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The present paper reports revision of the design model
previously developed by the authors for the cryogenic falliing
quuid film helium sepérator. Thelrevised'deSign procedure is
composed of three steps : 1) ecalculation of distributions of
phase flow rates, temperature and phase compositions within the
refrigerated section and the packed section ; 2) calculation
of more detailed distributions of these variables within the
refrigerated section ; and 3) estimaticn of column dimensions
and determination of operating conditions. It is assumed that
the vacant refrigerated section has two theoretical stages for
hydrogen isotope separation. The mixture within the refrige-
rated section is considered in step 2) as two component system of
He-HD.

KEYWORDS : Design Model, Cryogenic Temperature, Falling Liquid
Film, Helium Separator, Refrigerated Section,

Packed Section, Isotope Separation, Hydrogen Isotopes
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1. INTRODUCTION

(1)(2)

The authors have developed a préliminary design model
for a ecryogenic falling liquid film helium separator for remo-
ving helium from hydrogen isotopes. The column is composed of
two sections, a refrigerated section and a packed section.

The computer code, FLFC£1)_(3) allowed us to analyze the separa-
tion characteristics of the column. A significant amount of
information was revealed by our previous studies. However,

the estimation method for dimensions of the refrigerated sectlon
is not absolutely the best one, s¢ we have to try to revise the
design model. In the previous model, hydrogen isotope separa-
tion was assumed to be promoted even within the'reffigeratéd
section to some extent. In addition, the molecular specles, DZ'
was chosen for calculating the transfer coefficients.

Yamanishi & Kinoshita(é);(é) have performed an experimental
work for a‘cryOgenic distillation column with a small inner
diameter separating N, and Ar. The results indicate that the
HET? value is approximately 5 em if the column is packed with
the packing materials, while it is about 50 cm if the column is
vacant, Therefore, unless the column is packed with the packing
materials, the vapor/liquid interface area is not adequately
large with the result that the separation is very poor. For
this reason, if the refrigerated section of the falling liqﬁid
film condenser is vacant, it should have only a few theoretical
stages'becausé”its height is ~ 1 m, Additionally, the pre-

dominant molecular species within the refrigerated section is
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not D2 but ED.

The present report describes a revised design model for
overcoming these problems. The refrigeraﬁed section can also
be packed with the packing materials, but it is assumed to bs

vacant in the present study.

2. DESCRIPTION OF REVISED DESIGN MODEL

The revised design model for estimation of column dimen-
sions requires three steps of calculations : 1) calculation of
distributions of temperature, liquid and vapor -flow rates, and
compositions of the two phases within the two sections ; 2)
investigation of more detailed distributions of lemperature,
phase flow rates and helium coacentratipn within the refrigera-
ted secition ;_and_30=§stimation of specifications of the
refrigerated section { specifications of the packed section
can readily be estimated because,a.significant~amount of infor-
mation has been obtained by experimental studies.at the Los

Alamos National Laboratory(7)<8) }. More details are described

as follqws.
2.1 Step (1)

The calculation can be perfeormed by means of our previous

computer code, FLFC. A total of seven components ( He, Hz, D,
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HT, D2, DT and T2 ) must be considered in the calculation.

The model column for mathematical simulatiocn in this step is
illustrated in Fig. 1. The refrigerated section is postuliated
to heave two theoretical stages, while the packed section has
many stages. The input and output variables for the step (1)
calculation are listed in Table 1. Significant parameters
which are used as input variables for the step (2) calculation
are the flcw rate of the vapor stream entering the refrigera-
ted section and the composition of this vapor flow. An example
calculation is made under the conditions given in Table 2.

The calculational results ( listings of the final results )
are given in Tables 3 - 5. As observed from these tables,

the information concerning the temperature and composition
profiles within the refrigerated section 1s not adeguate,
Hence, we have to further dnalyze these profiles in step (2).

We rename the computer code used here 'FLFC1',

2.2 Step (2)

The model column to be analyzed in ithis step is 1liustra-
ted in Fig., 2. The vapor flow entering the refrigerated sec-
tion is considered as the feed. The feed can be considered as
a mixture of He and HD. The section i1s separated into many
elemental stages for calculating more detailed temperature and
helium concentration profiles. It should be noted that the
elemental stage introduced here is quite different in the

concept from the usual theoretical stage. The number of total
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elemental stages has no effect on the separation perfeormance.

A larger number results in & more accurate analyéis. The input
and output variables for the step (2) calculation are listed

in Table 6. The calculation is performed by means of a new
computer code, FLFCZ. An example calculation is made under

the conditions given in Table 7, The listings of the final
results are given in Tables 8 and 9. By using distributions

cof phase flow rates, temperature and helium concentration
calculated here, the dimensions of the refrigerated sectlion

are estimated by means of FLFC3, in accordance with the follow-

(1)(2)

ing procedure.

2.3 Step (3)

The components which are present within the refrigerated
section are He and HD. We apply the method proposed by Golburn
and Hougen(g) to the j-th stage of the refrigerated section
as illustrated in Fig. 3. The heat transfer equation 1s

expressed by

- ! - ! = -
955 (Tgy = Tgg) * <5hy(pgy = phy) = P05{Tcy = Thay'» (1)
where .

1 - - . 1 = -

The overall conductance is made up of the conductance of the
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gas f£ilm, condensate (liquid film), metal wall and the refri-
gerant gas film. In Eq.(1), all except the gas conductance
are grouped together as a single conductance. Since the distri-
butions of temperature, phase flow rates and helium concentration
are calculated in step (2), the transfer coefficients can be
estimated.

The film coefficient ?f heat transfer eGj and the molar
mass transfer coefficient Kj are calculated for the gas film

from the following equations

_ s 2/3, 2 _
eGj = AchGijj/Prj /Trdj (3)
and
2/3 2
. = Vo ! /S, ay , :
KJ AJJ mJ/pln.J/ ¢’ /m 3 (4)
where

PI‘. = CGJUGj/ij ] SC,] = qu/pGJ/:J ]

J. = J.(Re.), Re. = 4V_./m/u../d.
i j(Res), Reg = 4V, /m/ug,/d;

and pip 5 = (p4y - pey)/inlegy/pgy) (5)

These equations are derived assuming that two components are
present and the diffusion of the condensible compenent occurs

in one directiont'9) The Chilton and Colburn's j-factor, Iie
is given as a function of Reynolds Number in Fig. 1 of Ref.(10).
The combined coefficient of heat transfer eoj is calculated

(11),

from the following equations
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-1/3( ~1/3,

B 2 .3, 2 .
5 i T W.AT(UCj/ij/on/g) 4 j/ucj)

r. =L./n/d. ,
J 'J/'/ J

oD s/ Kps - O.O23FGjDej/uéj)O'S(CRjuRj/kRj)O'A,

D, = (D55 - DY /Dy

1/9; (1/0p,)4d;/Dy5) + (5j/ij)(dj/Dj) £ /8,

5, = (DJlj - dj)/2 , and Dy = (D1j‘+ dj}/2 . (6)

Under usual conditions, the liquid film resistance can be
neglected in comparison with the other two resistances.

The equivalent height lj for each elemental stage is estimated
from the following procedure.

1)} Assume the diameters, d., D,. and D,..
NS 2]

2) Assume the inlet and outlet temperatures of the helium re-
. m . o
frigerant gas, TRin and Toout’ for calculating the reguired flow

rate VR and the mean temperature on the j-th stage Tij from

Ve = Qp/epn/(Tpouy = Trin!»
Trir1 = 95/ Vp/%n * Tryr Trin

ang T

Ruj " (TRj+1 + TRj)/z,r( 3= 1, ce., ML (7).

3) Calculate the transfer coefflicients.
L) Solve the following nonlinear equation for ch by using

the Newton method
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8 (T.. = T..) + K. A (pl. = pl.) = 8. (F.. .
65 Te cj’ %5 PGy - PGy 05 Tc; Ruj’

where TGj ig the temperature calculated in step (2).
5) Calculate the equivalent height lj from

Ly = Qyf%0y/ (Tgy = Trgg)/m/ay - | | (o).
6) Verify that the followiné material balance eqﬁation is

approximately satisfied

K'(p'T - péj)ﬂdjlj %-Lj,- Lj-1 . | | (10)
In thé region of sméll Reynolds Number, it is needed to allow
for effects of the.natufal ccnvection. Aé a consequence,
the j-factor depends gpon.lj requiripg a cumbersone qalcula—
tional proéedure. Althéugh the order of magnitude of the para-
metef lj/dj/d)j ( the physiqal meaning of this parameter is given
in Ref.(10) ) is“in therrange from 109 1o 107, we set the value
of the parameter_at uniﬁy. .Hence,riﬁ_the design, the calcula-
ted valueé of ﬁhe trénsfér coefficients mus£ be-divided
by a certain value largéf.ﬁhan ﬁnity ﬁo gompenaate for the
uncertainty; The.therﬁal E§ﬁductivity, densiiy, specific heat
at constant pressure and viscosity of the HD gas are calcula-
ted by using the equations proposed by Souersg12) These
physicochemical parameters for He and the diffusion coeffi-

cient of the He-HD systen are calculated by using the equations
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(13)

derived by the rigorous kinetic theory of gases.
' The inlet temperature of the refrigerant should carefully
be controiled te meet the following requirements : 1) the inlet
temperature of the refrigerant must be lower than the lempera-
ture of the top of the column ; 2) the inlet temperature of
the refrigerant must be adequately high for preventing hydrogen
isctopes from freezing ; and 3) the aifference between the
column temperature and the refrigerant temperature should be
sufficiently large.  The7hydrogen:isotdpés‘( 10 % Hé and 90 %
HD ) freezes at ~. 16.5 K. Hence, 18 K is chosen for the inlet
temperature in the present design.

An example design 1is madeﬂana the results ére'summéfiﬁed
in Tables 10 and 11. The coefficients, eGj' Kj and BOj are
divided by 2 in the calculation, Thérequivalent height‘for‘
the first elemental stage is sigﬁificantly highér than thése for
the other stages. The reasons are as follows : 1) lhe gas
velocity is very low, and thé.rates of mass and heat tfansfefs
are also very low ; 2) the'partial'pfessufe of He is large wifﬁ
the result that the mass ffansfer coefficient for HD is small ;
and 3) the temperature difference bétween thé liquid fiim-and
the refrigérant ig not large. The probiem of tﬁe low gas velo-
city could be eliminated:by déc}eééihg.the inner diémeter, buf:

it is already very small.
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3. CONCLUSICN

The design model for the eryogenie falling liquid fiim
helium separator has been revised. The design procedure is
composed of three steps : 1) calculation of:distributions of
phase flow rates, temperature and phase compositions within
the refrigerated section and the packed section ; 2} calcula-
tion of more detailed distributions of these variables within
the refrigerated section ; and 3) estimation of column dimen-
sions and determination of operating conditions. The three
computer cocdes, FLFC1, FLFCZ and FLFC3 are now- available for
these steps.

A rigorous dynamic simulation code, FLFC4, is under
development for design of the control system., These four
computer codes are very useful for analyses on both the steady
state and dynamic characteristics of the falling liquid film

condenser,

NOMENCLATURE

¢ = specific heat at constant pressure (eal/g-mol/K)
G = mass velocity of refrigerant (g-mol/cmz/h)
g = acceleration of gravity (cm/h)

J = Chilton and Colburn's j-factor
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- thermal conductivity (cal/h/cem/K)

= flow rate of liquid stream leaving J-th stage (g-mol/h)

number of total elemental stages

number of total theoretical stages

F feed stage number

numnber of total refrigerated stages

=]

k
L
M
N
N
N
P

' total pressure on j-th stage (atm)

p(Tj)pz vapor pressure of condensible component at Tj K (z2tm)

partial pressure of inert component (atm)

i

pt

Pr = Prandtl Number

Q. = heat subtraction rate on j-th stage (j = 1, 2}

Qp = total heat subtraction rate (cal/h)

q. = heat subtraction rate on-j-th stage { j:= 1, ..., M )
(cal/h)

Re = Reynolds: Number

Sc = Schmidt Number

T. = temperature on j-th stage (K)

J
Vj - flow rate of vapor stream leaving j-th stage (g-mol/h)
Xj = mole fraction of condensible component in liguid stream

leaving j-th stage

§ = wall thickness {(cm)

6 = film coefficient of heat transfer (cal/h/cmz/K)

k = molar mass transfer coefficient (g-mol/h/cmz/atm)

A = latent heat of vaporization of condensible component
(cal/g-mol)

u = viscosity {(g-mol/cm/h)

§ = qiffusion coefficient of He-HD system (cm</h)
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density (g—mol/cmB)

p:

(Subscript)

c condensate film {(liquid film)
G : gas (main body)

J stage

M metal wall

m mean value

R refrigerant gas
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Table 1 Input and Output Variables for Step (1) Calculation

Input Variables

Number of total theoretical stages (N)

Number of total refrigerated stages (NR = 2)

Feed stage number (NF)

Feed specifications ( flow rates, temperature, composition )
Operating pressure (P)

Flow rate of top gas (FD)

Heat subtraction rate on refrigerated stages (Qj, j=1, 2)

Qutput Variables

Flow rate of gas stream leaving each stage

Flow rate of ligquid stream Ieaving each stage
Temperature on each stage

Composition of gas stream leaving each stage
Composition of ligquid stream leéving each stage

Rebeoiler duﬁy

The molecular species to be considered are He, H2, HD, HT,

D DT and T2.

2!

~13—
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Table 2 Caleulational Conditions of Step (1)

Feed flow rate = 15 g-mol/h
Feed temperature = 31.5 K

Feed composition®

H, = 0.5162D-3 HD = 0.1963D-1 HT = 0.1734D-1
D, = 0.2307 DT = 0.4499 T, = 0.2319
He = 0.5000D-1

( H:D:T=2: 49 ¢ 49 )
Top gas flow rate = 0.83 g-mol~
Operating pressure = 5 atm
Qy = 8y = 20000 cal/k

N = 60

#) The original feed is an equimolar mixture of D-T containing
1 atom% H. However, érotium is added to‘this original feed
for decreasing the tritium concentration in_ the top gas and
for assuring an adequate flow rate from the top of column (2)

in .the Isctope Separation System.
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Table 4

Final Results of Step (1) Calculation

xaxtx YAPOR MOLE FRACTIONS =xxxx

Fro e BN I Y B T N

H2

0.9019050-02
0.5367130-01
0.4085770-01
0.304358D-01
0.2273270-01
0.1695780-01
0.126424D-01
0.9425490-02
0.7031670-02
0.5292730-02
0.393204D-02
0.2952290-02
0.222586D-02
0.1687480-02
6.128859D-02
0.9931170-03
0.7742890-03
0.6122470-03
0.492265D-03
0.603432D-03
0.337664D-03
0.2889720-03
0.2529210-03
0.2262270-03
0.2064550-03
0.1918060-03
0.180944D~03
0.172882D-03
0.16688460-03
0.1624120-03
0.15%0570-03
0.1565200-03
0.1545760D~-03
0.153056D-03
0.151829D-03
0.1507950-03
0.1498730-03
0.1489950-03
0.1480990-03
0.1471310-03
0.1460330-03
0.1447469D-03
0.143222D-03
0,14613990-03
0.139238D-03
0.1367170-03
0.133853D-03
0.1307060-03
0.1273890-03
0.12403510-03
0.1208550-03
0.117944D-03
0.1154130-03
0.113301D0-03
0.1115950-03
0.1102500-03
0.1092020-03

0.108387D-03
0.6235920-04
0.3459620~04

HD

0.8734870-01
0.931785
0.954769
0.965199
0.972848
0.978553
0.98278%
0.985915
0.988205
0.989864
0.991045
D.991865
0.99240%
0.992728
0.992878
0.992884
0.992747
0.952540
0.992206
0.991768
o.99iz220
0.990553
0.989753
0.988803
0.987679
L 0.986351
0.984784
0.982931
0.580738
0.978134
0.975035
0.971331
0.566889
0.961539
.0.§55068 .
0.947208
0.937615
0.925870
0.911446
0.893701
0.871848
0.845073
0.812372
0.772850
0.725781
0.670863
0.408490
0.539976
0.467619
0.394487
0.323945
0.259039
0.201980
0.153898
0.114889
0.8427340-01
0.4091850-01

0.4352840-01
0.3209040-01
0.2287590-01

JAERI-M 83073

HT

0.177873D-04
0.£52173D-03
0.299344D0-03
0.35035¢D-03
0.4087890-03
0.4759380-03
0.553219b-03
0.6422730-03
0.746%86D-03

0.8635350-03.

0.1000430-02
0.1158580-02
0.134131D0-02
0.1552510-02
0.1794610-02
0.2078780~-02
0.240493D-02
0.278192D0-02
0.3217640-02
0.372118D-02
0.6303010-02
0.4975170-02
0.5751510-02
0.664792D-02
0.768261D-02
0.8876400-02
0.1023300-01
0.1183940-01
0.1366660-01
0.1576850-01
¢.181838D0-01
0.2095540-01
0.2412970-01
0.277568D-01
0.318890D-01
0.3657850-01
0.418739D0-01

T0.478146D-01

0.544217D-01
0.6168610-01

1 0.6%55090-01
£ Q.778892D0-01

0.844788D-01

TQ.FLGTTAD-Q1

0.102908
0.109670
0.114590
0.117023
116493

"p.112824

0.106220
0.9723670-01
0.8464200-01
0.7534740-01
0.6406020-01
0.5339100-01
0.4372500-01

0.3525990-01
0.2923840-01
0.2353620-01

bz

0.1B4434D-07
0.3423900-06
0.4770570-06
0.655004D-06
0.896408D-06
6.122404D-05
0.1668620-05
0.227184D-05
0.3090230-05
0.420048D-05
0.570660D-05
0.7749630-05
0.1052090-04
6.1427970-04&
0.193777D-04
G.262916D-04&
0.356675D-04
0.4838110-04
0.656189D0-04
0.889880D-04
0.120665D-03
0.1635970~03
0.2217710-03
0.3005820-03
0.407322D-03
0.5518410~03
0.747637D-03
0.101204D-02
0.136979D0-02
0.1853150-02
0.2505670-02
0.3385630-02
0.457074D-02
0.6164240-02
0.83024610=02
0.1116390-01
0.14698040=01
0.2004880-01
0.2674180-01
©.3551620-01
0.4691050-01
0.6152550-01
8.7997420-01
0.102785%
0.130257

. 0.162253

0.197999

C0.235940

0.273779
0.308743
0.338070
0.359543
0.371881
0.37L838
0.369166
0.356114
G.337313

0.314410Q
0.295398
0.27135¢

_;16__

DT

T2

HE

0.9381400-11 0.104973D-14 0.903614

0.2357670-~09
0.377839D-09
0.5962800-09
0.9378190-09
0.147154D-08
0.2304990-08
0.360579D-08
0.5635170-08
0.880027D-08
0.137356D-07
0.2142960-07
0.3342290-07
0.5211540-07
0.812457D-07
0.126638D-08
0.1973630-06
0.3073490-06
0.4791910-06
0.744536D-06
0.11&2890-05
0.1811200-05
0.2820510-05
0.4391512-05
0.6836160-05
0.1063920-04
0.1655320-04
0.257461D-04
0.400284D-04
0.622035D0-04
0.966065D-04
0.1499290-03
0.2324770-03
6.360080D-03
0.5569560-03
0.859995D-03
0.1325030-02
0.203590D-02
0.3117150-02
0.4751190-02
0.7200170-02
0.108313D-01
0.1614150-01
0.237722D-01
0.34469800-01
0.4916%4D-01
0.6859070-01
0.933334D-01
0.123523
0.158675%
0.197662
0.23884%9
0.280340
0.32036%9
0.357319
0.390037
0.417743

0.440000
0.457388
0.468%80

0.3691710-13
0.6819450-13
0.1239710-12
0.224573D-12
0.4058270-12
0.732048D0-12
0.131871D-1%
0.2373120-11
0.4267380-11
0.7669250~11
0.1377710-10
0.24740%D-10
0.444184D-10
0.797296D-10
0.143088D-09
0.256757D-09
0.460663D-09
D.8264000-09
0.148232D-08
0.2658510-08
0.676729D-08
0.854743D-08
0.,15322220-07
0.2744610D-07
0.4920643D-07
0.881383D-07
0.1578250-06
0.282492D-06
0.5053790-06
0.903574D-06
0.161430D-05
0.2881420-05
0.513726D-05%
0.914611D0-05
0.1625610-04
0.288209D-04
0.509568D-04
0.8975480-04
0.1573B$0-03
0.274306D-03
0.4744240-03
0.81256%D-03
0.1374700-02
0.2290370-02
0.3745170-02
0.5988870-02
0.933270D-02
0.141304D-01
0.2074320-01
0.294961D0-01
0.406419D-01
G.543425D-01
0.7067220-01
0.8963530-01
0.111185
0.135240

0.161686
0.185761
0.213223

0.142914D-01
0.427318D0-02
0.601433D0-02
0.4601013D-02
0.401196D-02
0.401344D-02
0.4014550-02
0.4015360-02
0.401597D0-02
0.4016420-02
0.401676D0-02
0.4017000-02
0.401719D-02
0.4017330~02
0.401743D-02
0.401751D0-02
0.4017580-02
0.4017630-02
0.4017670-02
0.401771D-02
0.64017750-02
0.4017800-02
0.4017860-02
0.4017920-02
0.401801D~02
0.401813D0-02
0.401828D-02
0.4018490-02
0.4Q1877D0-02
0.401916D-02
0.401968D-02
0.402039D-02
0.402134D-02
0.4022680-02
0.402449D-02
0.4026970-02
0.64030360-02
0.4034990-02
0.404133D-02
0.6049960-02

0.406168D-02

0.407746D-02

0.409854D-02

0.4126280-02

0.4162160-02

0.4207500-02
0.4263150-02
0.4329150-02

0.4406400-02

0.6486620-02

0.4572580-02

0.4658680-02

0.4741620-02

0.4818920-02

0.488918D0-02

0.495196D0-02

0.500756D-02
0.621409D0-04
0.756149D0-0¢



Table 5
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Final Results of Step (1) Calculation

sxxxx L JQUID MOLE FRACTIONS =xx»x#

LoE Rt I Y B VR AV

H2

0.5417290-01
0.407959D-01
0.3052890-01
0.2279230~01
0.1699230-01
¢.1265820-01
0.9427260-02
0.7023010-02
0.5236320-02
0.3909880-02
0.2925850-02
0.219424D-02
0.1655330-02
0.125490D~02
0.958135D0-03
0.7383530-03
0.5756030-03
0.4550980-03
0.3658770-03
0.2998220-03
0.250917D~-03
0.214708D-03
0.1878946D-03
0.1480380-03
0.153323D0-03
0.1424120-03
0.1343120-03
0.128287D-03
0.1237890-03
0.1206150-03
0.117860D-03
0.11589%0-03
0.11435%0-03
0.1131110-03
0.1120510-03
0.1110950-03
0.1101740-03
0.109221D-03
©.108177D-03
0.106977D-03
0.1055570-03
$.103851D0-03
©.101791D-03
8.9932190-04
0.9640870-04
0.9305370-04
0.8931170-04
0.852954D-04
0.8114820-04
0.7711640-04
0.733156D-04
0.46989780-04
0.669345D-04
0.6443740-04
0.6237320-04
0.4068290-04
0.5929870-04

0.581558D-04
0.3302250-04
0.1815550-04

HD

0.941270
0.95855¢%
0.969015
0.9766%99
0.982432
0.986688
0.989829
0.992129
0.993796
0.994983
0.995806
0.998350C
0.9946474%
0.996825
0.996831
0.994714
0.994485
0.99415¢0
0.995710
0.995160
0.994490
0.993687
0.992733
0.991604 .
0.990271
0.9886%6
0.984836
0.984634
0.98201¢9
0.978%06
0.975187
0.970727
0.965335
0.958857
0.950963
0.941332
0.529340Q
0.913058
¢.897241
0.875321
0.848419
0.815588
0.775%908
0.728651
0.673311
0.610883
0.542084
0.469419
0.395968
0.325108
0.2599Q0
0.202566
0.1562453
0.115033
0.8425690-01
0.6077460D-01
0.4328700-0C1

0.3052790-01
0.2218520-01
0.15659240-01

HT

0.254B060-03
0.300574D-03
0.351805D-03
0.410490D-03
0.477930D-03
0.5555500-03
0.644993D-03
0.748154D-03
0.8672200-03
0.1004710-02
0.1163550~02
0.1347080-02
0.1559200-02
0.180437D-02
0.2087760-02
0.2415340-02
0.2793970-02
0.3231590-02
0.373732Dp-02
0.432169D0-02
0.6996780-02
0.5776510-02
0.447682D0-02
0.771602D-02
0.891502D-02
0.1029770-01
0.118911D0-01
0.1372610-01
0.1583720-01
0.1826310-01
0.2104670-01
0.242349D-01
0,2787790-01
0.3202820-C1
0.3673820-01
0.6205690-01
0.4802380-01
0.546601D-01
0.619569D0-01
0.6985690-C1
0.7823310-01
0.86846240-01
0.9540110-01
0.103371

"0.110168

0.115114
0.117548
0.117046
0.113367
0.106742
0.9772420-01
0.8710490-01
0.7573960-01
0.6439930-01
0.5346778D0-01
0.46396300-01
0.3545410-01

0.282037D-01
0.2304040-01
0.183573b-01

D2

0.3460290-06
0.479061D0-06
0.657771D-06
0.9002270-C6
£.1229290-05
0.1675810-0Q3
0.228166D-03
0.31034610-05
0.421870D-05
0.573138D-035
¢.7783320-05
0.105666D-04
0.1434180-04
0.194620D0-04
0.2640610-04
0.358229D0-04
0.485919D0-04
0.65%90480-04
0.8937580-04
0.1211910-03
0.1643100-03
0.2227380-03
0.301893D-03
0.409097D=-03
0.534247D-03
0.75069460-03
0.1014645D-02
0.1375746D-02
0.186123D-02
0.25164600-02
0.340039D-Q2
0.4590490-02
0.48191150-02
0.8338640~-02
0.1121270-01
0.15045%90-01
0.201365b-01
0.2685900-01
0.3567210-01
0.47116%0-01
0.617972D-01
0.803289D0-01
0.103245

0.130843

0.146298¢%9

0.198908

0.237039

0.275073

0.310231

0.339732

0.361346

Q.373782

0.376810

¢.371120

0.358028

0.339149

0.318142

0.290534
0.248736
0.244250

DT

0.238310D0-0%
0.379448D-09
0.5988310-09
0.941858D-0%9
0.1477910-08
0.2314%9D-08
0.362145D-08
0.5659680-08
0.883857D0-08
0.137954D~-07
0.215230D0-07
0.3356850-07
0.5234240-07
0.815998D0~07
0.1271900-06
0.1982240-06
0.308889D0-06
0.4812800-06
0.749790D-06
0.1167960-05
0.181909D0-05
0.2832810-G5
0.4410650-05
0.686596D-05
0.1068560~04
0.166254D-04
0.2585840-04
0.402030D0-04
0.624748D0-04
0.970279D0-04
0.150583D0-03
0.2334920-03
0,361651D-03
0.559388D-03
0.8637530-03
0.1330830-0G2
0.204481D-02
0.3130820-~02
0.4772060-02
0.7231860-02
0.108791b-01
0.1621310-01
0.2387830-0Q1
0.3465300-01
0.493925D0-01
0.689057D-01
0.9376810-01
0.124108

0.159440

0.1985833

0.260046

0.281794

0.322037

0.359211

0.392133

0.420018

0.442423

0.459182
0.469676
0.476256

T2

0.3732000-13
0.684878D-13
0.1245050-12
0.2255450~12
0.4075890-12
0.7352300-12
0.132465D0-11
0.238346D-11
0.4285960-11
0.770266D-11
0.1383710-10
0.2484870-10
0.4661200-10
0.800771D-10
0.143711b~09
0.257876D-09
0.462471D~09
0.830002D-09
0.1488780D-08
0.267010D-08
0.478807D-03
0.858469D~08
0.1538900-07
0.275807D-07
0.494188D-0Q7
0.8852260-07
0.1585130-04
0.2837230-06
0.507583D-06
0.9075150-06
0.162135D-05
0.2893990-05
0.515968D-05
0.9184040-05
0.1632510-04
0.2894L49D-04
0.511799D-04
0.9015820-04
0.158080D-03
0.275514D-03
0.4765190-03
0.814174D-03
0.138084D-02
0.230066D-02
0.376216D-02
0.601437D-02
0.9376160-02
0.141§730~01
0.2084320-01
0.2964110-01
0.4084570-01
0.5462030-01
0.7104010-01
0.9010980-01
0.111783

0.135976

0.162577

0.191438
0.2146309
0.245459

HE

0.4301810-02
0.344461D-C3
0.1034070-03
0.9698020-04
0.%674520-04
0.9668870-04
.F664830-04
.566168D0-04
L9659150-04
.9657060-04
.765525D-04
.F65361D-04
0.7652050-04
0.945050D0-04
0.9648880-04
0.9647130-04
0.9445210-04
0.9643050-04
0.9640590-04
Q,9637760~04
0.963449D-04
0.963068D-04
0.9626240-04
0.9621040-06
0.9614930-04
0.94607720-04
0.9599180-04
0.9589040-04
0.9576950-04
0.9562450~-04
0.954500D0-04
0.952387D~-04
0.94%98160-04
0.9666700-04
0.%942801D-04
0.9380190-04
0.9320870-04
0.924714D-04
0.9155520-04
0.904206D~04
0.890264D~04
0.B733340-04
0.8532490-04
0.829%710-04
0.8039320-04
Q.775980D0-04
Q.7473400-04
0.7193990-04
0.6934030-04
0.670195D-04
0.6350084D0-04
0.6328920-04
0.618124D-0C4
0.6031720-04
0.5934710~04
0.5825940-04
0.5722610-04

Gdoocooo

0.5623250-04
0.684552D--06
0.813834D-C8
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Table 6 Input and Output Variables for Step (2} Calculation

Input Variables

Number of total elemental stages (M)

Flow réte, temperatufe and composition of gas streanm entering
-refrigeraﬁed section

Flow rate of top gas (FD)

Operating pressure (P)

Heat subtraction rates on elemenial stages*(qj,
M-1)

Qutput Variables

Distributions of gas flow rate, liquid flow rate,
tempéfature and heliunm concentration

Heat subbraction rate on M-th stage (qM)

- Mo |
) Q. ~ I a5 The values of qj‘s for stages whose

numbers are small {e.g. j = 1, 2, 3) should be adeguately
small for obtaining a more accurate temperature profile‘.

within these stages.

The molecular-Species to be considered are He and nD.
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Table 7 Calculational Conditions of Step (2)

Number of total elemental stages = 20

Feed flow rate = 190.83 g-mol/h

Feed composition : He = 0.4050D-2 HD = 0.9960C

Feed temperature = 29,0 K |

Operating pressure = 5 atm

Heat subtraction rate : qq = 100 cal/n, q, = 200 cal/h,

1000 cal/n,

a3 = 500 cal/h, a,
45

CGqg ~ Ao = R440 cal/h.

2000 cal/h, Gg ~ Qq5 = 2400 cal/h,

( d5n is calculated to be 2290 cal/h as an output value )
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Table 11 Design Specifications of Falling Liquid Film Condenser

Total height of refrigerated section = 1.1 m

Inner diameter of refrigerated section = 2.0 cm tapering to
0.5 cm at the tep

Inlet temperature of refrigerant gas = 18 K

Flow rate of refrigerant gas = 6.4 kg/h

Reboiler duty = 42 W

Total height of packed section = 2.9 m

Inner diameter of packed section = 2.0 cm ,

Wall®thickness = 0.3 cm

Operating pressure = 5 atm

D - D,. = 0.4 cm

2] 1] :
Flow rate of top product/Flow rate of feed = 0.055333

0.8735D-1

Composition of top product : H, 0.29019D-2 HD

BT = 0.1779D-4 Dy = 0.1844D-7
DT = 0.9382D-11 T, - 0.1050D-14
He = 0.9036

Composition of bottem product : H, 0.181t6D-4 HD 0.1566D-1

HT = 0.1836D-1 D2 = 0.2443
DT = 0.4763 T2 = 0.2455
He = 0.8138D-8

. Flow rate of tritium lost from the top = 0.39 g/y

*} The wall cf the refrigerated section is made of copper.
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Fig. 1 Model Column for Mathematical Simulation in Step (1)
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Fig. 2 Model Column to be Analyzed in Step (2)
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Fig. 3 Model Stage for Step (3) Calculation



