 1984), another ex-
pression. for J, in terms of the two contributions,
ordinary and thermal diffusion, is

=P L e dl )
w  on T dn
where (Yeh and Yang, 1984)
cé =¢{0.05263 - (0.05263-0.0135k,, )c
~0.027[k,, (1-(1-0.25k,,)c]'?},  (6)
and the equilibrium relation for H,0 - HDO -D,0
system is
H,0+D,0=2HDO (7
with the equilibrium constant defined as
__[HDO]* & ®
“ " [H,0][D,0] cc
The concentration distribution of heavy water
can be readily obtained by combining Egs. (4) and (5)
and integrating with the following boundary condi-
tions:
c=c(n,z) at n=1, ®
c=cy(0,2) at 7=0. (10)

The result is

,Ba) (AT)gcos g ac(n _77_5_2)
12Du

w? éc

557 m¢)(———) an

To obtain the above solution, dT"/dn =AT/2 as ob-
tained from the energy equation was used, and it was
assumed that the quantity acé/T appearing in the
thermal diffusion term was independent of x with T
taken as it’s average value 7,,, and ¢ taken as the
feed value, cp¢, (Yeh and Yang, 1984). Some typi-
cal values of ¢.¢, are listed in Table 1.

Transport equation

The rate of mass transport of heavy water in the
z-direction is given by

1 1 oc
T= fla)pchBdn—J:a)pD—a;Bdn. (12)

Combining Eqs. (1), (11), and (12), and replacing o

and B with (R, —R)/2 and 27R cos¢ , respec-
tively, we have
r=cFéFH—(K/cos¢)E, (13)
dz
where
H=H,cos’¢— HVsingcosg, (14)
K =K,cos' ¢+ K, cos’ ¢ — KV singcos® ¢
+ K, V% sin’ ¢c052 é, (15)
6‘/¢T
H - 2aRap(R, — RYAT) ,‘ a7
67,
22
KO - 2anﬂ Pg (RZ Rl) (AT) (18)
9 Dy’
5
Kl - 2anﬂpg(AT)(R2 Rl) , (19)
1680Du
2R p(R, - R)?
5= 110( 2 1) , (20)
30D
K;=2nRDp(R,-R). 21

Separation equation

Since |e(~1,z)~¢(1,2)| is small, as compared
with the concentration difference between the top
and bottom ends, we may make the approximation,
c®¢,(2), in which ¢, (z) is the cup-mixing concen-
tration(Yeh and Ward, 1971). Equation (13) thus be-
comes

TZCFéFH—(K/COS¢)—(:LZ—b. 22)

By making material balances at the top and bot-
tom ends, respectively, one obtains

=cpCpH —(K/cosq))d&

z-z=hsec¢ hsecd
Z=hsec
=o(cr —cp), (23)
o de,,
rl _o =CrcpH — (K /cos$)—*
z= dz |,_,
=o(cp —¢p). (24)

Furthermore, the result of an overall mass balance in
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2¢c;p =cp+Cp, O Cp —Cp =Cpp —Cp. 25%)
Combining Eqgs. (23)-(25) results in

dop|  _doy _do 26)

dz z=hsecg dz z=0 dz

Thus, it may be assumed that, within the whole col-
umn,

e = constant. 27
dz

Integrating Eqs. (23) and (24) from the bottom
(z=0,c=cp) to the top (z=hsecg,c=c;) yields

the following two equations

n o Hh

cr —cp =[cpcp _7_[‘(07* _CF)]? > (28)
- o Hh

cr —cp =[cpcp _E(CF _CB)]“E- (29)

Combining Egs. (28) and (29) results in the equation
for the degree of separation:

A=cp —cp (30)

CrC 2¢crH o
FCr  _ 4CpCp

“K o 2K : G1)
—+1

Hh 2H oh

OPTIMAL SPEED OF TUBE ROTATION TO
ACHIEVE THE BEST PERFORMANCE

Assume that the following dimensionless vari-
ables are introduced:

X =44V, (32)

®=cos’ ¢, (33)

o= (34)
2k,

N2 (35)
crpepdd; :

in which

A=K,/ Ky, (36)

A =H,/5H, =K,/9K, =[K, /21K, , (37)

4, = - H /K, . (38)

Then Eq. (31) becomes, with the definitions of A
and K defined in Eqs. (14) and (15),

, — AD +5X(D - DH)?

A2D? + @ - 9AXD(D — D)2 + 21X (@ - DY)+ o'

(39

When a wired column with stationary tubes (X =0)
and an open column without wire (X =0,® =1) are
considered, Eq. (39) reduces to, respectively,

-AD
P A9 40
Y AL+ D+ o (40)
-4
Ah=m— 41
LSRN 1),

Maximum separation

Equation (39) can be used to obtain the optimal
speed of tube rotation for maximum separation. Par-
tially differentiating Eq. (39) with respect to X' with
o' and @ specified, and setting SA'/aX =0, we
obtain

AD +y

et (42)

A

where

y=1J1/2D) 4202 + 25/2)(D+0) . (43)

If Eq. (42) is substituted into Eq. (39), then following
expression for calculating the maximum separation is
obtained:

ro_ 25y
T (APD? 34Dy + 21y +25(D + o)
(44)

Maximum production rate

To find the maximum production rate with the
degree of separation A’ and wire angle ® specified,
we rearrange Eq. (39) into a form that is explicit in
terms of the production rate:

o' = {(AD/A)+ 42D + D]+ (D - *)'"?
[94AD +(5/ANX - 21(D - P X2
' (45)
The optimal speed of tube rotation needed to achieve
the maximum production rate can be obtained by
partially differentiating Eq. (45) with respect to X
and setting o'/ 8X =0 ; this gives
¥ - 94D +(5/A")

@0y o

Consequently, the maximum production rate can be

readily obtained from Eq. (45) by substitution of Eq.

(46). The result is

ol =(25/84A) + (AD /14A") — (4*D? /28) - D
(47)
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Table 2. Improvement in separation.
Wired column (7=0) 4=15" 5=30° $=45° 4=60°
&h) | crer a crlp I;V’A s Tcr- IX’A . cplp I:’A éa cplp I:’A I W IX'A
deg)| 0 | O8) | (o) | (T8 (4) [(eg)| 00| ) [eR)| (o | (4) | @ea)| (O (%)
1 4.549|62.6 |11.224| 147 | 0.27 |21.537| 373 | 0.13{21.848 | 380 | 0.09{22.013 { 384 | 0.07 |21.825 {380
2 4361|568 | 7937 82| 030115.631| 258 | 0.15{15.633 | 258 | 0.11{15.583 { 257 | 0.09 {15315 | 251
4.1 .4.030|1494 | .5612|..39( 035)11.105{ 176 0.18/11.064 .1 .175.{.0.131.10.967 | 172 | .0.12 {10.823 -}.169
8 3.498(39.3 | 3.968] 13 | 041 | 7.818¢ 123 | 0.21| 7.777 | 122 | 0.16| 7.707 | 120 | 0.16| 7.620 | 118
16 2.767(23.0 | 2.806 1| 050 5.488| 98 | 0.27| 5466 | 97 | 0.21| 5.418 | 96| 0.21] 5370 | 94
32 1.952| — — — 0.63| 3.853| 97 | 0.34| 3.837| 97 | 0.27] 3.813 | 95| 0.29| 3.787 | %4
Table 3. Effect of the feed concentration on Ay (¢=0 and ¥=0) and A, for ¢=45°.
ox 10 ’Aol . IAICF=O.A1 n ‘CF=0.Z m |CF=0.Z n |CF=0.Z i |CF=0.2 ve |1,
I o 0 max 0 max 0 niax 0 e 0 max
@h) fexce | P | o0 | o) | oy | B | e | o | cay | ) | o) | @) |9
1 4.549) 22013} 1.624} 7.859) 3.225} 15.607) 3.462| 16.752 2.688) 13.010 | 1.078) 5217 0.091384
2 4.361| 15.583| 1.557| 5.563| 3.092| 11.048] 3.319| 11.859 2.577) 9.210 | 1.034] 3.693 0.11]257
4 4.030 10.967] 1.439] 3.915| 2.857| 7.776] 3.067| 8.346 2.382] 6481 | 0955 2.599 0.13]172
8 3.498| 7.707f 1.249] 2.751| 2.480| 5.464] 2.662| 5.865 2.067| 4.555 | 0.829| 1.827 0.16] 120
16 2767 5.418| 0.988| 1.934| 1.962| 3.841| 2.106| 4.123 1.635| 3.202 | 0.656| 1.284 0.211 96
32 1.952) 3.813] 0.697| 1361} 1384} 2.703] 1.485| 2.902 1.160) 2.253 | 0.463] 0.904 0.27{ 95
Table 4. Improvement of production rates.
opx 107 1A ‘ $=15" $=30° $=45 @=60"
@ | oy | Ve CuanX10? | I, Vo | Guaxx10?| I, Vo | Guax10®| I, Vo | Guax10*| I,
(env/s) | (ghh) | (%) | (emvs) | (gh) | (%) | (cm/s) | (gh) | (%) | (covs) | (g/h) | (%)
1 4.549 (22.16 22.75 2176 |11.92 22.54 [2154 | 9.29 22.23 | 2123 | 9.53 21.88 | 2088
2 4.361 |23.09 2572 1186 |12.46 25.50 [ 1175 | 9.75 25.16 | 1158 |10.07 2479 | 1139
4 4.030 [24.15 29.32 | 633 |13.07 29.07 | 627 {1028 28.71 | 618 |10.68 28.31 608
8 3.498 (26.78 3922 | 390 |14.59 3891 | 386 ;11.60 38.47 381 112.19 37.99 375
16 2.767 |31.54 60.81 | 280 |17.34 60.40 | 278 |13.98 59.83 274+ 14.94 59.22 270
32 1.952 [41.75 122.88 | 284 [23.23 122.27 | 282 [19.08 121.40 |- 279'120.83 |120.50 277

IMPROVEMENT IN SEPARATION

The improvement in performance that can be
achieved by operating at the optimal speed of tube
rotation in a rotated wired concentric-tube thermal
diffusion column is best illustrated by calculating the
percentage improvement in the performance based
on an open column (without a wire spiral) with sta-
tionary tubes:

’
Amax B _ Amax B

I = : (48)

(49)

where

o =0'(X =0,0 =1) =(4/|- Agp) - 4% ~1.(50)

Numerical example

For the purpose of illustration, let us employ
some experimental data of Yeh and Yang (1984) for
the  enrichment of heavy  water from
H,0—-HDO -D,0Osystem: =107 g/em®-K, AT =
33K, T, =303.5K, A=150cm,2aR, =10cm,2w=
R,—R =0.04cm, g=10° cm/s’>, p=1glem’, D=
3.9%107° cm?/s, = 1x107 glem -s, Hy = —1.473x
10™ g/s, K, =1.533x10"g -cm/s, and K, =1.64x
107 g-cm/s. Substituting these values into Eqgs.(16)-
(21) and (32)-(38), we obtain

A=9.67, 4, =4.122s/cm , A4, =3.796,

K, =0.547 g-slem , A" =T7.18(A/ cpé;)x 107,

o' =457%x10%, X =39.86V .

With these values, the optimal tube speeds of
rotation as well as the degrees of separation and pro-
duction rates were calculated using the correspond-
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ing equations; consequently, the improvement in per-
formance was determined by substituting the appro-
priate performance values into Egs. (48) and (49).
The results are presented in Tables 2-4. The optimal
wire angle of inclination and the maximum separa-
tion in a wired column (¥ =0) obtained in a previ-
ous work (Yeh, 2001) are also given in Table 2 for
comparison.

Results and discussion

Table 2 gives a comparison of the separations
obtained in open, wired, and rotated wired columns
with various o and ¢ values. It is seen in this table
that considerable improvement in separation in a
wired column (¥ =0) can be obtained by properly
controlling the strength of the free convection with
the wire spiral inclined so as to reduce the remixing
effect. Further improvement is obtainable in a rotated
wired column if the column tubes are rotated at a
suitable speed to enhance the cascading effect. It
should also be noted that a higher speed of tube rota-
tion ¥, to achieve maximum separation in a rotated
wired column is needed for a larger value of the flow
rate o and a lower value of the wire inclination ¢ .
Further, the maximum separation A, as well as the
improvement in separation /, increases when the
flow rate decreases, but is nearly unchanged with the
wire angle of inclination with a corresponding opti-
mal speed of tube rotation.

Table 3 shows the effect of the feed concentra-
tion, ¢, on the degree of separation obtained in an
open column, Ay, (§=0 and V'=0), and on the
maximum separation in a rotated wired column,
A,...» when ¢ =45°, The degree of separation ob-
tained in both types of columns increases as the feed
concentration approaches the equifraction, ¢, =0.5.
It is also found that ¥, and I, do not depend on the
feed concentration ¢, , while A, and A, do.

Table 4 shows a comparison of the production
rates obtained in rotated wired columns and in open
columns with various degrees of separation, feed
concentrations and wire angles of inclination. It is
found in this table that a higher speed of tube rota-
tion ¥ to achieve maximum production rate o,,,,
is needed if a lower degree of separation ]A] or a
smaller wire angle of inclination is specified. Further,
as the degree of separation decreases, both produc-
tion rates, o, and o,,, , increase, but the improve-
ment in the production rate 7, decreases.

A thermal diffusion column consists essentially
of two parallel surfaces separated by a very narrow
open space. During operation, one surface is heated
and the other cooled, and the thermal diffusion effect
causes the heavy water of a water-isotope mixtures
to diffuse preferentially toward the cold surface. At
the same time, the density gradient which arises be-

cause of the temperature gradient causes smooth
laminar free convection currents to travel up the hot
surface and down the cold surface. Because of the
concentration gradient set up by the thermal diffu-
sion, the convection currents transport heavy water
preferentially toward the bottom; thus, the degrees of
separation, ¢, —cp, for an open column A; and an
optimal wired column A, .. are negative. On the
other hand, in a rotated wired column the rotation-of
the cold tube causes heavy water to be transported
preferentially toward the top, instead of the bottom;
thus, A, is positive.

CONCLUSION

Generalized equations of the performance in ro-
tated wired thermal diffusion columns with trans-
verse sampling streams have been derived. The in-
sertion of a wire spiral in a concentric-tube thermal
diffusion column has two desirable effects. One is a
reduction of the remixing effect due to the free con-
vection. The other is the creation of fluid shear in the
transport direction due to tube rotation. On the other
hand, the rotation of tubes in a wired column to cre-
ate fluid shear, as well as forced convection has two
conflicting effects: a desirable cascading effect and
an undesirable remixing effect. Therefore, properly
adjusting the speed of tube rotation might be neces-
sary to enhance the desirable multistage effect while
suitably controlling the remixing effect, thereby
leading to improved performance.

Equations for the best speed of tube rotation to
achieve the maximum degree of separation and
maximum production rate have been derived. It has
been shown that the cascading effect in a concentric-
tube thermal diffusion column with a wire spiral in-
serted in the annulus can be effectively improved by
rotating the tubes in opposite directions, resulting in
substantially imporved performances. The improve-
ment in the production rate [, is more obvious than
the improvement in the degree of separation /,, as
shown in Tables 2 and 4.

NOMENCLATURE
4, 4,4, system constants defined by Egs. (36)-
(3%
B column width of the parallel-plate col-

umn, or the wire spacing of the wired

concentric-tube column, i.e., B = 2nR, cos ¢
c fractional mass concentration of heavy
water ina H,0 -HDO-D,0 system
fractional mass concentration of H,O ,
HDO ina H,0-HDO-D,0 system
fractional mass concentration of heavy

Cl’ 02

Cp> Cr
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water in the product streams exiting
from the stripping, enriching section
ce pseudo product form of the concentra-
tion as defined in Eq. (6)
fractional mass concentration of heavy
water in the feed stream
D ordinary diffusion coefficient
g gravitational acceleration
H system constant defined by Eqs. (16) and
a7
h height of the concentric-tube column
improvement in the separation defined
by Egs. (48) and (49)
mass flux of heavy water in the x-
Ji_op direction due to thermal , ordinary diffu-
sion
mass flux of heavy water in the z-
direction due to ordinary diffusion
system constant defined in Eqgs. (18)-
KK, QD)
L length of the parallel-plate column,
hsecgd
R outside radius of the inner tube of the
concentric-tube column
inside radius of the outer tube of the
concentric-tube column
absolute temperature
‘temperature of the cold, hot wall
average value of T’
tangential velocity of the rotating tubes
best value of V' to achieve maximum
separation
general velocity distribution of the fluid
in the z-direction
X dimensionless velocity defined in Eq.
(32)
best value of X to achieve maximum
separation
X axis normal to the tube surfaces
z axis parallel to the wire

R

o3

NI N

<
N

opl

Greek symbols

a thermal diffusion constant

B —~(@p/0T)p at T, »

A difference in the concentrations of the
top and bottom products

A’ reduced separation defined in Eq. (35)

A, A obtained in an open column with a
stationary tube

Ao A obtained under the optimal operating

_ conditions
AT T, -1

x/w

viscosity

mass density

mass flow rate

dimensionless flow rate defined in Eq.

(34)

o obtained under the optimal operating

conditions

L) cos’ ¢

best value of @ to achieve maximum

separation

¢ wire angle of inclination from the verti-
cal

Bopt best value of ¢ to achieve maximum
separation

@ one-half the distance between the hot

and cold walls

QA xwI

max

opt
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