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The basic equations are derived for rigorous dynamilc
simulation of cryogenic distillation columns for hydrogen
isotope separation.

The model accounts for such factors as differences in
latent heat of wvaporization among the six isotopic species of
molecular hydrogen, decay heat of tritium, heat trangfer
through the column wall and nonideallty of the sclutions.

Provision is also made For simulation of columns with multiple

feeds and multiple sidestreams.
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1. Introduction

It is very important to grasp dynamic. behavior of a cryogenic

distillation columh

(1)

for assurance of its smooth operation. The

author has been studying dynamics and control of cryogenic disti-

1lation columns, but the model used neglected such factors as

differences in latent heat of vapcrization among the six isotopic

specles of molecular hydrogen ( H,, HD, HT, Dy, DT and T, ),

decay heat of tritium, heat transfer through the column wall and

nonideality of the hydrogen isotope solutions. If these factors

have only minor effects on dynamic behavior of columns, they should

not be incorporated

in the dynamic simulation model to avoild

urhecessarily complicated procedure and long computational time.

However, there
are minor. For this
of rigorous dynamic
This can be done by

(2)
Howard to hydrogen

llation. The author'

is no guarantee that these factors' effects
reason, the author is now moving on devélopment
simulation model incorporating all the factors.
adaptation of mathematicaL model developed by
isotope separatiocn column bj cryogenic disti-

s model has the. special feature that it accounts

for multiple feeds and multiple.sidéstreams and nomideality of the

solutions.

The present report describes the basic equations for rigorous

dynamic simulation of cryogenic distillation columns.
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2. Derivaticn of Basic Equations for

Rigorous Dynamic Simulation

2.1 Material and Energy Balances around j-th Stage ( j=2,...,N-1 )

The component material balances are expressed by the following

ordinary differential equaticons where the gas holdups are neglected

( Fig. 1 )
\ L, /dt =V, . + . IR - (v, + . .
A(Ryxy 50/ g#¥1, g4 P Iy g - (Vy H WYy
- (L., + U, ., + . . e
(Ly 37%1,5 F FiTri (1)
The total material balance is expressed by
dR./dt = V., + . - ., + L) - .+ . + H. . 2
J/ t L. 1 (VJ WJ) (LJ UJ) Fy (2)

J+l 3=

Substituting Eq.(2) into Eq.{(1l) yields

. . = . - ‘ + . . . - . .
dxy 570t = U Vs 09 g4 = %5,5) * L5 0(%5 500 = X4 )

- (VJ + wj)(yi - Xi,j) + Fj(ZFi,j - Xi,j) }/RJ . (3)

s J

The energy balance is expressed by

d(R.h.)/dt = V,,-H, + L. .h. - (V, + W,)H. - (L. + U.,)h.
( J J)/ t VJ+l J+1 LJ—l j=-1 (Vj J) J ( J J) J

m

- + + H. + I BR.X. .A
QJ 9 Fj %

q=1 9 1sd71 (4

If the heat of mixing is negligible, the-enthaipy hj is given by

h., = . .h? . . | |
11,3 1, ' (5)

g

N~ s

Differentiation of Eq.(5) yields



j

dh./ds = .
3/ *1,3

I =

i=1

13

X.
i=] —¢

. (dh$
( 1,

1
m
./ar, 5
5/4T3) -
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2d

m
.(dh;’j/dt) + E hg °(dxi,j/dt)

Substituting Eq.(2) into Eq.(4) yilelds

- Q, + a,
Q; + a

From Eq;(3),

equation

Vj+l(Aj + hj - Hj+l

+ F,(E, + h,
J( J J)

where
m
., = I he .
AJ i=1 JJ(y1:J+1
It
B, = & h% .
Joy=1 ,J( sd=1
m
0. = 1% ht
i Tioq 1,341,

+
J

) + L,

=D, - Q. + q.
DJ - QJ a

- h,) + L.
: J) J

ul
o
.{i X j(dhi,

m
T X, (dh°

+ h, - h,
hJ J—l)

+HFJ,

m
+ z %, ,(dh% ./4T.) -
I xg g(dng 4/ 3

/dT )

(BTj/aXi,j)(dXi,

- (V, + W.)(C., + h
( j J)( 3

/AT, ) -
J/ J) i

m

Q
3/48) + = hg S(dxy ;/at)

1 1=1 *»J
(6)
Ry = ny) = (Vg W)y - by)
m
- . R, .
FJhJ +ileJxl’J 5 Y/ 3 (7)

Eg.(6) and Eqg.(7), we obtain the following energy balance

. - H,
J J)

(8)

=

(9)

T. s s .
1(3 J/a_xl:J)(XlaJ_l

T

(10}

I =]

(ll)
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m
D. = % R,X. k. (12)
SRR R IS5
m m m
E. = 3 h® (2., . - %y ;) + 5 x, .(ah® /dT.)* £ (3T./0%, ) (Zp, -
TR TRIL SIF IS IO DL T RSP g0 Ty /%y ) (Pry
- x L) . 1
xy ;) (13)

In the present model, constant volume holdup is assumed because
this is probably the constant holdup specification which is ¢losest
to the real behavior of a stage. The molal holdup does not remailn

constant along the time trajectory, and it is given Dby

I X (Tj) . (14)

11,371,

. ¥
J s

Differantiation of Eg.(14) yields

m m
dR./dt={ I x, .(dv, ./dT, z (3T./%x, .)(d /At
3/ 2=1x1’3( vy, 4/9T5) i=1( 5/9%y g)(dxy 5/dE)
m
+ ¢ (dx, ./dt)v, .} V%
i=l( xg g/d8)vy 5 3 VE L (15)

From Eq.(2), Eq.{(3) and Eq.(15), we obtain the following total

material balance equation

Vj+1(Gj -1+ Lj-l( I, -1) + (Vj + wj)(l - Jj)

J
+ F. (K, - 1) + (L, + U,) = " : 16
J( J )+ J J) 0 (16)
where
m m
. = § %, .{dv, ./7dT.,}) £ (8T./3x, . . . - x., .JV%¥/R,
J i=1 l:J(' l:J/ J) i=1( J/ 'i:J)(ylaJ'l'l 133) 3/ J
m
+ v, (v, . - x, ,JV¥/R,. '
V1,5 9,50 *1,3V3/Ry (17)
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m m
. = . s . t (3T./98x, . . . < JVE/R,
Ly = D%y, 00V y/aTy) - B T/ %y,90 %8501 7 R, VYR
; |
+ z . - X. .JV¥/R, 18)
i=1visJ(Xl,J—1 1,50V3/8; > | (
m m
= - L3
Iy = 2 xy gldvy /aT,) - I (3Ty/x; ¥y 5 = %3 5)V3/Ry
i=1 _ i=1 :
m
+ . . - x, .)V%/R.. | | ' 1
ILACURACETS Bl W DA 4 BRI (19)
m m
, = . dT - o (aT./8x, .)(=z x. .)V¥/R,
KJ ,iilxis (dvlsJ/ ) i=l( / Xl:J)(-FlaJ ' 133) dJ J
. | | (20)
+ - s . _ . 20
V00, T Ry |

2.2 Material and Energy Balances around Ccndenser and Reboiler

The material and energy balance equations can be derived
In a similar manner. It is postulated that Vl ( the flow rate
of the top product ) and QC ( the condenser load )} are specified.

The condenser is the partial one (. Fig. 2 ). The basic equaticns

are
Vo(A; + hy - Hy) - Vy(Cy + hy - Hy) = Dy +0qp - Q 4 | (22)’
Ve(Gl -1 ) + Vl(l - Jl) +L; =0, {23)

where Vl and QC are specified
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- Y _ A0 '

The basic equations around the rebociler are { Fig. 3 )

dxg /6t = = Vyg(yy y = %y ) * Dya (% yoq - %) MEy o (25)

LN—l(BN + hy,; — h -V = DN + dy

N N_l) c.. + hN - B

4 (Cx +ap . (26)

VN(l - JN) + L (1. - 1Y + L, =0 . - (27)

N-1'"N

There are 2N material and energy balance equations ( Eg.(8),
Eq.(16), Eq.(22), Eq.{(23), Eq.(26) and Eq.{27) ) and 2N varilables
( Ll,...,LN, V2=""VN s QR'). Hence, all the phase flows and the

reboiler load can be calculated as functions of Xi 3
>

.3 Calculational Procedure of aTj/axi j

The stage equilibrium is expressed by

v: 3 = K (28)

i, T Teqi,ii,y
This equation is subject to the condition that the sum of all the

component mole fractions be equal to unity

m m
Iy, =2 K _. ,x ,=1. 2
o ¥1,5 TyI eqd, 31, (29)
We define Zj by
m
Z, =1 K _. Xy . =2.(T, Chee . _
5 7 5 Fear, g%, T B0 Ty B0 By > (39)

where Tj is a functicn of X,

1,37

Then,
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m . . n
dz, = 37 ./9%. ,)dx, , + (3Z./8T.) & (aT,/8x, ,)dx,
LI S W D W (825/3T5) T (9Ty/0x; ;)dxy
m .
= . . L+ (2Z,/3T,)(aT,/ax, .)}dx, .
iil{az /axl’J ( 3/3_3)( J/ xl,J)} X5 3
= 0 . (31)
Aecordingly,
37./8%, . = = (98%Z2./8T,)(aT./3x, ). 2
J/ X5, ( J/ J)( J/ xl,J) | (32)

Since the sum of the liguid mole fractions must equal unity, only
m-1 of the compositions are independent. Therefore, Eq.(30)

should be written by

m-1 m-1
Z, = K_ . .x., . +K (1 - %, ,) =1.
J 29 eedl,dvisg eqm, j ¢ 121 1,3’ (33)
Then,
m-1 o
3Z./% , =K . .-K .+ I . (9K /3%, . - 8K /K. .
377%1,5 7 Feqi,i ™ Keqm,s *, 2 %k,5 PFeax, 577", eaqm, i’ ?*3,5)
+ - . . '. 2 ] = LY - .I . .
aKeqm,J/axi,J > ( 1=1, m=1) (34)
: m-1 ‘ o o
9Z2.,/3T, = L . (9K _ . . . — 0K /9T, ) + 3K /T, .
3% i=1x1,3( eqt, 3”7 eam,/°T5) eqn, 3”3 (35)
It has been shown that T./ x., . can be calculated from Eq.(32),

J 1,3
Eg.(33) and Eq.(34).

Becausé of nonideality of the hydrogen isotope solutions,

(32

Souers '~ precposed an expression

K ls a function of Tj and X4

eqi,) % e
for the vapor-liguid equilibrium ratio accounting for nonideality
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_E
K . = ° /P.)EXP(AG, ./R_/T,)EXP{B¥ .{(pZ ., - P,)/R_/T. 6
eqk, (pk’J/ J) ( k,J/ e/ J) { k,J(pk’J J)/ ATRE (36)
—n m m m
AG z LA¥ o= (1/2 z L X . (AR .
k,J l=lX13J k-1,3" (1/ )1=l n=1 lstn'JJ l-n,j ’ (37)
0 -1.33
* = * - * =
Al*ﬂ,J An—l,j An—lTj > Annn,j 0 » (38)
0.b.
B¥ ., = B T.1 .
¥ 5= BT -39
From Eg.(37),
—n m-1 m-1
AG = I CA¥ + (1L - Z x A¥
k:J l=lx3-3-] k—l:J ( 1=1 133) k_m:J
m-1 m-1 m-1 m-1
- (1/2) = I X, .X_ LA¥ ., - % x. .(1 - x_ ,)A¥ .
1=1 n=1 lsJ N,J l—I’l,J 1=1 193 n=1 N, 1'm:J-
(40)
Hence,
_E m
= A¥ . . - A¥ .+ I  (A¥ - A¥
aAGk,j/axi,j Ak—l,J k-1, J n=lxn’J( n-m,} n-l,J) (41)
Accordingly, the derivative of Keqk i can be calculated from
: 3
&
3K . A . (3AGy . .)/R .. 42
eai,i”?%1,5 = Feqr,; 200k, 3/3%1 5/ Re/T; _ (42)
From Eq. (36},
5K . ./3T. = [ dlnp® ./dT. + (3aGE L/oT. - sGE /T VR /T,
eqi,] J e P M 1,3 J 1,377 g "J
+ { dB¥ ./dT. + B¥ _(dp® ./dT. °© . - P,
{ 1’J/__TJ 1,3(-p1,3/ J)/(pl’J J)
- B¥ _/T. ° ., - P. R /T. . 4y
1,3/ p }(pl,J J) / g/ 3 ]Keqi,g (43)
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2.4 Summary

The key equations are Eq.(3), Eq.(21) and Eg.{(25). These
mN-dimensional ordinary differential equations are solved by
application of a numerical analysis technlque { e.g. Improved
Euler Method ). All the othér variables; such as phase flows,
liquid holdups and vapor compositions, are caléulated from the
other basic equations, because they are given as functions of

liguid compositions.

3. Conclusions

Basic equationé are derived for rigorcus dynamic simulation
study of a cryogenic distillation column. The model aéébunts for
differences in latent heat of wvaporization among the six isotopic
species of molecular hydrogen; décay heat of tritlium, heaf transfer
through the column wall and nonideality of the solutibns;

Provision is made for simulation of a coiumn.with multiple feeds
and multiple sidestreams. |

The author 1s now ready to perform rigorous dynamic simulation
study. The attenti5n will be focused on effects of the above factors
on dynamic behavior of a.cryogenic distillation column for

hydrogen ilsotope separation.
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2.4 Summary

The key equations are Eq.(3), Eq.(21) and Eq.(25). These
mN-dimensional ordinary differential equations are solved by
aprlication of a numerical analysis technique { e.g. Improved
Euler Method ). All the othér variables; such as phase flows,
liquid holdups and vapor compositions, are caléulated from the
other basic equations, because they-are given as functions of

llguid compositions.

3, Conclusions

Basic equationé are derived for rigercus dynamic Simulation
study of a cryogenic distillation column. The model aécdunts for
differences in latent heat of vaporization among the six isotopic
gpecies of molecular hydrogen; décay heat of tritium; heat transfer
through the column wall and nonideality of the solutibns.

Provision is made for sinmulation of a coiumn'with multiple feeds
and multiple sidestreams.. |

The author 1s now ready to perform figorous dynamic simulation
study. The éttentibn will be focused on effecté of the above factors
on dynamic behavior of a.cryogenic distillation column for

hydrogen isotope separation.
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NOMENCLATURE
Aﬁ_i 3 = Binary-mixing parameter for isotopes k and 1 at Tj
3
(cal/g-mol)
B§ j = Second virial coefficlent in terms of density (cal/g-mol/atm)
L

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

E

AGi, = Partial molal-excess Gibbs free energy of mixing (cal/g-mol)
H. = Molal enthalpy of vapor stream leaving j-th stage (cal/g-mol)
HFj = Total enthalpy of feed stream supplied to j-th stage (cal/h)
n. = Molal enthalpy of liquid stream leaving j-th stage (cal/g-mol)
hg,j = Molal enthalpy of compconent 1 at Tj (cal/g-mol)

Keqi,j = Vapor-1liguid equilibrium ratio of component i at Tj

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

m = Total number of components

N = Number of total theoretical stages

Pj = Total pressure on j-th stage (atm)

pg,j = Vapor pressure of compcnent 1 at Tj.(atm)

Q = Condenser load (cal/h)

Qg = Reboiler load (cal/h)

Qj = Heat subtracted from j-th Sﬁage {cal/h)

a; = Heat added to j-th stage (cal/h)

Rg = Gas coﬁstgnt (cal/g-mol/K)

Rj - Molal holdup of liguié in j-th stage (g-mol)

Tj = Absoclute temperature on jfth stage (K). |
Uj = Flow rate of liquid sidestream from j-th stage (g-mol/h)
Vj = Flow rate éf vapor stream leaving j—th stage (g-mol/h)
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Vi,j = Molal density of liquid of comﬁonent i at Tj (g—mol/cm3)

V# = Volume holéup of liquid in j-th stage (emd)

Wj = Flow rate of vapor sidestream from J-th stage (g-mol/h)

Xi’j = Mole fraction of component i in liguid stream leaving
j-th stage

yi,j = Mole fraction of component i in vapor stream leaving
j=th stage

ZFi,j = Mole fracticn of component i1 in feed stream supplied

to J-th stage

Ai = {coefficient for'accounting for decay heat of tritium

(cal/g-mol/h), Ay = Ay = Ay =0 Ag =_A5 = ah ;
A6 = 2Zal,
where
a = Atomic weight of tritium (g),
A = Decay heat of tritium (cal/h/g).
{Subscript)
Jj : Stage number
i : Component number, 1 : H,, 2 HD, 3 HT, 4 Dss 5 DT,
6 T,
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