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In Isotope Separation Laboratory at Nagoya University, we have been studying water distillation
and thermal diffusion for hydrogen isotope separation. The present paper describes some recent
developments of the separative analyses on these technologies.

1 Introduction

The technology of hydrogen isotope sepa-
ration is a most essential field for fusion en-
ergy, and successful operations of a fusion
reactor cannnot be realized without an es-
tablishment of its fuel cycle. Among various
methods of hydrogen isotope separation, wa-
ter distillation (WD) and thermal diffusion
(TD) have been studied analytically and ex-
perimentally in Isotope Separation Labora-
tory at Nagoya University.

Water distillation is attractive in spite of
its small separation factor because the pro-
cess has inherent advantages such as sim-
plicity of apparatus and its operation, safety
due to absence of explosive or corrosive
gasses, and large flow rate. Water distil-
lation is, therefore, quite promising for the
de-tritiation of drainage from a nuclear fuel
reprocessing plant and for the volume reduc-
tion of tritiated water from the cooling and
safety systems of a nuclear fusion reactor. In
ITER, a combination of WD and vapor phase
catalytic exchange columns is applied for the
separation process of hydrogen isotopes.

Gas-phase TD column is a convenient way
of separation on a small scale hydrogen iso-

tope separation. In view of its simplic-
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ity of apparatus, the small inventory inher-
ent In gas phase operation and a relatively
large separation factor, especially when en-
hanced by “cryogenic-wall” (CW) [1], [2], the
method is applicable to tritium handling sys-
tems, such as the tritium purification process
in fusion nuclear fuel cycle.

The purpose of the present paper is to
summarize some recent developments of the
separative analyses on WD and TD.

2 Water Distillation

A packed column will be used in a practi-
cal plant of WD for tritium isotope separa-
tion. Separative performances of the-packed
distillation column are affected by many pa-
rameters such as (1) structure and dimen-
sion of the column, (2) pressure and temper-
ature within the column, (3) flow rates of
vapor and liquid, (4) physical properties of
vapor and liquid, (5) dimension and mate-
rial of packings, and (6) packing condition.
The dependences on these parameters, how-
ever, have not sufficiently been studied for
separative performances of the column.

In order to estimate effects of the param-
eters above, we have developed “Channel-

ing Stage Model”. This model requires “Va-



por/Liquid Passing Coeflicients”. They are
defined as the rates for vapor and liquid not
taking part in the reaction of vapor-liquid
exchange at virtual stages, which are set in

the column for calculation.

2.1 Vapor/Liquid Passing Coefficients
Estimated Through Concentration

Profiles in a Vertical Circular Tube

Complex fluid paths in the packed dis-
tillation column are simplified an assembly
of many short vertical circular tubes. “Va-
por/Liquid Passing Coefficients” are esti-
mated through concentration profile of HTO
in a circular tube obtained by numerical cal-
culation for HTO-H,0 binary system. In
this section, the symbols A and B refer to
HTO and H,O, respectively.

Figure 1 shows a longitudinal section of
a circular fluid path. Liquid flows down
along the inner wall of the tube forming
an uniform thin film and contacts its va-
por countercurrently. FEach component is
transferred through vapor-liquid interface by
vapor-liquid exchange reaction and then dif-
fuses from the interface to the both phases
owing to concentration gradient.

The equation of continuity which describes

HTO mass transfer is
0==V-{psv+77} +ra, (1)

where p,4 is a mass density of A, v is a mass

average velocity, jEf)

is a mass flux of A
due to concentration gradient, and r4 is the
prodﬁction rate of A which describes HTO
transfer through the vapor-liquid interface.
A r-directional distribution of v, 1s ob-
tained by analytical calculation under the
following assumptions. (a) The flow field is
independent of time and axisymmetric (so
that the cylindrical coordinates are used).
(b) The entrance and exit disturbances are
ignored. (c) The fluids are Newtonian and
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Figure 1: Longitudial section of a circular

fluid path.

incompressible. (d) The flow is laminar with
straight streamlines parallel to z-axis. (e)
There 1s no slip at vapor-liquid and liquid-
(f) Vapor and liquid flow
rates are equal to each other.

The mass flux jg)

solid interfaces.

1s expressed as

-(z) c? .
Jy =- ; N[AI‘VIBDABVIA, (2)

where ¢ is a molar density of the mixture,

p 1s a mass density of the mixture, M is a
molecular weight, D45 is a diffusion coeffi-
cient of the binary system, and z, is a mole
fraction of A. The source term r4 can be
written as

1 [H,0],

= M kA
ra = MakeA3 {ao [H,0],

(5O}, - (7O, |
(3)
where k, is a reaction rate constant, AS is a
contacting area of vapor and liquid, ap is an
equilibrium separation factor, and subscripts

v, [ indicate vapor and liquid, respectively.
HTO concentration profile in the circular
tube is solved by use of the Newton iterative
solution of the finite difference expression of
Eq.(1) with HTO mole fraction in the va-
por phase y4 and in the liquid phase z4 as
variables. This calculation is performed with
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Figure 2: HTO mole fraction profile in the

vapor phase.

boundary conditions y4 = T4 at z = 0 and
T4 =74 at z = H, where overlines indicate
the value avaraged for r-direction. Figure
2 shows an example of calculational results
of HTO mole fraction profile for the vapor
phase.

The rate of HTO transfer through the in-
terface is assumed to be proportional to the
volum of fluids which take part in the vapor-
liquid exchange reaction. The vapor passing
coeflicitent is, then, expressed as

vin _ vaut
N il ol 4
ey v:‘n _ ’U;q" ( )
. p . =R
R v 27r/0 r-vz(r)dr,  (5)

&R p
gt = o [T (e ndr, (6)

M

where v4 is a mole flow rate of A, and su-

p ~R
vy = —yi- 27r/0 r-v(r)dr, (7)

perscripts in, out, eq indicate inflow, outflow
and equilibrium state, respectively.

Liquid passing coefficient ey, is also calcu-
lated by the same manner as ey. It becomes
equal to ey under the assumptions in this
study.

Figure 3 shows vapor/liquid passing coeffi-
cients calculated for 1.0 cm-height tube with
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Figure 3: Vapor/liquid passing coeficients.

various radii (R, = 0.15, 0.3, 0.5 cm). As in
Fig.3, passing coefficients increase with va-
por flow rate V' and approach unity asymp-
totically. It i1s also shown in Fig.3 that pass-
ing coeflicients increase with the radius R,,.

2.2 Separative Analyses of Packed
Distillation Column by “Channel-
ing Stage Model”

Separative analyses of a 1.6 cm-inner di-
ameter, 100 cm-height packed column are
performed by the “Channeling Stage Model”
for H;O-HTO binary distillation at total re-
flux conditions. The results in the previous
section are used for the “Vapor/Liquid Pass-
ing Coeflicients”. The height adopted for a
channeling stage in the present study is 1 cm
and the total number of channeling stages is
100.

Table 1 summarizes the basic equations of
the model which are conservations of mate-
rial and heat, and phase equilibrium rela-
tions. A HTO mole fraction profile in the
column is obtained by solving simultaneously
all the nonlinear equations in Table 1, with
the LU factorization technique and a succes-
sive 1teration procedure.

A total separation factor ar of the column
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Table 1: Basic equations of the

“Channeling Stage Model”

Total mass balance equation of the j-th stage

N=7 k- 7-1 k-1
l—e ZH Vign + l—e Z e m—(Vi+L;)=0 (8)
k=1 n=1 k=1 m=1
The i-th component mass balance equation of the j-th stage
N—jk-1 j—l k-1
(1-e) Y TT elrnvigen+ (1—ef efombijom = (vij +1ij) =0 (9)
k=1 n=1 k=l m=1
Heat balance equation of the j-th stage
N—=j k-1 -1 k-1
1—6 ZHEHH ianHjpn + l—e ZHe]m]m - (V;H; + Ljh;) =0 (10)
k=1 n=1 k=1m=1

Stoichiometric equation of the j-th stage

ZA,] (11)

Nzii=1

Equilibrium equation of the i-th component j-th stage

yij = Kijzi; (12)

is defined by liquid HTO mole fraction at the
bottom and vapor HTO mole fraction at the
top as

-Tbottom/(l - Ibottom)
ymp/(l - ywp)

ar =

(13)

Because an equilibrium separation factor aq
of water distillation is expressed in terms of
the vapor pressure p of H,O and T,0 by

1/2

b}

@ = (pH,0/PT,0) (14)

the HETP value and the number of theoret-
ical plates n are calculated in the following
manner :

1, (15)

HETP = H,/n, (16)

where H, is a height of packed section of
the column. Vapor pressure ratio in Eq.(14)
obtained by Jones [3] is expressed in terms
of temperature T [K] :

(17)
The equilibrium separation factor at 100 °C
is 1.0281. '

= (In C.IT/ Inag) —

103.87

+ 46.480
T

T2

(pHQO/pTzo) = exp (_
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Figure 4: Total separation factor of the 1.6

0.01

cm-inner diameter, 100 cm-long packed col-
umn at total reflux conditions.

Figure 4 shows total separation factor of
the column calculated for various radii of the
circular tube (R, = 0.15, 0.3, 0.5 cm). Asin
Fig.4, total separation factor decreases with
increasing vapor flow rate and approaches

unity asymptotically. Figure 5 shows the
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Figure 5: HETP values of the 1.6 cm-inner
diameter, 100 cm-long packed column at to-

tal reflux conditions.

HETP values of the column by Egs.(13),
(16). As in Fig.5, the HETP values increase
- with vapor flow rate. It is also shown in Fig.5
that the HETP value increases with the ra-
dius of the circular tube R,,.

3 Cryogenic-Wall Thermal

Diffusion

We developed a rigorous 2-dimensional 2-
component separative analysis [4], [5], [6], for
two cases [a] a mixture of isotopes with large
masses and resultant relatively-small mass
difference, or [b] for a mixture, one of which
constituents is predominant even when oth-
ers are enriched. However, this analysis of
the CW-TD assumes that isotope separation
causes negligible changes in the gas prop-
erties such as the density: the convection
flows are first calculated on the basis of ther-
mal convection of a homogeneous gas, and
then the separation effects are deduced from
the flow, temperature and density distribu-
tion. This approach cannot deal with hy-
drogen isotope separation because the den-

sity changes due to composition differences
are no longer negligible compared to those
due to thermal expansion. Hence, we have
been developing a system of separative anal-
ysls which can meet separation of multi-
component hydrogen isotope molecules(H,,
HD, D,, HT, DT, T;) in the CW-TD col-

umn.

3.1 Simultaneous Solution of Flow
and Concentration Fields for
2-Component Isotope Separation

The simultaneous equations (7] describing
the flow field and concentration profiles were
solved (8] simultaneously using the Newton
iterative solution of finite difference expres-
sion of equations of change with 5 variables
— density p, mole fraction of the 1-st com-
ponent z, radial velocity u, axial velocity v
and temperature T' —. This numerical pro-
cedure enables us to analyze separation phe-
nomena where the degree of separation is so
large that values of physical properties (vis-
cosity, thermal conductivity etc.) of the mix-
ture depend on the location within the col-

umn.
Because of the dependence of thermal con-
ductivity k., temperature of surface of hot-
wire 1s not constant. Hence, boundary con-
dition on the hot-wire is not a constant tem-
perature but a constant radial heat flux ¢.

aT

qr = —kmiz 5 = Const. (18)

hot-wire

Basic equation for concentration profile
analysis are the convection-diffusion equa-
tion (7], which require thermal diffusion fac-
tor af?). Monchick et al.
expression [9] of a,(f-) (MSM formula) for in-
elastic molecules such as hydrogen molecules.
The MSM formula requires experimental val-

ues such as rotational relaxation times, how-

have derived an

ever experimental values of the properties for
hydrogen isotopes are not available. Hence,
the MSM formula was approximated [10] so
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Figure 6: Profiles of hot-wire temperature
and comparison of mole fraction between an-
alytical and experimental data (g, = 4.8645
W/cm?)

as to be “roughly estimated” even when in-
put data for the formula are not available.
Application of the MSM formula could have
reduced discrepancies between experimental
and analytical results of separation of TD
column for H,-HT (tracer level) [11] although
the estimates of the formula and the inelastic
collision integral ratios were rough.

For convenience of calculation, the tem-
perature dependences of the rough estimate

of thermal diffusion factors have been fitted
[12] to exponential and inverse-power func-

tions for all pairs of af;:o.o and ag:o'o. Fit-
ting of afj:o’o between H, and Dj(tracer),
for example,

7= = 0.90145 x 107}

+0.9626 x 10737 — 0.6051 x 10737
—exp (—0.7713 —0.2862 x 107}T

+0.7988 x107*T* - 1.5999 x1077T%) (19)

Moreover, composition dependences of ther-
mal diffusion factor have been approximated

to
a(z) =z,

: =
L]

0.0 i~0. ;
O5 vzl (20

¥

(C'oncentration distributions of H, and Dy
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Figure 7: Mass flow vectors in top, center

and bottom of TD column with dead space
at the top

in the CW-TD column with a hot-wire of
low temperature, such that isotopic exchange
does not occur, were analyzed and compared
[13] with experimental data [14]. Axial pro-
files of hot-wire temperature and mole frac-
tion are shown in Fig.6, and mass flow vec-

tors in Fig.7.

3.2 3-Component Concentration Pro-
file Analysis

Explicit Approximation of Ther-
mal Diffusion Factor for Isotopic 3-
Component Mixture Three component
concentration profiles are obtained through
solution of 3-component diffusion equations,
which require diffusion coeflicients (D;;) and
thermal diffusion coefficients (DY) for a 3-
component mixture. In a binary mixture,
the diffusion coefficient is given experimen-
tallv and theoretically and the thermal dif-
fusion coefficient is obtained from the binary
diffusion coefficient and the binary thermal

diffusion factor ('ag-)) [13], {16]:
(2)

2 .
D‘TZ —%(\’[“ZVIJDS;))I,'IJ‘QJ'" . (2’1')

In the case where molecules collide elasti-
callv. the thermal diffusion factor for a bi-
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nary isotopic mixture was obtained by Chap-
man and Cowling (CC formula) [15]

0 _ Mi— M; 15(24* + 5)(6C* - 5)
ST M + M, 2A*(16A% — 12B* + 53)
(22)

where A*, B*, C* are collision integral ratios

which are given as functions of temperature.

In a 3-component mixture, an explicit ex-
pression [16] of diffusion coefficient (D,(Js)) is
given:

Tk (( V[k/ﬂ/f D D( ))

z,-DJ(z) +z,D( )+sz( 2

(23)
Rigorously, Dfs in a v-component mixture
are solutions of a set of 2v-simultaneous
equations whose coeflicients are given in
terms of binary diffusion coefficients and
collision integral ratios [16]. These equa-
tions are complicated to deal with, and no
explicit expression in terms of the binary
thermal diffusion coefficients has been vet
demonstrated. Being equivalent to Eq.(21)
in binary mixture, D7) can be expressed
in terms of diffusion coefficients and ther-
mal diffusion factors in v- component MmiX-
ture. {17]

G _ p®@
D;; = D;;

——M S MDY S alzize (24)
J#E k#;

Thermal diffusion factor a(T"j-)k is obtained
from a set of equations in terms of the matrix
of thermal diffusion coefficients [17]. The iso-
tope approximation of the 3-component ther-
mal diffusion factor (af?)(I.A.)) was proved
to be equal to the a.ppro'drna.tion of binary
thermal diffusion factor(a;; (®(1.4.)) [13]. that
is,

P (r.A)
Mi - M;  15(24% + 5)(6C* = 5)
M; + M; 2A~(16A* — 12B~ + 53)
= o{(1.4) (25)

From Egs.(24) and (25), we can obtain
thermal diffusion coefficients in 3-component

mixture.

Fe d’ (cm®/min)
——0.15

QO

0.1

0.05

Figure 8: Analytical and experimental

data of separation factor and separa-
tive power of *®Ar (F = 50 cm®/min).

¢ =[Bla—1)InB~(8-1)lnal/(af -1).

Although there is a formal expression in
matrix form for the multi-component ther-
mal diffusion coefficient of molecules suffer-
ring inelastic collision [19], almost all ele-
ments of the matrix cannot be evaluated
without knowledge of the inelastic collision.
Hence, we assumed that the thermal dif-
fusion factor for multi-component inelas-

tic molecules can be defined with Eq.(24)

{v)

a,nd those a;;’s are approximately equal to

. In order to apply Eq.(20) to a multi-
component mixture, Eq.(20) is modified to
(18].

(.,) Zi az,:o.o Z; ;0.0 (26)

l_] 21 +z] t] 21 + j t)

3-Component Concentration Profile
Analysis for Separation of Argon Iso-
topes  As the second step, 3-component
concentration distributions were analyzed(—
not simultaneously—) with flow wvectors,
temperature and density profiles as inputs
[20]. Analytical results were compared with
experimental data of 3-component natural
abundance argon 36-33-40 1sotopes sepa-
rated in a 950 mm-height, inner 15 mmo
tube column with a 0.3 mmo hot wire in
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Figure 9: Analytical and experimental data
of separation factor and separative power of

¥BAr (F = 50 cm®/min)

the axis. This analytical system could ex-
plain experimental data (Fig.8~Fig.9) quan-
titatively {20].

3.3 Simulations Solution of Flow
and Concentration Fields for
3-component Hydrogen Isotope

Separation

Three-component isotope separation has
been analyzed by a newly developed code
which solves simultaneously a set of equa-
tions governing flow fields and concentra-
tion profiles. This code incorporates the iso-
tope exchange reaction [21] on the hot-wire.
Thus, we can analyze 3-component hydrogen
isotope separation in the case where the de-
gree of separation is very large and that the
third component is generated on the surface

of the hot-wire.

When the feed gas is composed of H; and
D,, HD is generated by the isotope exchange
reaction

H, + Dy = 2HD (27)
o _ kg [HD}? .
M= ~mmy &

——=-k =100 —-— k =107
-------- ke=10°  —— K, =10"010"5

Mole Fraction [-)

Figure 10: Effect of £, on axial concentration
profiles in TD column

where K (T') is equilibrium constant, k; is

the forward reaction rate and %, is the back-
ward rate. When the hot-wire surface func-
tions as a catalyst, the rates of formation
and disappearance of HD, H, and D; are ex-
pressed as

d[gtD] - 2k,{K(T)[H2][D2] _ Q[HD]z} AS(29)
d[ftz] = —k.{ K (T)[Ho][D2] — (HD]*} A5,(30)
d(D

dtz] _ kr{ K(T)[Hz)(Ds} - [HDJ*} A5,(31)

where AS is the surface area of the hot-
wire. A temperature dependence of K(T)
is available but the values of k£, and k; are
unknown, so the value of k, is varied from
10° to 10*° cm/mol-s parametrically (Fig.10)

[21].
The analytical results explain well the ex-
perimental data of H,-HD-D,

separation(Fig.11) [22].

3.4 Simulations Solution of Flow and
Concentration Fields for Higher

Component Hydrogen Isotope

Separation

For separative analysis of v-component
(v

isotope mixture, D’ is required. In
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Figure 11: Analytical and Experimental

data of axial concentration profiles in TD col-
umn (k, = 107 cm/mols)

(v)
i
component mixture is given by Hirschfelder

a v-component mixture(v>3), D, in v-
et al. in a form [16] of a ratio of determinants
whose elements are in terms of the binary
diffusion coefficients (Df]z)) The explicit ex-
pression [16] of DS) in Eq.(23) is given only
in a 3-component mixture.

Thereupon, diffusion coefficients in 4-

component mixture Df;-‘) were expressed (24]
explicitly in terms of binary diffusion coefh-
cients and mole fractions by solving the ratio

of determinants. Explicit expressions of Df;-‘)
were divided into two terms:

(4)
A
D{;) = D12 [l - ;2], (32)

where Ag) is a term due to the i-j pairs of
attention and BM™ a term common to all the
pairs out of the 4 components. So that the
form of the explicit expression had extended
structures similar to corresponding those of
Df?) respectively, the terms are obtained in
terms of binary diffusion coefficients. In ad-
dition, by similar procedure, the explicit ex-
pressions {25], [26] of D‘(v?) and fo) were ob-

tained.
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Figure 12: Axial distributions of profiles of
mole fractions of 3-component hydrogen iso-
tope mixture in CW-TD

With the expression of D,(;), separa-
tive performances [27] of CW-TD for 5-
component hyvdrogen isotope (HD, D,, HT,
DT, T;) mixture were analyzed by solving
simultaneous equations governing flow field
and concentration profiles. In the analysis,
abundances of HD and HT were assumed
to be tracer level so that generation of H,
caused by isotope exchange reaction were
negligible. An example of analvtical results
is shown in Fig.12. This code is expected to
enable us to design CW-TD columns for tri-

tium recovery system.
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