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Mathematical Simulaticn of Falling Licuid Film Condenser

for Removal of Helium and Separatiocn of Hydrogen Isotopes

Masahiro KINOSHITA, John R. BARTLIT¥ and Robert H. SHERMAN¥*

Division of Thermonuclear Fusion Research,
Tokai Research Establishment, JAERI

( Received April 27, 1982 )

The present paper reports the extension of our previously
reported work on mathematical simulation of a falling liquid
film condenser. The mathematical model is fully describéd and
1ts convergence characteristics are explored in detail. More
concise parametric studies are made considering the low tritium
concentration in the top gas the first priority desired.

The gas mixture of 50-50 D-T containing I % H and 5 % He 1is
continuously féd to a poiht near the lower end of the sufficlently
long packed secticn and separated into two streams : the helium
gas containing ~ 10 % HE—HD, and the liquid hydrogen lsotopes

containing 0.0l ppm He. The operating pressure is about 5 atm.

KEYWORDS : Isotope Separation, Hydrogen Isotopes, Helium,
Falling Liquid Film, Condenser, Mathematical Model,

Packed Section, Operating Pressure

* Los Alamos National Laboratory



JAERI-M 82-048

N LBRERTKBERMENED DD
e PR EOREN & S al — v s

H AR F A B2 A RS A e A T

#TFE3 + John R.BARTLIT » Robert H. SHERMAN™
(19824E 4 2T H 1)

AHES I, RICRABRE L, KTRERBHSORFN Viav—va YIRS AHIE

DIREX -1 bDTH D, HEHE T AMFHILE~NON, ¥ ol —va YFRERONEME

EFARHENON TS, BEAHZNTIATATO b JF 9 Af8EE T —NF A -5 — &

LTHEBL, L0 RTETBTBITHON TS,
1%DHES%DHe 251D ~TREH R, TRHEES2E > REBOETHMATIC

BRI & NS, BTEAGHE, WOBOH —HDA&H~ Y L HRH, BE, S, He
2 00IMAESFE HOMEDESVKER AISERNICTD s ha, BARAREEHEHKS

atmTH D,

* Los Alamos National Laboratory

_ii._

e ey

-



JAERI-M 82-048

CONTENTS

Introduction - PN 1
Multi-dimensional Newfcn-Raphson MEbNOQ ++rrrererresrtmrararnnrirmnrreae e 3
Convergence MebRo@ 1 s st 5
Convergence Method 2 sttt 6
Convergence Method 3 o o 7
Mathematical Simulation Procedure for Falling Liquid
LTI COTIGEIIGET r-otererrrererrrrme m s rsss st tr s s h b h bbb r s et 2

..................................................................... 14

Separation Characteristics

Distributions of Temperature, Phase Flows and Compositions- 14

Effect OF Operating Pr@sSUpe s e 14
Convergence Characherisbics o i e 15
Effects of Number of Total Packed Stages and Total Amcunt

of Heat Subtracted n””“““"“““””“”"“””""”“”“““”J ............................... 16
Discussion on Uncertainty cof Vclatility of Helium o 17
AdAition of Protium ta Feed SEream s 18
O LS L O e re e eesese e L 19
NOMENCLAMURE  srrersrsroreermer oot s bt s 20
RETERENCES +rrrrererterrrrnmnammmts chomtarsamimtner sttt sttatris s s hesi b st s s 29
ACKNOWLEDGIILNT crrerrertrreararrinsterstrtsttruiun it tiaas s st rabrasa st 29

~ i



2.

3.
4,

o &

JAERI-M 82-048

K N 1
BIEE = 2 — U5 T UEE et e e 3
2 1 UEHIEHE ] ceverrreeeerrmorrermarm et terettr e b te e st e et re s e e v e 5
I I i O PO 6
28 HIEHTEZE 3 cvereorerreerereemreeie e et e et e e s s 7
FTHE RO > S a b —a YFHE e 8
A3 BE B HE crrrereer et e e e e 14
41 GBEE, WBRIEUHIEGITT e 14
4.2 HEPHBPEEAIDEEE et e 14
A5 U B AR HE oot e 15
44 FRGOTEREBEROKIIEHODLBERBOEE e 16
45 ~U S LDEEIEEEORGETEVE oo rrrria e 17
4.6 BRI ANDH BN -ocoreerrerermrrreeeeeerrmmese et at st e 18
i S P Y OO 19
L UV PO PRV PP 20

D G - ST T O P PRSP 99
S VO 929



- JAERI-M 82-348

1. Introduection

The falling liquid film condenser is a most attractive process
for separation of helium from hydregen isotopes. Figure 1 shoys
a conceptual flow diagram of a falling liquid film condenser.(l)(2)
It is composed of the two sections, a cooled section and a packed
section, and it has a heater at the bottom. The gas mixture of
nelium and hydrogen lsctopes 1s continuously separated into two
streams : a helium gas containing hydrogen isotopes which leaves
the top of the column and a pure liguid hydrogen l1sctope stream
free from helium which is withdrawn from the bottom. Heat subtrac-

tion is made from the ccoled section through the column wall by

the refrigerant ( helium gas ) which flows through the outer shell.

As the gas flows up within the cooled section of the column,
condensation of hydrogen isotopes proceeds and the liquid film
formed by condensatlon falls along the cclumn wall. As the
liguid film flows down, liguid flows increase remarkably. The

packed section where licuid flows are adeguate, is located below. The

main purpose of lccation of the packed section 1is promotion of
nydrogen isctope separation. The helium gas from the top of the
column is unavoidably accompanied by -~ 10 % hydrogen isotopes.
Therefore, if the tritium concentration in the top gas 1s un-
acceptably high, the top gas must be procegsed by a tritium recovery
systemn. However, procmotion of hydrogen lsotope separation using

the packed section eliminates the need for the tritium recovery

system, because the predominant molecular specles of hydrogen
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isotopes are H2 and HD : the tritium concenftration is sufficiently
low and the top gas can be transferred to the tritium waste
treatment system. Thils 1s the mcst attractive feature of
the falling liquid film condenser,

_The present study 1s the extension of our previocusly

(1) (2)

reported study. The mathematical simulation procedure 1is
fully described and the convergence characteristics of the procedure
are discussed in detall. VJlore concise parametric studies are

made considering the low tritium concentration in the top gas

the first priority desired.
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2. Multi-dimensiocnal Newton-Raphson Method

The solution of a set of nonlinear simultaneous equations 1is
the final step in the solution of simulation problems of the
equilibriwn stage processes such as cryogenic distillation columns,
falling liquid film condensers and multistage-type water/hydrogen-
exchange columns. These equations are expressed as the simultaneous
zeroing of a set of functions { residual functions ), where the
number of functions to be zerced is equal to fthe number of the

independent wvariables.

Consider the follewing set ¢f n nonlinear equations

fl( Ky, wees X Yy = 0

(1)

F0 %y, woes x 0 =00

By using the Taylor series expansion, we obtain

fj( Xy + B8Ry, aeey X F Ax, ) = fj( Xys o0y X )+

(afj/axl)l_\xl + T+ (afj/axn)Axn + 770,

(j=1, .., ) (2)
Assuming that the second and higher-corder fterms in the Taylor
series expansion are sufficiently small, anc fj( X, + Axl, cees
X, + Axn) is egual to zero, we obtain the following linear

simultanecus equations with respect to ij's
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\ “. e ’ . = -
(Bfl/axl,Axl + + (Bfl/axn)ﬂxn fl
¢ (3)
(afn/axl)Axl + T+ (Bfn/axn;Axn = - fn )
The above equaticns can be written by
> —_— -
ax = - ()7, - (4)

where ;, AX and T are n-dimensional vectors defined by

M ] [ ] [ ]
-+ -+
x = , A% = and f = |° , (5)
X AX_ T
I nJ | 7 |1 |
respectively.

G is the Jacobian matrix expressed by

afl/axl Cre e afq/axl
(6)

Bfn/axl ...... Cee Bfn/axn s

S ad

—_
and (G)7~ denotes the inverse matrix of G.
In the Newton-Raphson iterative calculation,the initial values

are assumed before proceeding

_;..l
» X s

er
[l
.
ps

. . - %, +3 =1
is written for ©( x~ ) and G- for

‘_J

of the independent variable
>
£

with the calculation. If

-

the Jacobilan matrix evaluated at x~, the values of the independent

varlables are repeatedly improved by
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+>i+1 -1 =1
b4 = X + Axl

X - (Ei)-lﬁi , (1i=1,2, ... ; 1 denotes the

]

iteration number ), (7)

until the following convergence criterion is satisfied

¢y
]
nmgs

!fjl/n < convergence tolerance (&) . (8)
1

J
Tn the Newton-Raphson method, initial estimation of the
independent variables is a key step. If the initial estimates
are far from the solutions, the iterative calculation usually
fails to converge. On the other hand, even with fairly good
estimates, divergence or great difficulty in achievement of

convergence is often observed. In these cases, Eq.(7) must be

replaced by the following special procedures.

2.1 Convergence Method 1

A coefficient, at (0 < a” 1 ), is introduced and Eg.(7)

A

is replaced by

SRR SR Y (9)
1 .

(=31 |£.5%/n ) is minimized
Jj=1

i

. i+1
o~ is determined so that J

at each lteratlve step. HoWever, there is no single-variable

cptimizaticn technique applicable to the cases where the

. . . . o , i+l .
unimodality is not inherent in J. For this reason, J is
evaluated at a total of twenty different values of the

coefficient

at, = 0.05k , ( k=1, ..., 20 Yo, (103
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-g
and a‘q which minimizes Jj"":L is chosen and a set of the

independent variables is determined for the next iterative

step by

AR S (11)

2.2 Convergence Method 2

In this method, the maximum values of [Ax,| which are

5l

allowable at the iterative steps, 6j, are prescribed before

proceeding with the calculaticon. At every step, |8x, ] is
J

checked If it exceeds §, or not. If |iji| is smaller than &,

the following is used

X, = x_ = + ijl s (12)

but if 1f exceeds ﬁj’ the above equation is replaced by

3t o o1 4 ston( 5., ax,
i J J

i
1 )

s (13)

where

a { b >0 )

SIGN( a,b ) = (14)
-a (b<0Cc) , {a>0)

More difficulty 1in achievement of convergence reguires smaller

Sj. In mest cases, Gj is regquired to be less than 10 % of
1

X, .

J
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2.3 Convergence Method 3

Although application of the previously described convergence
methods are often successful, we still come across the cases
where convergence 1s greatly difficult to achlieve. 1In the
third method, the procedure for determination of a new set of
the independent variables is the same as that in the first one,
with the exception of the following special modification.
4 set of coefficients, Bj's( 0 < Bj <1 ), are prescribed in advance.

At every iterative step, Jl+l is evaluated at alk's { k=1, «eoy

k

exceeds Bjle or not. If it is smaller than Bjle, the

20 ), but la* iji] is checked before the evaluation 1f it

evaluation is made by using

i+l _ 1 i i
Xj = Xj + o kAXj . {15)

If 1t exceeds Bjle’ the following is used instead
i+1 i . i i i
= x,” + SIGN X Ax . . 16
X Xy IGN( Byxy Ty 07X, ) (16)

J
ulq minimizing Jl+1 and the corresponding §l+l

are thus chosen
for the next iterative step* Mcre diffieculty in achievement of
convergence requires smaller Bj. In most cases, Bj is required

to be smaller than 0.1.

i+
¥ le 115 are determined by using Egs.(15) and (16) where

4 1
ot is replaced by o qQ
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3. Mathematical Simulation Procedure for

Falling Liquid Film Condenser

For analysis of separation characteristics of the falling
ligquid film condenser, a hypothetical system as illustrated 1n
Fig. 2 is considered as a model columnn. It is assumed that one
feed stream exists at any stage except the first stage and the
N-th stage. Basic equations are derived from the requlrements for
conservation of material and heat, and for phase equilibrium

on any stage.

Component material balances (31 =1, ..., M )
Vo¥i o = Vi¥i,r v DaFi 1 T 0
L. . s + , . s + F.z., . = V.y; » - L.x. . =
jo1%1,3-1 T VaeYi g T Tt iYi,] 3%, ’
(3 =2, vouy N-1 ),
Ly-1%s,n-1 ~ Un¥i,n T WnFaLn T 0 (17
Heat balances
By gp = Vol 5 By oug = Vol F Pt Q1 >
By gn = Lyoabyor * Vyafya ¥ Tl o
o = L.h. + V,H, + Q.
Jout J7d JJ QJ >
= - = 1 = - . 8
E; =1 - E5 oue/By in 0, (j=1, «ccp N-1) (18)
Vapor-licuid equilibrium
Vi3 © Keqi,jxi,j , (i=1, ..., m3; d =1, ..0, N ). (19}
Overall material balances
y J
A B B e S A c, W13 F =00 . (20)
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Overall heat balances

: J
2FkHFk + H + hyly + L E19

5417541 = 1y

(3 =1, «o.y N-1)

oo

k

The flow rate of the bottom precduct, B, is expressed by

EN = 1 - B/LN = C

Substituting Eg.(19) into Ig.(17) yields the following

tridiagonal matrix equations ( i =1, ..., W )

, N Y ( 3
1,1 Cl,l 0 veveunn 0 Xl,l i,1
Ay o Bio Cigz X3,2 Py,
. . D.
ALy Bi,s 1L 1,5 f=] 1,3
Ay N-1 Bi,n-1 Ci,N-1|*1,nN-1 Py,n-1
] 0 ... 0 Ai,N Bl,N Xl,N Di,N
JL F, \ J ?
where
By 1 = = (Iq * Vieqi,1?s Ci,1 % V2¥eqt,2’ Dy 1 =0
Ai,g T Lgore Biy T 7 Viteans TN
Cy = Vyy1¥oqs j+17 D Fozg go (322,00 5N-1),
oy =1L B, . = V.X Ly» Dy = O

(21)

(22)

(23)
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T 1 1 T
If Lj‘s and Tj s are known, Vj 5 and Keqi,j s can be calculated

in cases where Keqi 3 is independent of liquid composition,
H]
and the liquid mole fractlions can be determined by solving Eg.(23)

m times, followed by normalizaticn of X,
3

m
X, . = x, ./ I X, ., . 24
15J 1537 =1 19 (%)

If the feed conditions, top gas flow rate, number of total theore-
tical stages, opefating pressure and amount of heat subtracted oﬁ
any stage are all specified, distributions of temperature, ligquid
and gas flows and compositions of the two phases can be calculated
by finding out the solutions of the following 2N-dimensional

(3),

nonllinear simultaneous equations

Sl(Tl,..., TN’ Ll,..., LN) =0

SN(Tl,..., Tyo Lyseres LN) =

E, (T T L Ly) = 0 f (25)

1Yt N 1ttt TN
EN(T]_:'-'J TN’ Lls- JLN) =O, ]
where Sj is defined by
m
S =1z Koo X3 o = L. (26)

Fquation (25) is solved by application of the multi-dimensional
Newton-Raphson methed which was explained in the previous chapter.
As emphasized before, initial estimatlon of the independent

variables ( Lj's and Tj's ) is a key procedure. For initial

tlo_
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estimation of temperatures, the thrée temperatures, Tl’ T2 and
TN’ are first assumed, and then the other temperatures are
determined by interpolation by using the assumption of linear
functions of the number of the theoretical stages. Since both
the liguid and gas flows lncrease remarkably in the ccoled
section as the stage number increases, the usual assumption of
the equal molal overflows for initial estimation of 1liquid flows,

always fails to converge. In the present procedure, initial

estimation of phase flows is made as described below.

1) Assume the composition profiles within the column. One of
the possible methods for the column with a single feed 1s

expressed by

(1 =1, couym 351, ooy N . (27)

2) Calculate the liquld enthalpies hj's and gas enthalpies Hj's.

3) Calculate the liquid flow rates Lj's (3=1, ..., N=1 ) from
{{ ) ’ % H ; 1/
L, = H, - H. V. + rQ, - ) + H, I F
J 1 Jj+1 1 K=1 k k=1 k7Fk J+1 =l Kk
( Hj-l'l "_hj ) {3 =1, «o.y N-1 3 F1=U ). (28)

This equation 1s obtained by substitution of Eq.(20) into
Eg.(21).
43 Calculate the gas flow rates Vj's (ji=2, ..., N) from

Eg.{(20).

— 1 1 -
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Once the initial estimation is made, the values of the inde-
pendent variables are repeatedly improved by using one of the
convergence methods previcusly described until the following
convergence criterion is satisfied

N
J=1{2z

(|Sj| + |Ej|)}/(2N) < convergence tolerance (g). (29)
j=1 |

In the simulation, the total of seven components should be
considered : uHe and the six iscotopic species of molecular
hydrogen. Although the data on vapor-liquid equilibrium of the

(4)

_seven component system is not available, Sherman measured the

equilibrium relationships for the three systems, Hg—uHe system,

Dz—aHe and Tz—uHe. In the present study, the vapor-liguild equilibrium
ratio of each component is estimated as described below.

For the six molecular species, the following postulation known

as the Raocult's law is made

. P, = p°, .. (30)
Yi,375 T P 1,571, 3

Tor uHe, the following equaticn is used

P. = C (31)

THe , 3" He,jXHe,j ?

where the coefficient CHe 1 is calculated from the Henry's
3

constants of the three systems ( CHe-Hz’ cHe_D2 and cHe—Tz )
by using

(32)

_ 12_
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_ )
®He-HD,] /cHe—Hg,JCHe—D2,J
a— >
CHe-HT, j cHe—Hg,che-Tz,j (33)
e . =7C¢ c }
He-DT, j He-D,, 3 “He-T,,J

Since Souers(B)proposes the expression for CHeoi.1?
e-1,]

Che-i,j = 21EXP( by /T, ) (3%)
the coefficients, ai's and bi's, are determined so that the calculated

values fit Sherman's experimental data

N

a = 4.39 , b = 9l.,6

Hy H,

a = 9,16 , b = 108.6 4

Dy Dy, (35)
a2 =18.0 , b. = 114.3

T, s

Henry's constants are assumed to be independent of total pressure.
CHe,j depends not only upon temperature but also upon liguid
composition. Thils requires an additional iteraticn loop, because
the vapor-liguid eguilibrium ratio in Eq.(19) must be independent

of 1liguid composition. In the present procedure, the successive
iteration method is applied for the outer iteration loop ( the inner
iteration loop is the Newton-Raphson calculation ), as illustrated
in Fig. 3. The initial values of the liquid mole fractions are
assumed to be equal to the feed mole fractiong for the outer loop.

The effects of the uncertainties of the experimentally determined

parameters are explored later to support the conclusions.

— l 3 —
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4, Separation Characteristics

4.1 Distributions of Temperature, Phase Flows and Compositions

In order to analyze the distributions of the column
variables such as temperatures, liguid and gas flows ana
compositions of the two phases, the feed specifications and the
caleulational conditions are assumed as given in Tables 1 and
2, respectively. The calculation is made by using the simula-
tion model described in the previous chapter. The distribu-
tions of temperature and phase flows are summarized in Table 3.
The composition profiles are shown for repregentative compo-
nents in Figs. 4 and 5.

Tt is observed from Table 3 that as the stage number
increages, the liquid and gas flows increase remarkably in the
cooled section while they are almost unchanged in the packed
seetion. The temperature on the first stage 1is exceptionally
low in comparison to the other temperatures. The predominant
isotopic species of molecular hydrogen in the top gas are H2
and HD. The recovery fraction of tritium to the bottom exceeds
99.9 4. The bottom liquid is almost completely free from

helium ( helium concentration ~ 0.01 ppm ).

4.2 Effect of Operating Pressure

It is desired that the percentage of hydrbgen iscftopes
contained in the top gas be reduced tc be as few as possible.
However, a lower percentage 1is expected to cause lower gas

temperature and further lower inlet temperature of the refrige-

‘_14#,
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rant. This conflicts with the need that the inlet temperature
be sufficiently high to prevent hydrogen lisctopes from

freezing. The key parameter to solve this problem is the
operating pressure. Tor this reason, a parametric survey is
made for P changing the twe parameters, P and Vl. These two
parameters are establlshed SO that the temperature of the

first stage Tl remains almost constant. The effect of the
operating pressure 18 summarized in Table 4 and Fig. 6.

The percentage of hydrogen isotopes in the top gas decreases
greatly with increase in P in the range of low pressure.
However, this parameter remains slmost unchanged in the high
pressure range. It may be concliuded that the optimum pressure
lies in the range from 4 atm to 5 atm. The percentage of hydro-
gen isotopes in the top gas can be kept approximately 10 mol%.
1t should be noted that this percentage 1s almost independent

of parameters other than the operating pressure.

4.3 Convergence Characteristics

The convergence parameters which could have substantial
influence on convergence characteristics of the Newton-Raphson
iterative calculation are Tlo, TEO and TNO for initial estima-
tion of a set of temperatures, Gj‘s in the second convergence
method and Bj's in the third one if these methods are used.
Unfortunately, there are no methods available which allow us
to predict the best method for convergence oI optimum set of

these convergence parameters. Table 5 summarizes the conver-

gence methods and parameters used in calculations and informa-

715,,
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tion on convergence characteristics observed; for several
representative cases. The three temperatures for initial
estimates have profound effects on achlevement of convergence,
The higher operating pressure results in more difficulty 1n
achievement of convergence, whiech reguires application of
special convergence methods. As an example, Fig. 7 shows

the graph of J( Eg.(29) } plotted against the iteration number. The
number of iterations needed for the outer successive iteratlon
loop 1s three and that of the total iterations is thirteen.
The conclusion is that convergence of the calculation 1s often
difficult to achieve, but it can be ensured by pertinant

establishment of the convergence parameters.

4.4 Effects of Number of Total Packed Stages and Total
Amount of Heat Subtracted

Oone of the most attractive features of the falling liquid
film condenser is promotion of separaticn of hydrcgen isotcecpes
by using the packed section. If attention is focused on removal
of helium, even small values of the number of the total packed
stages and total amount of heat subtracted from the cooled
section, are quite satisfactory. However, the tritium
concentration in the top gas should be considered a key output
parameter. Figure 8 shows the effect of the number of total packed
stages on this key parameter. In all the caseés in Fig. 8,
the number of the total cooled section ié fixed at 15 and the amount
of heat subtracted is also unchanged ( = 1000 cal/h/stage v,

The feed stage number, NF’ is equal to N-2. 1If the feed 1s
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supplied tc a point higher, the helium concentration in the
bottom liquid will be greatly deqreased, but ‘it is already"

extremely low and the low tritium concentration in the top gas

should be considered mcre important., Figure 8 indicates

that the tritium concentration in the top gas can be decgreased
to almost unlimited extent by increasing the packed height.

The tritium concentration in the top gas can also be decreased
by providing larger amount of heat subtracted from the cooled
section. This is observed in Table 6. Another information
learned from this table 1s that helium concentration in the
vottom ligquid is also decreased by larger amount of heat
subtracted, while it remains almost uhchanged with increasc
in the packed helght,

Importance of the three temperatures assumed for the
initial estimation of a set of temperatures, can be appreciated
in the calculation of Case 9. With the three temperatures of
20.0 K, 27.5 K and 30.0 K, the calculation converged in 15 itera-
tions ( Method 3, Bj's are 0.05 for Lj's and 0.005 for Tj's ), but
1t failed to converge in 50 iteratlions 1if 30.0 K was changed to
30.5 K.

4.5 Discussion on Uncertainty of Volatility of Hellum

Although detailed information on column behavior is obtained
by the parametric studles made in the previous sections, the
parameters experimentally determined for calculation of the
equilibrium ratio fer helium are more or less uncertain. For
this reason, two caiculations are added changing a's in Eq.(35)

under the reference condition. One calculation is made by

"IT""
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doubling a's and the other by halving a's. The results indicate
that all the column variables remain é.hnost unchanged except the helium
concentration in liquid phases. The calculated values of the
helium concentraticn in the bottom liquid are approximately

0.001 ppm and 0.1 ppm, respectively. However, the helium
concentration in the bottom liquid is always sufficiently low,
and unecertainty of the experimentally determined parameters is

not significant.

4.6 Addition of Protium to Feed Strean

The bottom stream from the falling liquid film condenser
is transferred to the cryogenic distillation column cascade for
hydrogen isctope separation. One of the features of the column
cascade is that the top flow of H2 and HD from Column(2) is
considerably small ( ~ 0.3 g-mol/h )§6) If the falling liquid
film condenser is incorporated between the fuel clean-up system
and the column cascade, the top flow from Column(2) is further
decreased because a slgnificant percentage of protium is removed
by the falling liquid film condenser. For this reason, it may be
profitable to add protium to the feed stream supplied to the
falling liquld film condenser, for ensurance of the adequate flow
from the top of Column{2). An additional calculation reveals that
it also results in reduction of the tritium concentration in the
top gas from the falling liquid film condenser. If the protium
percentage is doubled in Reference Case with the other conditions
unchanged, for instance, the atom percentage of tritium decreases

to 0.0869 %.

_18__
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-5, Conclusion

(1) A falling liquid f£ilm condenser is proposed as a most attractive
process for removal of helium from hydrogen isctopes.
A condenser is composed of a cooled section of a tapered
column and a packed section. The feed is suppliedé to a point
near the lower end of the packed section.

(2) A mathematical simulation procedure 1s developed for
analyses on separation characteristics of the column.
A total of seven components ( He, Hy» HD, HT, D, DT and T, )
are considered in the simulation model. It is verified that
the convergence is ensured in a wide range of conditions by
appropriate establishment of the cconvergence parameters.

(3) The percentage of hydrogen isotopes in the top gas can be
kept about 10 % with the operating pressure of .~ 5 atm.
A sufficiently long packed section ensures considerably low
tritium concentration in the top gas ( lower than 0.01 atom? ).
The top gas can be transferred to the tritium waste treat-
ment system. The 1iguid hydrogen isgotopes withdrawn from
the bottom of the column is almost completely free from
helium ( helium concentration ~ 0.01 ppm ).

(4) Tt is desired that dynamic simulatlon studies or exploration
of control systems be made in further studies. The key output
parameter to be controlled is the ftritium concentration

in the top gas.
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NOMENCLATURE

B : Prescribed value of LN (g=mol/h)

CHe-i,j Henry's constant of He-1 system at Tj K (atm)

Fj Flow rate of feed stream supplied to j-th stage {g-mol/h)

Hj . Molal enthalpy of gas stream leaving Jj-th stage (cal/g-mol)

HFJ Molal enthalpy of feed stream supplied to j-th stage

(g-mol/h)

hj . Molal enthalpy of liquid stream leaving Jj-th stage
(g-mol/h)

Keqi,j Vapor-liquid equilibrium ratio of component i at Tj K

Lj + Flow rate of liquid stream leaving j-th stage (g=mol/h)

m : Total number of components

N : Number of total theoretical stages
N

Feed stage number

B
Pj . Total pressure on j-th stage (atm)
p°i’j Vapor pressure of pure ccomponent 1 at Tj K (atm)
Qj . Amount of heat subtracted on j-th stage {(cal/h)
T, Absolute temperature on j-th stage (K)
V. : Flow rate of gas stream leaving j-th stage (g-mol/h)
Xi,j . Mole fraction of component i1 in ligquid stream leaving

J-th stage

yi,j . Mole fraction of component i in gas stream leaving
j-th stage
74 ] . Mole fraction of component 1 in feed stream supplied to
3

J—-th stage
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Convergence tolerance for inner iteration loop

Convergence tolerance for outer iteration loop

Subscript )

Component number

1 : H 2 : HD , 3 : HT , 4 : Dy > 5 © DT

2 >
T : He

Stage number
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Table 1 Feed condition chosen for parametrlc studiles

Hy, = 0.013 %

HD = 0.995 %

HT = 0.879 %

Composition D2 = 23.57 %

DT = 45.91 %

T, = 23.63 %

e = 5,00 %
Flow rate 15.0 g-mcl/h
State Gas

The present study deals with & column with a single

feed.
Table 2 Reference Case for parametric studiles
Number of total theoretical stages = 30

Cooled section = Stages 1 through 15

Stages 15 through 29

Packed section
Feed stage number = 28

Fiow rate of %fop gas = 0.85% g-mol/h
Operating pressure = 4 2tm

Heat subtracted = 1000 cal/h/stage

Feed temperature = 30.5 K

-

- 23—
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Table 3 Distributions of temperature, gas flow rate,
and liquid flow rate within column in
Reference Case
J Ty (K) Vs (g-mol/h) (g-mol/h)

19.87 0.85 3.64
2 27.13 4.49 8.18
3 27.62 9.03 12.7
b 27.80 13.5 17.1
5 27.91 17.9 21.4
10 28.36 39.1 42.2
15 28.589 57.7 60.2
16 29.12 61.1 59.5
20 29.53 58.4 57.0
25 25.87 56.0 54.8
23 30.03 55.0 53.7
29 30.13 39.5 53.6
30 30.17 39.5 14.15

e

1

<

: Stage number

Temperature on j-th stage

Flow rate of gas stream leaving J-th stage

. Tlow rate of ligquid stream leaving Jj-th stage
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Table U Effect of operating pressure on percentage

of hydrogen isoctopes in top gas

Case P V4 H Tl
1 1 1.15 34.8 19.9

2 2 0.85 21.1 19.9

3 3 0.885 15.3 19.9
Reference 4 0.85 11.8 19.9
4 5 0.83 .64 19.9

P : Operating pressure (atm)
v, Flow rate of top gas (g-mol/h)
E : Percentage of hydrogen isotopes in top gas (%)

T Temperature of top gzas (K)

1
Feed temperatures assumed are as fcilows

o4 .5 X (Case 1), 27.5 K (Case 2), 29.0 K (Case 3),

30.5 K (Reference Case), 31.5 K (Case 4).

,,25w_.
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Table 5 Information on convergence characteristics

Case T, ° T,° 1,0 | Method n
1 20.0 23.0 24.5 C 7
2 _ 20.0 25.0 27.¢ 0 divergence
2 20.0 25.0 27.0 1 11
Reference 20.0 27.5 30.5 1 ~divergence
Reference 20.0 27.5 30.5 3 13%
Reference 20.0 27.5 30.5 3 11%%
Reference 20.0 ES.O 30.5 3 nonconvergence#
i 20.0 28.5 31.5 3 14#
TJO Temperatures chosen for initial estimation of a set of

. temperatures (K)

Method : Convergence method selected ( Method 0 means the ncrmal
Newton-Raphson method without any speclal considera-
tion )

n : Number of total iteraticns needed

divergence : The calculaticn was abnormally terminated because

infinitively large numbers appeared.

nonconvergence ; The calculation did not converge in 50 iterations.

* sj's are 0.05 for liquid flows and 0.005 for temperatures.

*% Bj's are 0.1 for liquid flows and 0.01 for temperatures.

Cnce the inner iterative calculation converge, the cuter one

never falls tc converge.
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Assume X, .'s by
15
X 1=z
i,d :L,NF
( 1 = 13 3 m ; J = l’ -] N )

Calculate temperature and liquid
compoesition distribution within
colum ( x. ,° ) by use of

1,4d

Newton-Raphson iterative method

i

Calculate I defined by

N m

T =3 T | x .-x 2| /%,
j=1 l=l| 1,1 1, | / 1,J

Fig. 3 Outer iterative loop ( successive iteration )

ir mathematical simulation

— 29_
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«w 00 T I ] T I

Q

5

2 40 Temperature of ~

a:.;;.. Top Gas=19.9K

£ 30 -

g

5 20— -

25

)

= 10— -

28

=] 0 L | E ! 7
0 | 2 3 4 5 6

Operating Pressure (atm)

Fig. 6 Effect of cperating pressure on percentage of
hydrogen isctopes 1n tep gas

——Reference Case —

IOO| T
-1

10 O = Converged in inner
-2 iteration loop.

10 3

\ £ =1.0x10
-4

-3 =

(0 \ #=1.0%10
) A

10

FIERI
16° \/
}

IO-T Convergence Tolerance

Average Value of Residual Functions {—)

|dg AN
! 5 10; 15 20
Iteration Number (-
7 Example of successful achievement of convergence
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Number of Total Packed Stages ()

o4 9 14 19 24 29 34
1O| i | | l i

e ° N
o
I
w 2 7
j=
@
§. {0
= 5 -
E
=
E Zr >
kS
© 2
& |0 :
g Cooled Section = Stages | through 15
8 g L Feed Stage Number=Number of Total _
E Theoretical Stages - 2
Operating Pressure = 4 atm
2 l— —
10° | | ! ! !
20 25 30 35 40 45 50

Number of Total Theoretical Stages(-)

Fig. 8 Effect of number of total packed stages on
tritium percentage in top gas



