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Computer-Aided Simulation Model for Hydrcgen Isotope

Separating Column by Cryogenic Distillation
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This:paper complements and extends the previously reported
works by the same author on the mathematical simulation model
for hydrogen isotope separating cclumn by cryogenic distillation.

The convergence features of the proposed mathematical
simulation procedure are investigated in detail and several
significant estimation methods for initial values cof a set of
temperatures and phase flows are developed for ensurance of high
effliclency of the i1terative calculation as well as achievement of
convergence.

Discussions are made on the effects of decay heat of tritium
and ncnideality of the hydrogen isotope solutions on steady state

column performance.

KEYWORDS : Isotope Separation, Hydrogen lIsotopes, Cryogenic
Distillation, Mathematical Model, Convergence,

Decay Heat, Tritium, Nonideallity, Column Performance
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1l. Introducticn

The estimated fuel ( equimolar mixture of deuterium and 4ritium )
burnup rate during & typical fueling cycle for presently-conceived
tokamak-type fusion reactors is of the order of a few percent of
the injected species. Hence, i1t is essential that the spent fuel
mixture be recycled. . However, the contaminants produced in the
plasma chamber ( He, H, C, N, O, Ar, etc. ) must be removed from

the mixture before the fuel can be reinjected. After removal of the

~high molecular welght atoms and He, the hydrogen isotopes ( Hg, HD,

HT,-DE, DT ang T2 ) is separated into reinjectable forms. The
malinstream fuel ecirculation system is illustrated in Fig. 1.

Although there are a number of separation methods which could
be applicable, cryogenic distillation appears to be most promising

and attractive. The regquired purity or compositicn of‘the output
streams from the hydrogen isotope separation process shows that a
rather complex separaticn scheme invclving several distillation
columné, arranged 1in cascade, would beé needed.

As the first step of research and development related to this
broéess;:investigation cf the number of columns needed and the
pertinent caécade configuration which mest the separation require-
ments_under the assumed input specifications, is of vital impcortance.
This inveéfigation has been made by several workersgl)~(3) Among
the proposals made by these workers; the column cascade developed by

Sherman et al.(g)_seems most promising because of no feedback stream

cand its -high separating performance. The configuration of this

cryogenic distillation column cascade 1s shown in Fig. 2. The cascade

is composed of the four-interlinked columns and the catalytic
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equilibrators for promoting HT + D2 = HD + DT. The 50-50 D-T

mixture containing 1 % H is continuously fed to Column(l).

The deuterium gas stream of the NBI ( Neutral Beam InjJector )

recycle containing:H and T-ig -mixed with the top product :from

Column({l). The twe streams are separated.into:four product streams
an essentially tritium-free stream of-HéhHD ;- a high-purity stream

of D, for the neutral beam injection ; a basically protium-free

2
stream of D-T, for.refueling ; and a highepurityistream’ofﬁTé for-
refueling. The. raw-deuterium gas of the NBI recycle in sufficient
flow rate.allows the percentage of HT in the feed stream to-Column{2)
to be decreased-.by almos&@two:orders“of-magnitude,4and.this ensurés
both.the sufificiently -low tritium concentration in—thetHz—HD waste
gas and the high-purity of the D, stream. ~If the flow rdte of the
neutral. beam recycle 1§ considerably small, 4t is mixed with the
main stream D-T mEXtﬁfé‘féﬁ'fo“COlumﬂ(i); and a Cértaiﬁ'ﬁércéntage
of the tép‘pfbduaﬁfffém'ébiumn(ﬂ) ié:fééjciéd'tﬁ.the-tdp sroduct
from Column(l) ( Fig. 3 Y. U emenenE T e |

I Wdditicn to'bhe mainstream Puel cireulation for fusion
reactors, there are o number Bf other SYtuations where cryogenic
distiliation could be ﬁééfulzaénarﬁféééSs‘éf hyardgén'iSdfcpensepara-
tion. -~ These Siﬁuatibﬂslére:descfibed.éléeﬁhefé(u}(Sjéﬁd Eeé& not
be repeated here.’ |

To Enéufeifhé‘ibngitéfﬁﬁshﬁgﬁh'opéfatidhldf.the'cryoééﬁié

distillatibh éoiumnﬁ,'detailed computer simulation”studies as well
 asvexperimentalwworks-are:needed;“*Howevergfbebause'of the cryogenic
temperature;~accumulatiOﬁvof'Peliable“experiméhtal-éata~ob$ervéd
under:a wide range of operational conditions is extremely.- Tormidable.

. For this reason, prediction.of -colum behavior by.use of the: computer making the

most of limited experimental data, plays-a very important role. Development of
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mathematical simulaticn models and computer;aided'simulation-proeedures-is'an
essential step for investigation of the column behavior.

Although there are a number of simulation procedures avallable
which were developed feor multicomponent distillation processes,
they cannot directly be applied fto hydrogen isotope distilliation
because they were developed for normal chemical engineering prodesses
such as hydrocarbon processing. Hydrogen isctope separation
processes have several specific features to. be censidered in the
simulation study : 1) the separation reguirements are usually very
strict and high column performance 1s required ; 2) the columns need
to be complex with a feedback stream in several situations('S)(6); and 2)
prediction of the level of infinitesimal amount of elements in
product streams ( e.g. tritium concentration in the waste stream
discarded to the environment ) need to be accurately made. Although
rather simplified simulation models neglecting the heat balance
equations and éssuming the ideal form of the Raoult's law for the
vapor-liquid equilibrium seem quite acceptable in the first step
previously described, more complex models may be needed in the
detailed analyses of the column behavior. Especially, the third
feature listed above may require incorporation of heat balances and
nonideality of the hydrogen isotope scolutions into the simulation
models. The heat balance equations can be derived considering
appreciable differences In latent heat of wvaporizaticn among the

six isbtopic species of molecular hydrogen and decay heat of tritium

( 0.325 W/g~-T ), and if necessary, heat transfer through the column

wall. Additionally, the first feature reqguires the large number
of the total theoretical stages and large reflux ratio with the
result that achievement of convergence of the iterative distillation

calculation is a cumbersome task.

—3-
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The ‘present paper- complements - and: extends several works
previously reported by Kinoshitag5)~§8):Theseﬂworks'were made
especially“foridevelOping'a:rigorouS'mathematical;simulation;'
procedure which incorporates all the factors inherent in hydrogen
isotope.distillation ( e.g. heat balances ‘and nonideality ) and
nevertheless presents rapid achievement of convergence under a:wide
range of conditiens.  The present paper also includes sufficlent.
amount of information on convergence characteristics of the procedure,
effects of the factors on the column performance and:column

‘behavior , and specification of each column in Fig. 2. -
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2. Multi-dimensional Newton-Raphson Method

The solution of a set of nonlinear simultanecus eguations 1is
the final step in the solution of simulation problems of the
equilibrium stage preocesses such as cryogenic distillation columns,
falling liquid film condensers and multistage-type water/hydrogen-
exchange cclumns. These equations are expressed as the simultaneous
zeroing of a set of functiohs ( residual functions ), where the
number of functlcns to be zeroced is eqﬁal to the number of the

independent variables.

Consider the fcllowlng set of n nonlinear equations

fl(

(1)

fn( Xl, IS Xn)=0 J

By using the Taylor series expansicn, we obtain

fj( Xy ¥ Axy, oo, X7 Ax, )y = fj( Xis eovy X ) o+

(ij/axl)Axl + "+ (ij/axn)ﬂxn_+ T,

(3 =1, ..o, m ) . | _ | (2)
Assuming that the second and higher-order terms in the Taylor
series expansion are sufficiently small, anc fj( X + Axl, . ey
x_ + Axn) is equal to zero, we obtain the following llnear

n
simultaneous equations with respect fo ij‘s
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(Bfl/axljﬁgl f R (Bfl(ﬁxn)ggn = fl
? (3)
(Bfn/axl)Axl + "t 4 (afHZQXn)an = - fﬂ,‘
The above eguations can be writfen by
e _1+ e o B S
()

&X=-(G) )

_ e N
where X, Ax and f are n-dimensional vectors defined by

- r - 7 [‘ ]
rx,l. S { A Xl' . - L f‘l
> . > . -
X = s Ax = and f = | ° : s : - (5)
b4 AX f
i n_J & n | i nJ
regpectively.

G is the Jacobian matrix expressed by

afl/axl e e e afn/axl
5 - (6)
afn/axl e e e afn/axn K

L - o o .
and (§)~' denctes the inverse matrix of G.

In the Newton-Raphson iterative calculatlon the 1n1t1al values
of=the independent wvariables, §1, are assumed before proceeding
with the calculation. TIf ?i‘iS”WPitten for ¥( ¥+ ) and & for-
the Jacobian matrix evaluated at %+ ,” the values of the independent

variables: are repeatedly improved by

-
-1 l . .
= - (G ) , (i=1, 2, ... ; 1 denotes the
iteration number ), (7)

_.6_
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until the following convergence criterion is satisfied

Ifj|/n < convergence tolerance (eg) . (8)

In the Newton-Raphson method, initial estimation of the
independent variables 1is a key step. If the initial estimates
are far from the sclutions, the iterative calculation usually
fails to converge. On the other hand, even with fairly good
estimates, divergence cor great difficulty 1n achievement of
convergence is often observed. In these cases, Eg.(7) must be

replaced by the folliowing special procedures.

2.1 Convergence Methed 1

i i

A coefficient, oo ( 0 < o 1 ), is introduced and Eq.(7)

A

is replaced by
A R T (9

i 1

. n . :
o’ is determined so that J*T1 ( = 3 |fjl+l|/n ) is minimized

at each iterative step. However,JEiere i1s no single-variable
optimization ftechnigue applicable to the cases where the
unimedality i1s not inherent in J. For this reason, Ji+l is
evalﬁeted at e total of twenty different values of the

coefficient :

alk = 0.05k , ( k=1, ..., 20 ) , : : (10)

') ’ L °+
and ulq which minimizes J1 1 is chosen and a set of the

independent variables is determined for the next iterative

Step by

b S alqail_ i | - (11)
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2.2 Convergence. Method 2

In this methed, the maximum values of |4x.| which are
allowable at the iterative steps, 5j5 are préscribed before
proceeding with the calculation. At every step, [iji[ is
checked if it exceeds 8. j or not. If 1ijil is smaller then 6.,
the follow1ng is used |

.1+; = i _1 “ o _ ] (12)

but if it‘exceeds-sj, the above eguation is replaced by

141 - 17 I i
X. = .+ SIGN(C 8., Ax, 1
J %3 ( i ) . _ & ( 3? o

where

a {b>0)
SIGN( a,b ) =¢ . . - | | | (14)
' -a (b<0) , (a>0)
More difficulty in achievement of convergence requires smaller
Gj. Tn many cases, dj is recguired to be less than 10 % of
1 : '

X .
J

2.3 ConVergence Method 3

Although appllcatlonlof the pfev1ously descrlbed convergence
methods are often successful we still come across the cases
where convergence is greatly difficult to achieve. 1In the
third method, the procedure for determination of a new set of.
the 1ndependent varlables lS the same as-that 1in the flrst one,
with the exceptlon of the follow1ng spec1al modlflcatlon
A set of coeff1c1ent5’ gj's( o < Bj < 1), are prescrlbed in advance.
At every iterative step, Ji+1 ig evaluated at o k's ( k = 1, e,
i i| )

20 ), but |a bX

K is checked before the evaluation if-it
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exceeds Bjle or not. If it 1s smaller than Bjxji, the

evaluation is made bty using
X, = X, + a kﬂxj . (15)
If it exceeds Bjle’ the following 1is used instead

i+l 4 11 1
X = Xj + SIGN( Bjx. , @ kij )

3 (16)

J
3 . ‘4
ulq minimizing Jl+l and the corresponding xT 1 are thus chosen

for the next iterative step%® More difficulty in achievement of

convergence requires smaller Bj' In many cases, Bj is required

toc be smaller than 0.1.

¥ xji+1's are determined by using Fags.(25) and (1l€) where

aik is replaced by at
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3. Mathematical Simulation Procedure

Thé basic idez developed by Tomich(g}is used in the simulafion
procedure, while several specific modificatlions are made.

The model column for mathematical simulation 1s illustf
ratéd in Fig. b, Basic equationé'are deriﬁed from the reqguire-
ments ‘for conservation of material and heat, and for phase

equilibrium on any stage.

Component material balances:

Vo¥q o = Vi¥g,q — Di¥: 1 = 0o (17
Dyaa¥s o1 * Vyea¥a,gen * Fa2a,s = (g ¥ W09y 4
- (Lj + Uj)xi,J = 0, (j=2,...,N-1), (18)
Lyo1%g,n-1 * FnZi,n — Va¥a,n - Wfa,w T O (19
Heat balances:
By in = Byoafyor ¥ Visaflgen 750
FHpy (g y F Xg g b FRg )R Ty @0)
Ej,out = (Lj + Uj)hj + (Vj + Wj)Hj + Qj, (21)
By =1 - E:J.’Out/Ej,irl =0, (j=2,...,N-1). (22)
Vapeor-1liquid equilibrium:
Vi,5 = ¥eqi,j%1,5 > Feqi,s = ai,jpg(Tj>/Pj. (23)
Overall material baglances:
, o j _ - ,
T e T 5 T e ) 0 T (2

Flow rates of the top and bottom products, D and B, are expressed
by the following equations |
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E; = 1 - RD/Ly = 0, (D=V;), ) (25)
By = 1 = B/Ly = 0, ( 26)
respectively.

substituting Eag.(23) in Egs.(17) - (19) yilelds the following

tridiagonal matrix equations

i,1 Ds 1
i,2 i,2 Pi,2

---------------

. B. . C. . .. D, .
A,s Pig By *1,5 |=] 1.3 27)
By n-1 Bi,N-1 Ci,n-1Fi,n-1) | Pi,n-1
0 e 0 Aiov Biw |[*i,N Dyw
\ FAS ¥ \ 7 ?
where
By g = - (Ty + ViKegs 1)s i3 = Voleqi,or Pi,i © C,
= L. .. B, .= (V. + WK . .- (L, + U,
Al,J LJ—l’ 1,3 ( J WJ) egl,] ('J J}’
Cj = Vj+1Keqi,j+l’ Dj = - szi,j’ (j=2,...,N=1),
A.- = L B- = V K - LN,: DN = - FNZi,N'

i,N N-1° i,N  "N'eqi,N

1f Lj and Tj (j=1,...,N) qre known, Vj and Keqi,j

in cases of £y j=1’ and the liquid composition distribution is
3 .

can be calculated

determined by solving Eq.(27) m times, followed by normarization

f ,
o] Xi,J
j/ L Xq +- | (28)

X, -+ 5 X,
1 .
‘l=1_.’J

Tad 3
The main distillation calculation is performed by finding out
the solutions of the following 2N-dimensional nonllnear simultaneous

equations
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\
Sl(Tl""’ TN, Liseees LN) = 0
SN(Tl,..., Tys Lyseres LN) = 0 o
e (29)
_El(le...,,Ty, Lyseees LN) -0 : c T
EN(Tl,..., Tys Ll""’ LN) =0 I
where Sj is defined_by
m : _ - : :
S, =% K_ . .,x, . - 1. (30)
Joi=1 eQ},J 1,4 :

Equation Cég) is solved by app;ioation of the 2N-dimensional
Newton-Raphson method described in the previous éhapter.
The new valués of:the independent variables for the ({(B+1)'th

iteration are calculated from

3+1 B B
7L o P AP
T; 3 J
(31)
g+1 _ _B B
. = L,7.+ AL »
Ly S R B I

B

“'s ape calculated by squing the Tollowing
)

mm@ﬁe T?Hsand‘L

matrix equation : ¢

’ S N f ; Y r )
asl/aTl ..... asl/aLN ATl Sl
=-: (32)
- - Ll . _
BEN/?Tl.:?f" ?EN/B;N, - ALN | By
\ 4 / L J

Tf Eq.(31) results in any difficulty in achievement of convergence,
the preViously described convergence methodé ﬁeed'torbe applied.
The iterative:.calculation is repeated until the followlng

regnvergence criterion: is satisfied- s
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. _ _
J=1{ T (|s.] + |E.])}/(2N) < g, 0 < e << 1. (33)
_ 521 J 3l . _

When the nonideallty of the hydrogen isctope solutions is
incorporated, an additicnal iterative lcop 1s needed as illustrated
in Fig. 5.

RBefore proceeding with the calculation, initial estimates of
the independent variables must be made in some way. In the present
study, for initial estimation of femperatures, one of the fecllowing

two methods 1s selected

The two end temperatures, T1 and TN,

and then the other temperatures are determined by

Method A

interpolation by using the assumption of linear

functions of the number of the thecretical stages.

Method B The three temperatures, Tl, TM and TN (1 <M< N,
are first assumed, and an initial set of femperatures

are determined in a similar manner.

The initiél temperature profiles by these two methods are.compared
in Fig. 6;. | | 7

The cenVentional procedures use the.assumpﬁion of équal molal
heats and egual molal overflows within the coclumn for estimation of
an iniﬁial set.ef phase flows; In eome cases; this aesuﬁption
presents stable progress of the iterative celcﬁlation and is qulte
successful. However, in cases of large amount of liquid holdups
and high tritium concentration within the cclumn, phase flows
estimafed by using this simple assumption are far from the solutions
and often fail tc present convergence. Initial estiﬁates for |
the liquid flows originally develioped by KinOShita(S)(7)

summarized as follows

are first assumed,
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1) Assume the values of Lj's and Vj‘s on the usual assumption of

equal molal neats and egual molal overflows within the column.

2) Solve Eg.(27 ) and normalize Xi 3 by the procedure expressed by
’ .

Eq.{28).

3) Calculate y, 3 from Eq.(23), and normalize iy
’ »
L) Calculate molal enthalpies of liquid and vapor flows.

5) Recalculate Lj (j=2,...,N-1) from the fcllowing equation(6):

J
by = Dlgny = B (9 = o) - (Ly + D)Hy + HypyD -
j ) . K | . h )
H, r (F, -w, -U)+ % (FH, - HW - hU
J+l 2o Tk k. k' oo K Fk s k-k
J
+ AH- + + 2 ax h. - H. 5
(3=2,...,N-1)., (34)

6) Recalculate Vj {j=2,...,N) from Eq.(ga).

This special method for initisgl estimates of ligquid flows ensure
fast convergence even'ih cases cof large amount of liQuid holdups

resulting in large decay heat effects and any values of st and

¥

's.
3= | |
The partial derivatives of elements of the Jacobian matrix are

numeribally calculated by
asj/aLk o (Sj(Lk + 6L, ) --SJ.(Lk - 6T, )) /(28 ) ,

(k=1, ..., N-1 ) , | (35)

for instance. Equation (35) must be replaced by
BSJ/BLk = (3sj(Lk) + Sj(Lk - 28L,) - MSj(Lk - 0L, ))/(28L, ),
(36)

—14-—.
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in the case of k = N, to prevent V, from being minus when the

total condenser is used. In calculation of these derivatives,'

the following two significant matters should be noted : 1) Lk's
must be sufficiently small to correctly evaluate the Jacobian matrix
and achieve convergence ; and 2) since the vapor flows, Vj's, are
dependent on the liquid flows, Lj's, Vj's need to also be changed

by using the overall material balances expressed by Eqg.(24)

whenever L, 1is increased or decreased by GLk ( or 26Lk in Eg.(36) ).
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b4 Computér Simulation Study

4.1 Convergence Characteristics of 3Simulation Procedure

 The ﬁriﬁéipal objéétiﬁe of tﬂis section ig exploration of
convergence charagterictics of the ﬁewton—Raphson iterative
calculatioﬁ, such(asrstability of the iterative calculation,
rapiaity iﬁ achievemenf of éonvergence, and effects of 1nitial
estimates of the independent variables. The design of the [usion
reactor and its associated systems is still in a very early stage.
For this reason, the input specifications for the hydrogen lsotope
separation process and separaticn requirements have not been
determined yet. However, the probable values of the input variables
are assumed for each column as given in Table 1. These values
stand for the specific feature of each column, although they are
artitrarily assumed.

A total of seven calculations are first made for Columns(l), (2)
and (4) to explore the convergence features. The parameters which
colud have profound effects on the convergence features are
established for each run as shown in Table 2. In these runs, neither
decay heat of tritium nor nonideality of the hydrogen isoctope
solutions is incorporated in the simulation medel. Comparatively
low tritium percentage within these three columns and reascnable
neglection of decay heat of tritium eliminate the need for introduction
of the previocusly described speclal estimation method of an initial
set of phase flows. The nonideality is neglected because the outer
successive iteration loop 1s not of interest to us in this section.

The convergence features are observed from Fig. 7 where the average

—16—
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value of the residual functions ( J defined by Eg.(33) ) is plotted
apainst the iteration number for each run. It is observed thaﬁ

the estimation method of an initial set of temperatures may be more
essential than the special convergence technique, for ensurance of
achievement of convergence or small number of the total iterations
needed. This fact 1s appreciated in the test runs made for Column(2).
For this column, the high percentage of HD is expected on the first
stage through the stage the number of which is fairly large.

Hence, the temperature drop across the column is considerably small
for these stages ( especially in the enriching secfion of the column )
and this requires a special method ( Method B ) for initial estimation
of temperatures.

In order to appreciate importance of the special initial
estimation method for phase flows in cases of large amount of 1iquid
holdups and high tritium percentage within the column, four test
runs are made for Column(3) which has the highest tritium inventory
among the four columns in Fig. 2. The calculational conditions of
these four test runs are given in Table 3. Information concerning
the convergence features observed is illustrated in Fig. 8 as well
as in Table 3. It indicates that in cases of comparatively small
heat generation rate ( due to decay of tritium ), the usual
assumption of equal mclal overflows cause no serious problem although
the number of total iterations needed may be larger. However,
in cases of considerably large heat generation rate, the usual
assumption results in divergence of the jterative calculation ( the

phase flows become minus ). The divergence could be avoided by

appiication of the special convergence technlques, but unacceptably
rmany iterations would be needed. It is desired that the special

estimation method of an initial set of phase flows be used in the
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simulation model regardless of liquid holdups and tritium
concentration within the cclumn.

In order to extend the understanding of the features of the
four distillation columns, the liguid composition profiles calcula-
ted for these columns are shown in a series of figures ( Figs. 9 -~
12 ). Although they are calculated neglecting decay heat of tritium
and nonideality, they never fall to provide appropriate information

concerning. the column features.

—18—
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,2 Effects of Major Factors on Column Behavior

There are three major factors lnherent in hydrogen isotope
separation by cryogenic distillation which could have substancial
effects on columnrbehavior‘: 1) differences in latent heat of
vaporization among the six molecular species ; 2) decay heat of
Ctritium ; and 3) nonideality of the hydrogen isotope solutions.

In order to investlgate the extenté of tﬁe effects of these factors,
calculations are made for Column(3) using the following five

different models

Model I —— All the three factors are neglected.

Model II — Only Factor 1) is incorporated.

Model III — Factors 1) and 2) are incorporated neglecting Factor 3).
Model IV — Factors 1) and 3) are incorporated neglecting Factor 2).

Model V —— All the three factors are incorporated.

The calculation which uses Model I is performed by use of the

tridiagonal matrix methed developed by Amundsenglo)
The extent of the eflfects of decay heat of tritium largely

depends upon the amount of liquid held within the column. Liquid

holdups can be estimafed only i1f the column diménsions are

gspecified. It was reported that the liguid holdup in %the packed

section of the column was approximately 15 % of the packed volumegll)(lg)

This means that the liquid holdup depends on the HETP value and

the Inner diameter selected in design to a large extent. If we

assume the liquid holdup remains unchanged for any theoretical

stage, 1t may be approximately estimated by the following equations

d = 2 /1ooocv23ng/(3600val) R - (37)
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= wdghepN_ln/uooo , (38)

L = coefficient for accounting for deviation from the ideal gas

law,
V2 = vapor flow rate leaving second stage {(g-mol/h),
Rg = gas constant (=0.08206 1*atom/g-mol/K),
Ty = absolute temperature on first stage (K),

v = gselected superficial vapor velccity withiﬁ column {(ecm/s=c),
d = inner diameter (cm),

he = HETP (cm),

H.. = liquid holdup (j=2, ..., N-1) (g-mol/stage),

Pyl T molal density of liquid on (N-1)'th stage (g-mol/1),
n = ratic of liquid volume to packed volume (=0.15)

The vapor velocity is usually chosen to be ~50 7 of the flooding
velocity. However, the flooding velocity is still unknown. Tt was
reported that the columns were successfully operated using vapor
velocities above 12.5 c¢m/gsec with no sign of detericration in
separating efficiencyglg)At Los Alamos National Laboratory, they
used 8.9 em/sec for vapor velocity in their design of the column
cascade for the Tritium Systems Test AssemblyEB) In the pfesent
study, V is chosen to be 10 cm/sec.

Sherman et al. reported that the HETP value was measured to be

1
around 5 cmg3)(l2)Wilkes reported HETP values much smaller than 5 mng)( 3)

and the problem ¢f this discrepancy has not been solved yet. 1In the
present study, Sherman's value is used for estimation of the liquid

noldup, pending further experimental studies. The values used for

parameters in Egqs.(37) and (38) are t = 0.9 ; v = 10 cm/sec ;
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pN_1 = 42,5 g-mol/1 ; and he = 5 ecm. As a conseguence, HLj is
1.0 g-mol/stage for Column(3). The liquid holdups in the reboiler
and the condenser are pcstulated to be five times more than that in
one stage of the packed section and one-tenth, respectively.
Although several experimental works were reported dealing with
(14)~(16)

nonideality of the hydrogen iscfope solutions, these works

do not allow us to accurately estimate the deviation ccocefficients,

& j's defined by

vi.5 = &y gRS(TR; /P (39)

under any condition. In the present study, the procedure proposed
by Souers(16)is used though it does not always colincides with the
experimental observations.

The specific results for the five models are summarlzed in
Table 4. It is observed that all the three factors cause
deterioration in the column perfocrmance. The effect of Factor 2)
could be remarkable. Factors 1) ans 2) cause decrease both in
vapor flows and liquid flows. Table 5 shows compariscn among the
three models in the liguid flow rate distribution within the column
and the reboiler load estimated. The liquid flow near the bottom
decreases by ~5 % due to Factor 1) and it is further decreased by
~“40 % due to Factor 2). These decreases cause deterioration of the
separating efficiency. The significant result is that the rebcller

load estimated by use of Model II 1s accompanied by a large error

exceeding +80 %. As desecribed before, the extent of the decay heat

effects largely depend upon the column dimensions. If the super-
ficial vapor velocity within the coclumn is chosen to be 5 cm/sec
( Model TII' ), or if this parameter and the HETP are 15 cm/sec

and 3.75 cm, respectively { Model III" ), for instance, the
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column performance can vary as summarized in Table Y. Because of
this variation and uncertainty of the experimentally determined
parameters, it is not easy to draw firm conclusions, but it 1is
needed that Factor 2) be incorporated in the simulation model,
especially in the situations where large tritium decay heat effects
are expected.

Table & shows distributions of the deviation coefficients

for D DT and T2 calculated in Model IV. Tt indicates that Factor

23
3) causes decreases in relative veclatilities for D2—DT and DT—T2
except the sectlon near the bottcm, and this fact is the reason

for the deterioration of the column performance. Experimental
observations reported by Sherman et al.(lS)ihdicate strenger
nonlideality of the DZ—DT—T2 system than the prediction by Souers'
procedure, hence, the effect of nonideality could be larger than
the results given in Table 4.

A1l the ﬁodelé except Models I and II predict that the tritium
percentage in the bottom product does mot attain 99 atom%, while
Models T and II predict that the reqgulrement is successfully met.
This fact also points out Importance of incorporation of Factors 2)
and 3) in the simulaticn model. The cconvergence feature observed

in simulation for Model V is illustrated in Fig. 13 for understanding

of the feature of both the inner iteration loop and the outer cne.

Desirability of accurate estimation of the infinitesimal
amount of element is one of the most specific features of hydrogen
isotope separation. In order to prove importance of inecorporation
of the factors from another standpoint, the similar comparisons
are made among the results of performance prediction for Column(2)
using the five different models. The tritium level in the top

product is a most critical variable tc be accurately evaluated.
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The results are summarized in Table 7. Because the tritium
concentration-within Column(2) is considerably small, Factor 2) is
ﬁot significant at all. However, con account of simultancocus effects
of Factors 1) and 3), the tritium level is almost one order of

magnitude higher. In other words, Model I falls to accurately

estbimate the tritium level.

The conclusion is that the previously described factors need
to be incerporated in the simulation model, because they have

comparatively large effects Iin some situatlons.
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5. Conclusion

(1) A rigorous mathematical simulation procedure previously reported
by Kirnoshita is fully described. Although the method proposed by
Tomich is adapted toc hydrogen isctope separating coclumns,
special estimation procedures for initial values of a set of
temperatures and phase flows are originally developed. - These
methods ensure rapid achievement of convergence even in cases
where decay heat effects are remarkably large or separation

requirements are considerably strict.

(2) Importance of incorporation of the heat balance equations
and nonideality of the hydrogen isofope solutions is proved
by several case studies. A simple model neglecting these
factors fails to correctly estimate the column performance
and the reboiler load. A computer code is available %o
detailed analyses of column behaviour cnce the input sgpecifica-

tions are given.

ACEKNOWLEDGMENTS

The author wishes fto give his sincere thanks and appreciation
to Profs. T. Takamatsu and I. Hashimoto (Kyotec University), and
Mr. Y. Naruse {(JAERI) for thelr valuable comments on the present
study. Acknowledgment is also due to Dr. Y. Obata (JAERI) for his

continuous encouragement.



JAERI-M 82-108

5. . Conclusion

(1) A rigorcus mathematical simulation procedure previously reported
by Kinoshita is fully described. Although the method proposed by
Tomich is adapted to hydrogen isotope separating coclumns,
special estimation procedures for initial values of a set- of
temperatures and phase flows .are originally develcoped. - These
methods ensure rapid achievement of ccnvergence even in cases
where decay heat effects are remarkably large or separation

requirements are considerably strict.

(2) Importance of incorporation of the heat balance equations
and nonideality of the hydrogen isofope solutions 1s proved
by several case studies. A simple model neglecting these
factors fails to correctly estimate the column performance
and the reboiler load. A computer code is available to
detailed analyses of column behaviour once the input specifica-

tions are given.

ACKNOWLEDGMENTS

The author wishes to give his sincere thanks and appreciatiocn
to Profs. T. Takamatsu and I. Hashimoto (Kyoto University), and
Mr. Y. Naruse (JAERI) for their valuable comments on the present
study. Acknowledgment is also due to Dr. Y. Obata (JAERI) for his

continuous encouragement.



JAERI-M B2-108

NOMENCLATURE

a : Atomic weight of tritium (=3.017) (g-T)
Prescribed value of bottom product flow rate (g-mol/h)
Prescribed value of top product flow rate (g-mol/h)
Flow rate of feed stream supplied to J-th stage (g-mol/h)

B

D

F

Hj : Mclal enthalpy of vapor stream leaving j-th stage (cal/g-mecl)
h. : Molal enthalpy of liquid stream leaving j-th stage (cal/g-mol)
H

5
Fj Molal enthalpy of feed stream supplied to Jj-th stage
(cal/g-mol)
HLj : Liguid holdup in j-th stage (g-mol)
Keqi,j Vapor-liquid equilibrium ratio for i-th component cn
j—thlétage | |
Lj : Flow rate of liquid stream leaving j-th stage (g-mol/h)

m : Number of cocmponents (=6)

N Number of total theoretical stages
NF Feed stage number
Pj Total pressure on J-th stage (Torr)
g,j : Vapor pressure for i-th pure component at Tj K (Torr)

Heat subtraction rate con j-th stage (cal/h)

Heat leak rate on j-th stage (cal/h)

p

Q

q

R : Reflux ratic
T Absolute temperature on J-th stage (X)
U

W

J
j Flow rate of liquid sidestream from j-th stage (g-mol/h)
3 Flow rate of vapor sidestream from j-th stage (g-mol/h)
X3 i : Mole fraction of i-th component in liquid stream
3

leaving j-th stage

25—
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¥y : Mole fraction of i~th component in vapor stream
leaving j-th stage

z. . : Mole fraction of i-th component in feed stream
supplied to Jj-th stage

A : Decay heat of tritium (=280 cal/h/g-T)

£y 3 ¢ Coefficient for accounting for deviation from Raoult's
]

Law
{Subscript)

3 : HT 5 .. DT 6 T2

a:=b means the procedure that b is used as a new value of a.

SIGN(a,b) denotes the number whose absclute value 1s a and whose

sign is the same as that of b.

—26—
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Table 5 Comparison among Three Models in Liquid Flow Rate
| Distribution wilthin Column |
Stage Model I Model II Model TIT
Distribution 1 560.00 560,00 560.0
of Liquid 5 560.00 557.85 545,92
Flow Rate 10 560.00 555,24 527.67
(g-mol/h) 15 560.00 552.6Q 508.84 .
20 560.00 550.33 48g.82
25 560.0Q 548.50 170.92
30 660. 00 546.62 551.85
35 660.00 642.14 530. 44
4o 660.00 637.11 507,44
45 660,00 632.54 482.97
50 560.00 629.18 457.55
55 660.00 627.08 431.76
80 550. 00 §25. 90 405.85
65 30.00 30.00 30.00
Reboiler ohs 229” 127
Load (W)




JAERI-M B82-108

Table 6 Distribution of Deviaticon Coefficlient

in Mecdel IV

Deviaticn Coefficient for Components

Stage D2 DT T2

1 0.9936 0.9997 1.016

10 0.9931 0.9982 1.014

20 0.9927 0.9968 1.011

30 0.9924 0.9960C 1.010

40 0.992¢ 0.g9941 1.006

50 0.G917 0.8622 1.003

60 0.9916 0.9913 1.001

65 0.9916 | 0.9911 1.000

Table 7 Column Performance Predicted for Column(2)

by Five Different Models

Atom Fraction of T Tritium Release
Model in Top Product Rate (mCi/day)
I 7.61 X 1077 31.1
IT- 1.26 x 107° 51.4
111 1.26 x 107° 51. 4
Iv 5.11 X 10_8 209
\ 5.12 X 10~8 209

Flow rate of top product = 2.9 g-mol/h
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Neutral Beam Recycle

D,, HD, DT

Raw Fuel Input

p—

Ha, HD, HT,
Dy, DT, T»

Column {1 )

. Equilibrator

JAERT-M B82-108

Ho, HD
— Essenticlly Tritium - Free
R
£ D
E [ = Uz
= 1 Atom Percentoge of D
bt <+ >99.95%
D€
3
Equilibrator 3
L - DT {D5,T2)
— Essentially Protium-Free
M
£
3
o
[
T2 (,0T)

Atom Percentage of T > 99%

Fig. 2 Conceptual Flow Sheet of Cryogeniec Distillation Column Cascade (1)

Column (1)

X
Column (2)

Column (&Y

Column (3)

If the flow rate of the.NBI recycle is
not adequate, it is mixed with the raw fuel input
and fed to Column(l). A portion of the top
product from Column{4) is recycled to the top

product from Column(l).

Fig. 3 Conceptual Flow Sheet of Cryogenic Distillation Column Cascade (2)
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Solve Eqg.(29) .«

Calculate new values of

deviation coefficlents &y 3
3

Calculate G defined by

G= I - ] i
J=l iillgi"j Ei,.jl/gi,,j.

4 NO

G < 1.0 X 10" 'mN

Consider main distiliation : Ei,J:" Ei 3
b

calculation terminated.

Fig. 5 Successive Iteration Loop for Incorporation of

Nonideality of Hydrogén Isotope Solutions
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