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AN ANALYTICAL STUDY ON THE
ENRICHMENT OF HEAVY WATER IN THE
CONTINUOUS THERMAL-DIFFUSION
COLUMN WITH EXTERNAL REFLUXES

Chii-Dong Ho,” Ho-Ming Yeh, and Jia-Jan Guo

Chemical Engineering Department, Tamkang University,
Tamsui, Taipei 251, Taiwan, ROC

ABSTRACT

A new device of inserting an impermeable sheet or a permeable
barrier to divide the thermal-diffusion columns into two
subchannels with external refluxes at the ends, resulting in
substantial improvement of the separation efficiency of heavy
water, has been developed and investigated using orthogonal
expansion technique. The analytical results are represented
graphically and compared with that in a Clusius—Dickel column
of the same size with recycle. Considerable improvement on
enrichment of heavy water is obtained by employing such devices
with an impermeable sheet or a permeable barrier instead of using
the Clusius—Dickel thermal-diffusion column. The effect of sheet
or barrier location on the enhancement of the separation efficiency
of heavy water has also been discussed.
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Thermal diffusion; Water isotopes
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INTRODUCTION

Thermal diffusion is an unconventional process for separating liquid or gas
mixtures that are difficult to separate by using traditional processes such as
distillation or extraction. The well-known separation phenomenon of the
thermogravitational thermal-diffusion column was first introduced by Clusius
and Dickel"?! to make the purification technique used to concentrate highly
desired valuable materials such as isotopes and rare gases, as well as to remove
undesired ones technically and economically feasible. The practical application
with the complete theory of the Clusius—Dickel column was first presented by
Furry et al.>* Recently, the enrichment of heavy water in the Clusius—Dickel
column was investigated both theoretically and experimentally.'> "]

The convective currents, producing a cascading effect analogous to the
multi-stage effect of counter-current extraction, actually create two conflict
effects: the desirable cascading effect and the undesirable effect of remixing with
the diffusion along the column axis and across the column. Thus, the devices for
improving the performance in a relatively large separation are either a
suppression of remixing effect or an enhancement of the cascading effect. Some
improved columns have been proposed in the literature for the device of
considerable improvement in separation efficiency, such as inclined column,®*’
wired Column,[m’] Tinclined moving-wall columns,[]2’13] rotary columns,[m_m
packed columns,"®'"! rotary wired columns,***!"" permeable barrier col-
umns,?>*¥ and impermeable barrier columns.**! The enrichments obtained
from these improved columns are somewhat better than that from the
conventional Clusius—Dickel column.

The introduction of a thin impermeable sheet or permeable barrier®! in the
working space of the column can also effectively increase both the magnitude and
the rate of separation, resulting in two-channel thermal-diffusion columns,
increases of both the magnitude and the rate of separation. The transport
phenomena in such a new device belong to the category of conjugated Graetz
problems with refluxes at both ends. The solutions to these theoretical
formulations are obtained by using the method of separation of variables, where
resulting eigenvalue problem is solved by an orthogonal expansion tech-
nique.m’%’m The aim of this work is to investigate the improvement in the
separation efficiency of heavy water in such two-channel devices by inserting an
impermeable sheet or a permeable barrier. The present study includes the effects
of recycling on mass transfer with reflux ratio and sheet or barrier location as
parameters. The results obtained in this work may also be used with other
conjugated Greatz problems with counter-current flow and with reflux internally
or externally at both ends.
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THEORETICAL FORMULATIONS
The Clusius—Dickel Column

Consider a continuous flat-plate thermogravitational thermal-diffusion
column filled with water isotopes, the permeable barrier is removed as shown in
Fig. 1. The distance between the plates is W. Furry et al.”! have presented an
equation that gives the separation for the column where top and bottom products
withdrawn at the same rate from both ends, with the feed introduced at the center
of the column. Yeh and Yang”' developed the transport equation for the
enrichment of heavy water in batch-type Clusius—Dickel column. For the
continuous operation, the transport equations may be modified from the previous
results are given as follows:

A, = Cy, — Cr = Fe[1 — exp(—d'L'/2)]/ 0 (1)
A, =Ci — Ci = FJ[1 — exp(—d'L' /2)]/0 (2)
D
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Figure 1. Schematic diagram of a continuous-type thermal-diffusion column with a
vertical permeable barrier inserted.
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Summing Eqgs. (1) and (2) gives the degree of separation for the whole
column

AOZCb_Cl:Ae+As:(Fe+FS)[1 _exp(_OJLI/Z)]/OJ 3)
where the dimensionless variables are defined as
L(—H
=7  and I'= L=a) “
(—H) K
The transport constants in the above equations are defined by
aBpgw)’ (AT)’
H=_e"" 7" <0 5
6!uT )
and
202077 2
pg "B W'B(AT)
K=————————"—4+WpDB 6
912D +Wp (©)

while the pseudo-concentration products C.Ce (= Fo = ﬁ Ccf C.C.dC., an

appropriate constant) and CSC’S (=F, = ﬁ f CC: CSC'S dCs, another appropriate
constant) defined in Eq. (7) for enriching and stripping sections, respectively,
were considered as constant in the previous works,'®"! are defined as

R K. 172
ct= C{0.05263 ~ (0.05263 — 0.0135K)C — 0.027{ {1 - (1 - 4q>c] CKeq} }

(N
in which the equilibrium constant K. for the following equilibrium relation
H,0 + D,0 < 2HDO ®)
is
3 HDOJ* _19x1
K ¢, [HDO] 9x19 ©)

“ T C,C; [H0][D,0] " 18 %20

K.y does not vary sensitively within the operating temperature range. For
instance, the values of the equilibrium constant are K.q; = 3.80 and 3.793,
respectively, at 7 = 25 and 30.5°C.**) A graphical representation of CCvs. C
with Keq = 3.80 at 25°C is plotted in Fig. 2. During the derivation of the above
equations, all the physical properties, defined in the Nomenclature, are evaluated
at the reference temperature

T=(T\+T/2 (10)
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Figure 2. The function cCvs. C.

An Improved Column

An impermeable sheet or a permeable barrier with negligible thickness 6
is inserted in parallel into a continuous flat-plate thermal-diffusion column
with thickness (W = W, + W3) to divide the open column into two channels,
channel A (left channel) and channel B (right channel), with thicknesses Wy
and Wpg, respectively. Feeds are introduced from center of the column and the
products are withdrawn from both ends continuously with a variable flow rate
ratio. In the present study, the whole column is separately composed of
enriching and stripping sections and each section is divided into channels by
the impermeable sheet or permeable barrier.
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Temperature Distributions

The heat transfer by conduction only was assumed since the space between
the plates is small. Accordingly, the temperature distribution in the fluid is linear
and the temperature gradient of the fluid in the regions is

AT
1= — (11)
Wa + Wp + kre+k(1—¢)

where k¢ is the thermal conductivity of the fluid, and k, 6, and & are the
thermal conductivity, thickness, and permeability of the barrier, respectively.
During the derivation of Eq. (11), we assumed that the thermal resistance in
the barrier was composed of the resistances of the fluid and the barrier in
parallel. Hence, the temperature gradient of the fluid within the barrier can be
expressed as follows:

hykg

b= ek — o) (12

The Governing Equations for the Degree of Separation

The following assumptions are made in the present analysis:

1. Fully developed laminar flow of the fluid in the regions and neglecting
the influences of ordinary and thermal diffusions, end effects, and inertia
terms on the velocity.

2. Neglect ordinary diffusion in the vertical direction and bulk flow in the
horizontal direction.

3. Concentration changes or the separation is small for the entire column,
the fluxes due to thermal diffusion, aCC’/ T, aCAeéAe / T, and
aCBeC’Be / T may be regarded as constant.

4. Within the barrier, no bulk flow exists and the change of concentration is
small. Thus, a linear relationship of concentration is expressed at ny =
ns = 1. Moreover, due to the internal reflux at the end, the boundary
condition is Cae = Cge = C at { = 1.

The velocity distributions may be written as

Vaema) = ~f1e(ma = M) +/2(ma — ma) +f3e(1 +R)(ma — m3)  (13)

Vee(B) = gie (M8 — 1) — 82¢ (M5 — M) + g3eR(Mp — 13) (14)
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in which
1= Bghi W3 oo = BsW3 2WEAT — by (Wi — W3]
‘ 6 T 4u(W3 + W3) ’
oo = 6W4 o o = Bgh W3,
e ) e )
pB(W% + W%) 6
o = BgW3 [2WAAT + hy (W, — Wi
4p(Wi + W) ’
e = 6Wio
€ ’
pB(Wi + Wi)
Fo 2WAT) 4+ 2WiT, — hy (W4 — W) N
2(W3 + W3) RN
B S -
B WB ) g La K WA/W (15)

A Permeable Barrier Inserted

Consider a flat-plate thermal-diffusion column with a permeable vertical
barrier inserted between the plates, as shown in Fig. 1. The barrier has a
negligible thickness comparable with the distance between the plates. The whole
column is composed of two sections and each section is divided into two regions
by the barrier. Fully developed fluids in both regions are a counter-current
operation with internal reflux at the ends.

Equations of mass balances in dimensionless form may be obtained:*?!

02C WiVae\ 0C
;Ae — ( A Ae) Ae (16)
oMy LD af
02C WiVg.\ 0C
fe — B Y Be Be (17)
ong LD al
The boundary conditions are
—-9C CacCaci W
Ae+a AeLAell] A=O atna =0 (18)

817A DT
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- =0 at =0 19

s DT at mg (19)
_0Che aCpeCachi Wa _ Wa |0Cse aCpeCpehi W

GEIIN DT Wg [ 0B DT

atna = mp =1 (20)

aCAe aCAeéAethA WAS OlCéhng
— = = = - C C

oma | DT D& T Be  Cae

atna = mp = 1 (21
Cre=Cp=C, atf{=1 (22)

where « is the thermal-diffusion constant. During the derivation of the above
equations, all the physical properties were assumed constant and could be
evaluated at the reference temperature. Likewise, the velocity distributions in the
stripping section were obtained with the mass flow rate o and the subscript e
being replaced by — o and s, respectively, in Egs. (13)—(22).

By following similar calculation procedures performed in our previous
works,?? with the eigenvalues (A¢1,Ac2;. .., Aem,...) calculated from the
following equations:

SAe,m _ WAEFBe,m(l) _ _%M (23)
Sgem  WaeFacm(l) + 8F, (1) Wg Fge ,,(1)

Likewise, the eigenvalues (Ag 1, Asp, ..., Agm, . ..) calculated from Eq. (24)
are as follows:

Sasm _ WagFpsm(l) _ WaFia
Sesm  WaeFasm(1) + 6F) (1) W Fg (1)

(24)

The degree of separation for whole column was obtained by solving Egs. (16) and
(17) analytically with the use of Egs. (18)—(22). The expressions of Fac, and
Fgem (or Fasm and Fgg,) are shown in Appendix A. The results of both
enriching and stripping sections are in terms of the eigenvalues (A¢,, and Ag,,),
expansion coefficients (Sacm, SBems Sasm, and Sgs.,), location of permeable
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barrier (k) and eigenfunctions (Facm, FBem; I asm, and Fgs,,) as follows:

A - Ct - Cb
o [SaenFl, (1)
_ LD} [ - Yo }[1 ~ exp(=Aem)] n f(;VAeCAe(TIAv()) dna
(KW)zf(; Ve dna f(; Ve dna
o [SaemFli, (1)
f(: VasmCas(na,0)dna LD}, [ - T }[CXP(’\S””) — 1
f(} Vasdna (KW)zf(; Vasdma
(25)
or
A = Ct - Cb

00 SenFpe (1)
LD}, [ : o } [1 = exp(—=Acn)] N f(:VBeCBe(nBao) dnp
(1 — KW [1 Vg, dug [y Vee dms

o [SesmFly (1)
fol VesmCrs(18,0) dnp LD}, [ : Mo }[eXp(AS-’”) -1
[ Vs dmg (1 — K*W2 [, Vg, dns

(26)

Figure 3 is the graphical representation of the degree of separation (A) for the
whole column.

An Impermeable Sheet Inserted

Similarly, an impermeable sheet is inserted as shown in Fig. 1. Feeds are
introduced at the center of the column and the products are withdrawn from both
ends for each section. The value of inserting the impermeable sheet, which as a
metal sheet, is to produce two open columns side-by-side, the two having equal
heat fluxes and a common temperature at their junction. Since the two sides,
sections A and B, are separated everywhere by a sheet with negligible thermal
resistance, each of the two columns will operate independently, with no mass
exchange, except for the shared temperature gradient. At steady state, the
compositions in each section will therefore depend on the feed composition. The
equations of mass balances in dimensionless form are the same as in Eqgs. (16) and
(17), except that the boundary conditions in Egs. (20) and (21) are replaced by
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Figure 3. The degree of separation of three devices vs. flow rate with reflux ratio as a
parameter; Cy = 0.7, k = 1/2.
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Egs. (27) and (28) are given as follows:

9Cae  aCacCachiWa
— + —
anA T

=0 atma=1 Q27)

0Cpe + aCpeCpeh Wy

=0 atmp=1 (28)
amp

The mathematical treatment is similar to that in the previous section, except the
eigenvalues calculated for each subchannel individually. The degree of
separation (4,,) for whole column with an impermeable sheet inserted was also
obtained in terms of the eigenvalues (Aacm, Aasm; ABem, and Ags ), €Xpansion
coefficients (Sacm, SBem, Sas,m; and Sgs ), location of permeable barrier («) and
eigenfunctions (Facm; FBem, F'asm; and Fgs ) are given as follows:

A,=C—Cy
) SaenFye (1)
B LD}, [A%][l ~ exp(" Asen)l n oV aeCac(na, 0)dna
(KW [y Vac dna JyVacdna
w0 [SasmFy (D)
_ f(; VAs,mCAs(nA7 0) dnA _ LDZ"’:O [ AA:" :| [GXp()\As,m) - 1] (29)
3V acdna (KW [4Vas dna
or
A, =C —Cy
©  [SsemFlyen(D)
_ LDZMZO [ . /\B:,,, :| (- exp(_)\Bevm)] + fol VBeCBe(nB7 O) dnB
(1 — KPW2[ Vg dup Jo Vee dnp
i 0 [SosnFlh (D)
_ j(; VBs,mCBs(nBv 0) dnB - LDZV":O [ /\Af.m :| [CXP()\Asjm) N 1] (30)
f(;VBSdT]B (1= K)2W2f01VBS dng

Figure 3 is the graphical representation of the degree of separation (4,,) for
the whole column.

IMPROVEMENT OF SEPARATION

The improvement of separation, I and I, for such devices by inserting a
permeable barrier and by inserting an impermeable sheet, respectively, at the
optimal condition are best illustrated by calculating the percentage increase in the
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degree of separation, based on the degree of separation of the open column as

A- 4

1 A

€29

and

Am - AO
o o==m =0 (32)
A numerical example for the separation of water isotopes is given as follows.
Some equipment parameters and physical properties of the mixture were
found"! as:

B=10.12cm, g=980cm/sec’, W, + Wg = 0.08cm,
AT =305K, T=230325K, a=—00184, L= l4dcm,
mw=10g/cmsec, K. =38 &=0.02cm,
B=5x10"g/cm’K, &=0378, p=1.0g/cm’,
D=39x%x10"cm?/sec, k;=0.00132cal/cmsecK,

k=3.8%10"%cal/cmsecK

Some results are presented in Tables 1 and 2 for the device by inserting a
permeable barrier and by inserting an impermeable sheet, respectively.

RESULTS AND DISCUSSION
The Degree of Separation in the Devices with External Refluxes

Tables 3 and 4 show some calculation results of the first two eigenvalues
and their associated expansion coefficients, as well as the degree of separation
with k=1/2, o0=1.0g/hr and C; = 0.1, for the devices by inserting a
permeable barrier and by inserting an impermeable sheet, respectively. It was
observed that due to the rapid convergence, only the first negative eigenvalue is
necessary to be considered during the calculation of the degree of separation.
Figure 3 shows, respectively, the degree of separation A and 4,, vs. mass flow
rate for Cy = 0.7 with the reflux ratio as a parameter for k = 1/2 while Figs. 4
and 5 show the degree of separation A and A,, vs. the ratio of channel thickness «
for Cy = 0.7 and C¢ = 0.1 with the reflux ratio as a parameter for o = 1.0 g/hr. It
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Figure 4. Effect of barrier position or sheet position on the degree of separation with
reflux ratio as a parameter; Cy = 0.7, o = 1.0 g/hr.
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Figure 5. Effect of barrier position or sheet position on the degree of separation with
reflux ratio as a parameter; Cy = 0.1, o = 1.0 g/hr.
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is shown in Figs. 3—5 that the maximum degree of separation for both devices by
inserting a permeable barrier and an impermeable sheet is obtained at R = 1.0 for
Cr = 0.7 while the degree of separation for both devices decreases with reflux
ratio for Cy = 0.1 and with k going away from two peaks, say k = 1/4 and
k = 3/4. Although the recycle effect has positive influences on the degree of
separation for the device by inserting a permeable barrier or by inserting an
impermeable sheet, the remixing effect by increasing the reflux ratio cannot
compensate for the decrease of the concentration product, CC, as shown in Fig. 2,
and hence the degree of separation decreases with increasing reflux ratio for
concentration being less than Cy = (.44 or as the feed concentration is larger than
Cy = 0.44 for large reflux ratio, say R > 1 for Cy = 0.7, the improvement of the
degree of separation decreases in the devices with external refluxes. It was also
found in Fig. 5 that for a fixed reflux ratio, the degree of separation decreases
slightly with increasing feed flow rate for both devices with external refluxes.

The improvement of the degree of separation is defined by Eqgs. (31) and
(32), so the higher improvement of performance is really obtained by employing
the device with a permeable barrier inserted, instead of using an impermeable
sheet. It is also seen from Fig. 5 that the difference (A — A,,) of the degree of
separation decreases with reflux ratio. Since the position has much influence on
the separation, the first eigenvalues for the enriching and stripping sections at
various barrier and sheet positions are calculated and presented in Figs. 6 and 7
with R as a parameter for the devices by inserting a permeable barrier and by
inserting an impermeable sheet, respectively.

Improvement in the Degree of Separation in An Improved Column

Figures 3—5 show that the degree of separation of the device by inserting a
permeable barrier is larger than that of the device by inserting an impermeable
sheet. It is found in Figs. 3—5 that all A and A,, increase as k goes away from 1/2,
especially for k > 1/2 while A and A,, increase with decreasing reflux ratio for
Cy = 0.1 or decrease as the reflux ratio goes away from R = 1 for Cy = 0.7,
especially for R > 1. The improvements of the degree of separation, / and 7,,, in
the devices with external refluxes are shown in Tables 1 and 2 with the reflux
ratio and the ratio of thickness «k as parameters for Cy = 0.1 and Cy = 0.7. It is
noted that the improvements of the degree of separation, / and I,,, increase when
Kk goes away from 1/2, especially for k > 1/2.

CONCLUSION

The theoretical study of the separation efficiency for the enrichment of heavy
water in continuous thermal-diffusion columns has been investigated in the present
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Figure 6. First eigenvalues at various barrier positions with reflux ratio as a parameter
for the device with a permeable barrier inserted; o= 1.0 g/hr.
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Figure 7. First eigenvalues at various sheet positions with reflux ratio as a parameter for
the device with an impermeable barrier inserted; o= 1.0 g/hr.
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study. The methods for improving the performance in the degree of separation are
either with external refluxes by inserting a permeable barrier or by inserting an
impermeable sheet with external refluxes. The theoretical values of the degree of
separation for various ratios of thickness and reflux ratio were calculated from Eqgs.
(26) and (30) [or Egs. (27) and (31)] for the devices by inserting a permeable barrier
and by inserting an impermeable sheet, respectively, by using the given transport
coefficients and equilibrium constant. Some graphical representations calculated
from Egs. (26) and (30) [or Egs. (27) and (31)] are given in Figs. 3—5 as well as in
Tables 1 and 2. Considerable improvement of the degree of separation in the devices
by inserting either a permeable barrier or an impermeable sheet is obtained; this is the
value of the present study in designing continuous-type thermal-diffusion columns
with external refluxes. The most important assumption in this work is the pseudo-
product form of the concentration [Eq. (7)] was considered as constant in accordance
with the small degree of separation for the enrichment of water isotopes in a thermal-
diffusion column as well as in other separation devices. The effects of reflux ratio and
ratio of thickness on the degree of separation for the devices by inserting a permeable
barrier and by inserting an impermeable sheet are illustrated in Tables 1 and 2,
respectively. The feed concentration and feed rate are also the parameters of the
analytical calculations, as shown in Fig. 3 and Tables 1 and 2.

The design of recycle devices with a permeable barrier or an impermeable
sheet inserted will produce two conflicting effects on the convective flow: the
desirable cascading effect and the undesirable remixing effect, and hence the
analytical method could easily predict and adjust some operating parameters on
the degree of separation. The suitable adjustment of the ratio of channel thickness
by inserting a permeable barrier or an impermeable sheet can effectively restrain
the undesirable remixing effect and conserve the desirable cascading effect, and
hence thereby lead to improved separation. This is the value of the present study.
It is concluded that suitable adjustment of the ratio of thickness, k, can effectively
enhance the degree of separation for water isotopes in a continuous-type thermal-
diffusion column under recycle-effect devices by inserting a permeable barrier
and by inserting an impermeable sheet with k going away from 1/2, especially for
k> 1/2.

APPENDIX A

Frem(ma) =Y duwimly, dmo = 1(selected), dyy =0 (A1)
n=0

Fem(n) =Y ey, eno = 1 (selected), €, =0 (A2)

n=0
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in which
A W2 A W2
dw =0, d;z= A h = A
2 ) 3= LD ai, 4 LD az,
W3R
m5 — 3
20LD
A W3
Ann2) = m [a1dmin-1) + a2dypn—2)
(A3)
+ a3dm(n—3)]a n=4
A W3 W3
m2 = 07 m3 = b 5 m4d — )
ém2 e =6 7V " T 121p
A W3
ms = —b )
ms = 50D
A W2
Cmn+2) = m [b1enn—1) + bremmn—2)
+ b3em(n—3)]7 n=4 (A4)

where a; = —fi1e —foe + (1 + R)f3e, a2 =f2. — (1 + R)f3e, a3 =f1e, b1 =
8le+ 8¢ +Rg3e, b2 = —g2e — Rg3e, and b3 = —g.. Likewise, the eigen-
functions F s, and F'gs ,, in the stripping section were obtained with the subscript
e being replaced by s in Egs. (A1)—(A4).

NOMENCLATURE
B column width (cm)
C fraction concentration of D,O in H,O—HDO-D,O system (—)
D ordinary diffusion coefficient (cmz/sec)
dun coefficient in the eigenfuction F,, for region A (-)
Cmn coefficient in the eigenfuction F,, for region B (—)

F, eigenfuction associated with eigenvalue A, (—)
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cC
F87 FS

f17f2’f3
Gy

8

81, 82, 83
H

I, Im
Jx
K
Keq

k, ke

ﬂl’ﬂusc/l %?

Tl’ T2
AT

Vv

w

X

Z

Greek symbols
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pseudo-product form of concentration for D,O defined by Eq.
M ) )

appropriate values of CC in enriching section, in stripping
section (—)

constants defined in the velocity distribution of region A ()
function defined during the use of orthogonal expansion
method (-)

gravitational acceleration (cm/sec?)

constants defined in the velocity distribution of region B (-)
transport coefficient defined by Eq. (5) (g/sec)

improvement of the degree of separation defined by Egs. (31)
and (32) (-)

mass flux of component 1 in the x direction (g/cm? sec)
transport coefficient defined by Eq. (6) (g/sec cm)
mass-fraction equilibrium constant of H,O-HDO-D,0
system (—)

thermal conductivity of the barrier and the fluid, respectively
(cal/cm sec K)

one-half of column length (cm)

dimensionless coordinate defined by Eq. (4) (-)

ratio of expansion coefficients associated with eigenvalue A, (—)
reflux ratio at both ends of the column (-)

expansion coefficient associated with eigenvalue A, (—)
reference temperature evaluated by Eq. (10) (K)

reference temperature evaluated by Eq. (15) (K)

temperatures of the cold and hot plates, respectively (K)
difference in temperature of hot and cold surfaces (K)
velocity distribution of fluid in the vertical direction (cm/sec)
thickness of the region (cm)

coordinate in the horizontal direction (cm)

coordinate in the vertical direction (cm)

thermal-diffusion constant for D,O in H,O-HDO-D,O
system (—)

apldT evaluated at reference temperature (g/cm’ K)

degree of separation, Cg — Ct (—)

Cg — Cp, Cg — C1 (—)

thickness of the barrier (cm)

permeability of the barrier (—)

dimensionless coordinate in the vertical direction, defined by

Eq. (15) (-)
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dimensionless coordinate in the horizontal direction, defined
by Eq. (15) () )

constant defined by aC(1 — C)/T

eigenvalue (-)

viscosity of fluid (g/cm sec)

density of fluid (g/cm?)

mass flow rate of top or bottom product (g/hr)

dimensionless mass flow rate defined by Eq. (4) (-)

3

LI®E >

Subscripts

in the channel A

in the channel B

at end of the enriching section
in the enriching section

of feed stream

C at end of stripping section
in the stripping section

w - .o oW

ACKNOWLEDGMENTS

The authors thank the National Science Council of the Republic of China
for the financial support.

REFERENCES

1. Clusius, K.; Dickel, G. Neues Verfahren zur Gasentmischung und
Isotopentrennuug. Naturwissenschaften 1938, 26, 546—552.

2. Clusius, K.; Dickel, G. Grundlagen eines neuen Verfahrenz zur
Gasentmischung und Isotopentrennung durch Thermodiffusion. Z. Phys.
Chem. 1939, B44, 397-450.

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. Yeh, HM.; Yang, S.C. The Enrichment of Heavy Water in a Batch-Type
Thermal Diffusion Column for Whole Range of Concentration. Chem. Eng.
Sci. 1984, 39, 1277-1282.

6. Yeh, HM.; Yang, S.C. The Enrichment of Heavy Water in a Continuous
Flow Thermal Diffusion Column. Sep. Sci. Technol. 1985, 20, 101-114.



10: 29 25 January 2011

Downl oaded At:

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

3152

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016
™

HO, YEH, AND GUO

Yeh, H.M. Enrichment of Heavy Water by Thermal Diffusion. Chem. Eng.
Commun. 1998, 167, 167—179.

Power, J.E.; Wilke, C.R. Separation of Liquid by Thermal Diffusion
Column. AIChE J. 1957, 3, 213-222.

Chueh, P.L.; Yeh, H.M. Thermal Diffusion in a Flat-Plate Column Inclined
for Improved Performance. AIChE J. 1967, 13, 37-41.

Washall, T.A.; Molpolder, F.W. Improving the Separation Efficiency of
Liquid Thermal Diffusion Columns. IEC Proc. Dec. Dev. 1962, 1, 26-28.
Yeh, HM.; Ward, H.C. The Improvement in Separation of Concentric Tube
Thermal Diffusion Columns. Chem. Eng. Sci. 1971, 26, 937-947.
Ramser, J.H. Theory of Thermal Diffusion Under Linear Fluid Shear. Ind.
Eng. Chem. 1957, 49, 155-158.

Yeh, H.M.; Tsai, C.S. The Improvement in Separation of Continuous-Type
Thermal Diffusion Columns with Walls Set in Parallel Opposite Motion.
Chem. Eng. Sci. 1972, 27, 2065-2071.

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.

Yeh, HM.; Chen, S.M. A Study on the Separation Efficiency of Rotary
Thermal Diffusion Columns. Chem. Eng. Sci. 1973, 28, 1083—-1088.
Yeh, HM.; Tsai, S.W. Improvement in Separation of Concentric-Tube
Thermal Diffusion Columns with Viscous Heat Generation Under
Consideration of the Curvature Effect. Sep. Sci. Technol. 1981, 16, 63—-73.
Yeh, H.M.; Tsai, S.W. Separation Efficiency of Rotary Thermal Diffusion
Columns with Inner Tube Cooled and Outer Tube Heated. Sep. Sci.
Technol. 1982, 17, 1075-1083.

Lorenz, M.; Emery, A.H., Jr. The Packed Thermal Diffusion Column.
Chem. Eng. Sci. 1959, /1, 16-23.

Yeh, HM.; Chu, T.Y. A Study of the Separation Efficiency of Continuous-
Type Packed Thermal Diffusion Columns. Chem. Eng. Sci. 1974, 29,
1421-1425.

Yeh, HM.; Ho, F.K. A Study of the Separation Efficiency of Wired
Thermal Diffusion Columns with Tubes Rotated in Opposite Directions.
Chem. Eng. Sci. 1975, 30, 1381-1385.

Yeh, HM.; Tsai, CW. A Study of the Separation Efficiency of Rotated
Concentric-Tube Thermal Diffusion Columns with Helical Plane Inserted
as a Spacer in the Annulus. J. Chem. Eng. Jpn 1981, /4, 90-97.

Yeh, H.M.; Tsai, C.W.; Lin, C.S. A Study of the Separation Efficiency in
Thermal Diffusion Columns with a Permeable Vertical Barrier. AIChE J.
1986, 32, 971-980.

Yeh, H.M.; Tsai, C.W.; Chen, W.H. Improvement of Separation Efficiency
in the Continuous-Type Horizontal Thermal-Diffusion Columns with



10: 29 25 January 2011

Downl oaded At:

™
©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

ﬂ MARCEL DEKKER, INC. ¢ 270 MADISON AVENUE « NEW YORK, NY 10016

ORTHOGONAL EXPANSION TECHNIQUE 3153

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Permeable Barriers Between the Plates. Can. J. Chem. Eng. 1986, 64,
687-694.

Tsai, C.W.; Yeh, HM. A Study of the Separation Efficiency of the
Continuous Thermal Diffusion Column with an Impermeable Barrier
Between Plates. J. Chem. Eng. Jpn 1986, 79, 548-553.

Treacy, J.C.; Rich, R.E. Barrier System in Thermal Diffusion Columns. Ind.
Eng. Chem. 1955, 47, 47-52.

Singh, S.N. The Determination of Eigen-Functions of a Certain Sturm—
Liouville Equation and Its Application to Problems of Heat-Transfer. Appl.
Sci. Res., Sect. A 1958, 32, 237-250.

Brown, G.M. Heat or Mass Transfer in a fluid in Laminar Flow in a Circular
or Flat Conduit. AIChE J. 1960, 6, 179—183.

Nunge, R.J.; Gill, W.N. An Analytical Study of Laminar Counterflow
Double-Pipe Heat Exchangers. AIChE J. 1966, /2, 279—-289.

Nunge, R.J.; Porta, E.-W.; Gill, W.N. Axial Conduction in the Fluid Streams
of Multistream Heat Exchangers. Chem. Eng. Prog. Symp. Ser. 1967, 63
(77), 80-91.

Tsai, S.W.; Yeh, H.M. A Study of the Separation Efficiency in Horizontal
Thermal Diffusion Columns with External Refluxes. Can. J. Chem. Eng.
1985, 63, 406—-411.

Yeh, HM.; Tsai, S.W.; Cheng, T.W. A Study of the Graetz Problem in
Concentric-Tube Continuous-Contact Countercurrent Separation Processes
with Recycles at Both Ends. Sep. Sci. Technol. 1986, 27, 403-419.
Ebadian, M.A.; Zhang, H.Y. An Exact Solution of Extended Graetz
Problem with Axial Heat Conduction. Int. J. Heat Mass Transfer 1989, 32,
1709-1717.

Standen, A. Encyclopedia of Chemical Technology, 3rd Ed.; Wiley: New
York, 1978; Vol. 7, 549.

Received August 2001



