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Calculational Methods for Determining
the Distribution of Components in a Separation
Cascade for Multicomponent Mixture

HONGIJIANG WU, CHUNTONG YING,* and GUANGJUN LIU
DEPARTMENT OF ENGINEERING PHYSICS

TSINGHUA UNIVERSITY

BEUING, PEOPLE'S REPUBLIC OF CHINA

ABSTRACT

The distribution of the mixture components in a cascade plays an important role
in analyzing the performance of multicomponent isotope separation cascades. Two
methods are proposed in this paper to calculate the distribution. The *‘iteration ap-
proach,”” in which a set of nonlinear steady-state equations are iteratively solved at
each stage, has the advantage of high speed with high precision, but may not converge
for complicated cascade structures. The *‘transient approach,’” which simulates the
transient variations of the concentration distributions, is a generalized method which
can be applied to any separation method, number of components, cascade structure,
or number of feeds or products. The transient approach can not only determine the
steady-state distribution, but can also examine the transient behavior. Some examples
comparing the results of the two methods are given in the paper.

KeyWords. Steady state; Transient; Centrifuge cascade; Multicom-
ponent separation; Concentration distribution

INTRODUCTION

Determination of the component distribution in a multicomponent separa-
tion cascade is important for analyzing the separation process and optimiza-

* To whom correspondence should be addressed.
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tion parameters. A common method used to determine the distribution is to
solve a set of nonlinear equations for the cascade at steady-state by iteration.
Although the calculational time used to obtain the solution is very short in
some simple cascades, it is not easy to solve the equations if the cascade is
complicated because it is difficult to determine the appropriate initial values
that will lead to convergence. The ‘‘transient approach,’’ which can avoid
the shortcomings of the iteration approach, is a general method which has
no restrictions on the number of components, the cascade structure, and the
number of feeds or withdrawals. It simulates the transient process of concen-
tration change. If the time step is small enough, stable solutions can always
be found. The transient approach can be used in various separation processes
such as chemical exchange, distillation, gaseous diffusion, thermal diffusion,
and centrifuge, because these processes are governed by the same form of
nonlinear partial differential-difference equations which have both differential
and difference part in the equations. Another advantage of the transient ap-
proach is that it also predicts the transient behavior, which is important in
the analysis of the properties of multicomponent separation.

Some authors (1, 2) have studied the distribution of components in a multi-
component cascade at steady-state, but no papers have been published using
the iteration approach. The transient approach was used in some papers (3—5)
to examine the transient behavior of minor isotopes when the separation factor
is nearly unity. In this case the nonlinear partial differential-difference equa-
tions can be approximated as a set of partial differential equations. However,
no articles were found analyzing the transient behavior in cases with large
separation factors as in centrifuge cascades. The transient approach is used
in this paper to analyze cascades with large separation factors. Some examples
are given comparing the calculated results using the iteration approach and
the transient approach. It is shown that the two methods give identical results
at steady-state.

THE ITERATION APPROACH TO STEADY STATE

Steady-State Governing Equations for Gas
Centrifuge Cascade

The analysis considers the separation of a multicomponent mixture with
K components in a gas centrifuge cascade of N stages. The cascade is shown
in Fig. 1. '

The direction in which the lightest component is enriched is defined as
the enriching direction; the opposite direction is the stripping direction. The
governing equations at steady state in a cascade are (6)

0.G, — (1 — 6,.1)Gr+1 = P¥; n=1,2...,N—-1 (1
enGnC;r,i -1 - 9n+1)Gn+1CZ+1,i = P;’f,ii
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FIG. 1 Cascade scheme.
i_=1,2,...,K;n=1,2,...,N—1 2)
Coi=0,Cli+ (1 - 8)C"s i=12....Kin=12...,N
3)
GuChri = Gu16,-1Cr_1; + Goy1(1 — 0,41)Cri1; + FuCryy
i=1,2..,Kn=2....N—1 @)

where P} is the net flow rate transported toward the enriching direction at
the nth stage in the cascade, P}; is the net flow rate of the ith component
toward the enriching direction at the nth stage in the cascade, 9, is the cut
of the nth stage, and G, is the interstage flow rate of the nth stage. C,;,
C,.i,and C}, ; are the feed, heads, and tails concentration of the ith components
at the nth stage, respectively. F,(n = 1,..., N) is the external feed or
withdrawal rate at the feed of the nth stage, and Fy, , is the withdrawal at
the head of the Nth stage. F, is defined as:

0 No feed and no withdrawal
F,{>0 Feed
<0 Withdrawal

wheren = 1,...,N + 1. F, may be an independent feed or withdrawal or
may come from or go into other cascades. Cg,; is the concentration of the
ith component corresponding to F, at the nth stage.

Equation (1) reflects the total material balance in the cascade. Equation
(2) reflects the material balance of the ith component. Equation (3) is derived
from the material balance of the nth stage. Equation (4) reflects the material
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balance among stages: the (n — 1)th, nth, (n + 1)th and external feed or
withdrawal rates F,, at the nth stage.

The boundary conditions are determined by the operating conditions. For
the example shown in Fig. 1, the boundary conditions are

Pl’s,i = —Fny11Crnvsris Crneri = CI,V.i; P;\kr =—Fn+1s

i=1...,K

Pg,i = FiCri; Cr1i = C'l',i; PZ)k = Fy; i=1...,K
)

The separation factor, v;;, defined as ‘heads to tails separation factor,’ is

(6)
C' | Ci
v,; depends on the structure of the separation unit and the separation param-

eters which are assumed to be given in our calculation. The following relation
can be derived from Eq. (6):

C' C”
C;;l— ’”r H C:“ i
2 YiiCnj Z Cojl vy’
i=1,...,K,j—l,...,K,n=1,...,N (7a,7b)

The separation factor, v;;, has the following relationship with the molar
weight of the components (7):

= yBi~M;; i=1,...,Kj=1,...,K ®

where vy is defined as the unit separation factor which depends on the separat-
ing condition. M; and M; are the molar weights of the ith and the jth compo-
nents, respectively.

Numerical Solution of the Governing Equations

Equations (1), (2), (3), and (4) are a set of nonlinear equations. Three
methods are usually used to obtain the solutions:

(a) Use Eq. (2) repeatedly, iterate from the enriching side (or the stripping
side) to the stripping side (or the enriching side).

(b) Use Eq. (2) repeatedly, iterate from both the enriching side and the
stripping side to the feed. '

(c) Let Eq. (4) be the input values at every iteration. Then use Eq. (4)
repeatedly until the material balance is satisfied.
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All three methods have been used in our work. In this paper, Method (a)
will be given as an example.

The lteration Process

Our example has one product stream, one waste steam, and one feed stream.
The known parameters are the number of components K, the total stages N,
the interstage flow rate G, (n = 1,..., N), the feed F in the Nrth stage, the
concentration Cr; (i = 1, ..., K) of the ith component in the feed, the product
P in the heads of the Nth stage, and the waste W in the tails of the first stage.
P#;in Eq. (2) is equal to —WC7; when n = Nf, and equal to PCy; when
n > Ng. The cut of the nth stage, 0,, may be obtained from the following
relations.

Let the cut of the first stage be 8, = 0.5(1 — W/G,). The others can be
derived from

1 — G&_l 0,1 — WIG,; n =< Ng
0, G" n=1...,N (9
1 - c";_l 0,_, + PIG,; n>Ng

We start the iteration process from the stripping side.

(1) The initial concentrations C; should be given, for example, let C{;
= CF,'.

(2) From Eq. (2):

r "
(G,.en ﬁ + Wca'.,-)/ (1 = 8ps1); n < Ny

" — J
n+1,i ™

GB—gL—+WC”-—FC- (1 —0,+,); n=N
L "MECZ,i/YU | Fi n+1)s = IVF

i=1,...,Kj=1...,Kkn=1...,N (10)

Calculate the concentration stage by stage until the last stage C% ;. Then
the head concentration of the Nth stage, Cy;, is obtained from Eq. (7a).
(3) Determine if the material balance relation is satisfied.

PCy; + WCY; — FCg; = 0; i=1,...,K (11)

(4) If Eq. (11) is not satisfied, the initial values of step (m + 1) should
be changed to
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C’l’f’.’”:‘”_c,'FgfLJr(l—w)C’n’f?; i=1L....Kk (12
Pm+ W
1,i

where w is a factor 0 < < 1.
(5) Repeat Steps (2), (3), and (4) until Eq. (11) is satisfied.
THE TRANSIENT APPROACH
Governing Transient Equations

The transient analysis considers the separation of a multicomponent mix-
ture with K components in a gas centrifuge cascade of N stages. The definition
of the enriching and stripping sides and the definition of symbols in the
equations are the same as those for the steady-state case. The governing
transient equations for a cascade are (6)

0,GnCri — (1 = 0,41)Gn1Crv 1y = Pl
i=1,2...,KkKn=12,...,N—1

Cni=0,Cr; + 1—-6,)Chs; i=12,...,.Kn=12,...,N
(14)

13)

a(HnCn.i)

3 PO = PR+ FoCrnys 1=1,2,..., K

n=12,...,N (15)

H,, is the holdup of the nth stage. Equation (15) reflects the change rate of
the ith component in the nth stage.

Because the flow change transient from the initial state to steady-state is
very short, flow parameters such as 8, and G,, are considered to be constant in
time. Only the concentrations or parameters depending on the concentrations
change with time.

The boundary conditions are determined by the operating conditions. The
boundary conditions for the example shown in Fig. 1 are

* o . — . * .
Prni= —Fne1Crenirs Cen+1i = Chis Py = —Fpnyrs

Pg; = FiCr1i; Cri = Ci P§ = Fy; i=1,...,K

Substituting- Eq. (13), Eq. (14), and the boundary conditions into Eq. (15)
gives
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9Ch

H, ot

= [1 = 8(n, DY0,-1Gn—1Cr-1i — (I ~ 6,)GnChy}

— [1 = 8(n, N)H8,G.Cr; — (1 — 0,4:1)Gns1Chr1.}
+ F,Crn; + 0(n, N)Fy 1 1Crna1is

893

i=1.4,2,...,kn=12,...,N (16)
where 8(n, nx) is defined as
_ 30, n#nx
8(71, nx) - {1, n = nx
Substituting Eq. (7a) into Eq. (15) gives
Chi

Cni = 0,Cr; + (1 —6,) T
E YViCh.j
i=l,...,K;j=1,...,K;n=1,...,N (17
From Eq. (17):
0Cni _ @ 9Cni 9Cr.;

a T 23C,, o
J

> i=la-°°aK;j=1""’K;

n=1,...,N (18)

where
> YiaCnt = Cri
0, + (1 — 6,)~ 3 (=)
ac = (2 ‘YuC;.l)

4Chi o
—(1 ~ 0,) YR (i)
(2 'YilC;z,I)
)

i=1...,Kj=01...,K1l=1,...,K;

n=1,...,N (19)

Substituting Eq. (7a) and Eq. (19) into Eq. (16) gives

. . 0Ch
H, 3, a(i, j) =5
j _

, Chri
= [1 - 8("; 1)]{9n-1G —-lCn—l,i - (1 - 0n)Gn m}
[
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n+11

_[1 — 8(’1’ N)]{G,;Gnc;xl (l - 9n+l)Gn+1 E—‘Y';Z'll

+F,Crn; + 8(n, N)FN+1CFN+1i;
i=1,....Kj= Kil=1,...,Kkn=1,...,N

Equation (20) is a set of part1al differential and difference equations govern-
ing the transient concentration variation of a multicomponent cascade. The
finite difference method can be used to solve Eq. (20).

Finite Difference Approach

a) The finite difference representation of the time derivative in Eq. (20) is

3Cus _ Cartt - Cim
ot - & At Cwi v 0D, i=l....Kin=1,...,N

1)

C.7 is the concentration of the ith component at the head of the ath stage at
the mth time step. Neglecting O(At) in Eq. (21), Eq. (20) becomes

m+1 C'm

- G 4
H, 3, ati, jy" =25 —"
J

) Cri
= [1 — ¥n, 1)]{9n-1Gn—1C"m—1-" — (1= 8)G, Z YaCri }

- [ - 8(n, N)]{e,,Gnc:; — (1 = 8,41)Gy11 EWIE_IJE}

+ FoCF.i + 8(n, NFn+1CEn+ 1 (22)
Rearranging gives

H, ,
At Z a(l J)mc m-+ 1

com
=[1 - &1 —1Gp—1C1 ,-—1—9,,G,,—L,,,,
[ (n )]{ 1 1 1 ( ) D ,y”cn'l}
1

: Cirtrs
- 11 - 3, N)]{enGncnz! — (1 = 0,41)Gns 1 fwg—w}
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+ F,CFn; + 8(n, N)Fny 1 CEvri + A E a(i, j)"Crjs

i=1,...,.Kj=1...,Kkn=1,...,N (23)

The initial values at time step 0 are determined by practical conditions.
For example, if the feed concentration is C;, the initial values can be chosen
as Cy% = Cr;. Equation (23) is then used repeatedly until steady-state is
reached. Two kinds of steady-state criterion may be used: (1) Each component
in the cascade satisfies the material balance, that is:

N+1
> FuCrri =0, i=1,...,K (24)

n=1

(2) The concentration difference during the mth and the (m + 1)th time step
is small enough so that § = (C7;*! — C?,)/C’"+l has achieved the required
accuracy.

b) Accuracy and stability of the explicit approach. The explicit approach
to the numeral solution of Eq. (20) involves estimation of new concentrations
at time step m + 1 based on values at time step m. The method given by
Eq. (21) is a first-order method. Decreasing At can reduce the error. With
modem computer technology, the computational time is acceptable for quite
small Az,

In addition to the accuracy, the stability of the algorithm also limits Az,
For small separation factors Eq. (20) can be replaced by a partial differential
equation, in which case At is limited by (6):

At < min (%) (25)
1=n=N n

Equation (25) was also used in this work to estimate the maximum time
step for large separation factors.

¢) Choice of parameters. Parameters such as G,, H,, and F, in Eq. (23)
are given for practical cascades. The cut of the nth stage, 8,,, may be obtained
by two methods: (1) Let the cut of the first stage be 6, = 0.5(1 + F /Gl),
the others can then be derived from

Gn—l N+1
G, 0,-, — 2 FilGp; n=1...,N (26)

I=n

6,=1-

(2) Let the cut of the Nth stage be 8y = 0.5(1 — Fy4+1/Gy); the others can
then be derived from
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Gn G N+1
o1 =G, TGy T & G = N L

27

EXAMPLES

Both the iteration approach and the transient approach can determine the
distribution of components in a multicomponent cascade at steady-state. Con-
sider the separation of Cr isotopes which contains four components, Cr-50,
Cr-52, Cr-53, and Cr-54, as an example. The natural concentrations of each
component are 0.0431, 0.8376, 0.0955, and 0.0238, respectively.

Consider a square cascade as shown in Fig. 2. There is one product stream
(Fy+1 = —P), one waste stream (F; = —W), and one feed stream (Fy,
= F). Assume a total of 15 stages which have same interstage flow rate G
and same stage holdup H. The ratio of P to F is 0.2, the ratio of F to G is
0.2, yo = 1.12, the feed is at the 12th stage, that is, Nr = 12, and the ratio
of H to G is 0.034. The value of H actually only influences time step At and
has no effect on the calculation result at steady-state. Equations (9) and (26)
are used to chose 0,. Table 1 shows the results of the two methods where
Cp, is the component concentrations in the product stream at steady-state and
Cyw; is the component concentrations in the waste stream at steady-state.

The calculation reaches steady-state when the material balance relation

N+l F,Crai < 107%fori = 1,..., K. With a 486-66 MHz PC, the iteration
approach required a total of 12 steps and 0.2 second. With the same machine
and the same accuracy, the transient approach using At = 0.02k, needed
about 1000 steps and a total of 20 seconds to reach steady-state. If dC'/ot
was used instead of dC/dt in Eq. (16), the calculation time was reduced to

F, Cgg

11 Ce 4

¥,Cwi P,Cpi

FIG. 2 Cascade schematic.
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TABLE 1
Calculational Result
Method Cr-50 Cr-52 Cr-53 Cr-54
Cp; Iteration approach 0.075793 0.84224 0.069679 0.012285
Transient approach 0.075795 0.84224 0.069679 0.012285
Cyi Iteration approach 0.034926 0.83644 0.10196 0.026679
Transient approach 0.034926 0.83644 0.10196 0.026679

12 seconds without changing the calculation result. Although the iteration
approach has some advantages in short, square cascades, the iteration may
not converge for inappropriate initial values for a long cascade or a large
separation factor. The transient approach cannot only predict the component
distribution at steady-state, it can also predict the transient behavior. Figure
3 shows the variation of the concentration of Cr-50 in different stages (n) of
a cascade with time. The result shows that the concentration changes rapidly

0.08
r'_'_,'..'-m-'-vvvrr‘rﬂ-v-‘v-v-vvv-v-ﬂ
> n=15
0.07 - /"
7
!
0.06 +
{
[=)
g 0.05 -3 ; n=10
M aadsstaa ittt A el
/ ._‘r"‘" n=5
sl
004 >
n=1
0.03 4
0.02 T T T T T T T
0 50 100 150 200 250 300 350

t{hours)

FIG.3 Variation of Cr-50 concentration calculated using the transient approach.
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at the beginning of separation. On the stripping side, a large decrease occurs
in the Cr-50 concentration at the beginning of separation, n = 1.

CONCLUSION

Both the iteration approach and the transient approach can give component
distribution along a multicomponent cascade. The iteration approach has the
advantages of short calculational time and high precision, but the iteration
approach may diverge for an improper choice of initial value if the cascade
is complicated. The transient approach can be more easily applied to a wide
range of cascade designs, especially for cascades with complicated structures,
such as interconnected cascades. The results in Ref. 6 were all obtained using
the transient approach. In addition, only the transient approach can predict
the transient behavior of a separation process, which is useful when analyzing
the properties of multicomponent separation.
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