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‘If a.,distillation <column has a packed section whose inmner
diameter is'conéiderably small, a.small number of the total
theoretical étéges, and é coﬂdenser whose volume is very iarge,
the vapor holdup in the condenser could be significant in dynamic
simulation of the column. This problem is often posed for an
experimental cryogenic distillation column used at a laboratory.

In the present report, working equations are derived incorpora-
ting the vapor holdups on stages within the ¢column. The simulation
procedure as well as the working equations are far more complex
than in cases where the vapor holdups are neglected. The present
report shows how the numerical integration techniques such as
the Modified Euler method and the Runge-Kutta-Gill method can be

applied to the simulation.

KEYWORDS : Distillation Column, Cryogenic Distillation,
Packed Section, Total Theoretical Stages,
Condenser, Vapor Holdup, Dynamic Simulation,

Numerical Integration
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1. INTRODUCTION

In dynamic simulation of a distillation column, the vapor
holdups are neglected in most cases. This neglection seems quite
reasonable, because liquid holdups are considerably more than
vapor holdups under usual conditions. Furthermore, the neglec-
tion eliminates the mathematical complication caused by presence
of dyi,j/dt' However, if the column has a packed section whose
‘inner diameter is considerably small, a relatively small number
of the total theoretical stages and a condenser whose volume is
very large, the vapor holdup in the condenser could be significant
in the dymanic behavior of the column.

The author et al. have been engaged in a preliminary experi-
mental study usiﬁg a:cryogenic distillation column which seﬁarates
N2 and Argl)(Z} The experimental column has only ~ 10 theoretical
stages, and the vapor holdup in the condenser is approximately
half as much as the liquid holdup in the condenser.

The purpose of the present study is to derive the working

equations for dynamic simulatlion work incorporating vapor hold-

ups on stages within the column.

2. WORKING EQUATIONS

For simplicity, the heat balances are neglected in the present
model. Additionally, the molal holdups are assumed to remain

constant along the time trajectory. The model column for
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tion eliminates the mathematical complication caused by presence
of dyi,j/dt. However, if the column has a packed section whose
inner diameter is considerably small, a relatively small number
of the total theoretical stages and a condenser whose volume is
very large, the vapor holdup in the condenser could be significant
in the dymanic behavior of the column.

The author et al. have been engaged in a preliminary experi-
mental study using a.cryogenic distillation column which seﬁarates
N2 and Argl)(z) The experimental column has only ~ 10 theoretical
stages, and the vapor holdup in the condenser is approximately
half as much as the liquid holdup in the condenser.

The purpose of the present study 1is to derive the working

equations for dynamic simulation work incorporating vapor hold-

ups on stages within the column.

2. WORKING EQUATIONS

For simplicity, the heat balances are neglected in the present
model. Additionally, the molal holdups are assumed O remain

constant along the time trajectory. The model column for



JAERI-M 82214

mathematical simulation is illustrated in Fig. 1.

The component material balances are expressed by

Hyg (dxg /de) + Hyy(dyy g /de) = Voyy o = Vv oy = Tyxg g (D)
Hy (dxy (/de) ﬁvj(dyi,j/dt) = Fiepg gt Ly1%y 51

+ Vj+1yi,j+1 - Ly U=y

- (vj-+ wj)yi’j , | (2)
By (dxy g/de) + Hyp(dy, o/dt) = Fpzey v % Lyo1¥i,n-1

-V L. x - (3)

Nyi,N - N i!N

A mathematical complication is caused by the presence of

dyi j/dt. By using the vapor-liquid equilibrium expressed by
[l |

. = K, .x, . , 4
Ti,3 1,371,] (4)
dyi’j/dt = Ki,j(dxi,j/dt) + (dKi,j/dt)Xi,j . | (5)
Since K, . can be considered as a function of x Ly =y X .
i, 1,1 m-1,]
and T.,
J
m-1
dK, ./dt = £ (3K, ./3 L) (d ./de) + (9K, ./3T. )(dT./dt). (6
iy DKy g/ ) (i g/de) &Ry /T, (aTy/d0) - (0)

,, 50 we obtain

The témperature T, is a function of x
h| m-1,]

1,37
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m-1
dT./dt = I 3aT.,/o . d i t .
J/ k=1( J/ Xk,J)( Xk,j/d )

Substituting Eq.(7) in Eq.(6) yields

m-1
/dt = I {3K, ./3x
] 1,17

dKi
k=1 ?

k,j

»

(dx j/dt)

k,

From Egs. (5) and (8), we obtain

dyi j/dt = Ki j(dxi j/dt) + L ; X
* b ] » » k=l

where

n. = dK, ./axk,j + (aKi .

>

Substituting Eq.(9) in Eq.(2) yields

m-1

fH. ., + K, .H_ .)(dx, ./dt) + x, .H. . L n,
L3 i, ] VJ)( i,] ) 1,3 V3k=ln1,k,3

+
Fyzpi,g ¥ ki, 5-1 T V5V,

-V, + Wy, .
vy 271,

,{dx

(Lj + Uj)xi

+ (BKi,j/BTj)(BTj/axk,j)}‘

,j/dt) .

k

5

L3749

(7)

(8)

(9)

(10)

(11}

Similar equations are obtained by substituting Eq.(9) in Eq. (1)

and in Eg.(3). These equations can be written by the following

matrix equations
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All,j ... Alm,j dxl,j/dt Dl,j
. L. = |1, (12)
Aml,j R S dx, /dr sl
where
Akk,j = HLj + Kk’jHVj + xk’jHank,k,j , ( k=1, , m-1 ),
Akn,j = Xk,jHank,n,j , (n =1, , m=1 },{ k = 1, ee, m=1 1},
A,y = 05 (K =1, , m=1 ),
Ak,i = Fm,ifviMm,k,y 0 (KL » m-1 ),
Amm,j = HLj + Km’jHVj , (13)
and
Dio1 = Va¥i,e T ViYi,n T Li¥gn oo
Dy,9 = FyZpa,g Y lyo1¥i,5-1 T Vj+1yi,jf1 - Gy Ry
- (Vj + wj)yi,j , (j =2, ... N-1),
Dy n = FyZri,y T My-1%i,n-1 ~ Wi,w T MwTiLn (14)

By solving Eq.(lz), dxi j/dt can be calculated : dxi j/dt can be

E >

expfesséd by

(3 =1, ..., N ). (15)
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Therefore, a numerical integration technique ( e.g. Modified
Eulef method and RungewKutta-Gill method ) can directly be
applied to Eq.(15).

If the heat balances and the assumption of conmstant volume
ﬁoldup specification need to be incorporated, some additional

(3}

considerations are required.

3. CALCULATIONAL PROCEDURE OF aTj/Bxi

I

Equation (4) is subject to the condition that the sum of all

the vapor mole fractions be equal to unity

=1 . . (16)

m
7z = Y K, .x. .=2.(T., , . ). 17
] i=1 1,371, J( it *1,j xm—l,J) (17)
Since Tj is a functionm of x, , (i =1, ..., m-1 ),
]
m-1 m-1
d7z. = § (82./8x, .)dx, . + (3Z./9T. % o(98T./%x., .)dx, .
| i=l( J/ Xl,J) O ( J/ J)i=l( h| 1,3) 1,3
m-1
= ¥ {38z./09x, + (9Z./8T.)Y(3T,/3x, .)ldx, .
2 J/ i, ( 3 J)( J/ 1,3) 1,1
=0 . (18)
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Therefore, a numerical integration technique ( e.g. Modified
Euler method and Runge-Kutta-Gill method ) can directly be
applied te Eq.(1l5).

If the heat balances and the assumption of constant volume
holdup specification need to be incorporated, some additional

(3)

considerations are required.

3. CALCULATIONAL PROCEDURE OF BTj/axi

Equation (4) is subject to the condition that the sum of all

the vapor mole fractions be equal to unity

=1 . _ (16)

m
Zj = .§ Ki,jxi,j = 7 (T,, Xl,J’ . xm—l,j) . (17)
i=1
Since Tj is a function of Xy 3 (i=1, ..., m=-1),
m-1 m-1
dz, = I 7. /83x. Ddx., . + (8z./3T.) L (9T, /ox, .)dx. .
g = B gy pdxy g+ (82,/0T4) F (T3 /0%y )dxy
i=1 i=1
m-1
= I {3Z, , + . (T, /3x, .)rdx, .
= { J/Bxl, (BZJ/BTJ)( J/ Xl,J)} Xi 3
i=1
=0 . (18)
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Since % j's (i=1, ..., m=1 ) are the independent variables,
3
we obtain
37 ,/3x, . = - (8Z,/8T,)(3T./3x, ,) . 19
] 1,] ( ] J)( J lsJ) ( )

Since only m-1 of the liquid mole fractions are independent
( the sum of the liquid mole fractions must be equal te unity ),

Eq.(17) should be written by

m-1 m-1
Z. = L Ki Ky + Km (1 - Xy L)y = 1 . (20)
1 i=1 s ] s ] » ] i=1 s ]
Then,
m-1
BZj/Bxi, = Kl,] - Km,J + kilxk, (BKk’ /Bxl,j - BKm, /axl’J)
+ aKm,j/aXi,j , (i=1, ..., m=1 ), ” ) ._(21)
m-1

dZ./3T, = L x. ,(38K, /3T, - 3K_ ./3T.) + B8K_ ./9T, . (22)

3 J i=1 i,]) 1,] J m, ] ] m, ] ]

It has been shown that Bijaxi ] can be calculated from Eqs.(l9),

L]

(21) and (22).
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4, CONCLUSION

Working equations have been derived for dynamic simulation
of a cryogenic distillation column incorporating vapor holdups
on stages within the column. The present report shows how
the numerical integration techniques such as the Modified Euler
method and the Runge-Kutta-Gill method can be applied to the
simulation.

If the column has a packed section whose inner diameter is
considerably small, a relatively small number of the total
theoretical stages, and a condenser whose volume is very large,
the vapor holdup in the condenser cculd be significant in analysis
of the dynamic column behavior. In these cases, the effect of

the vapor holdup in the condenser needs to be studied in further

work.

NOMENCLATURE

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

HLj = liquid holdup on j-th stage (g-mol)

ij = vapor holdup on j-th stage.(g-mol)

Ki,j = vapor-liquid equilibrium ratio for compomnent i on j-th
stage

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

m = total number of components
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N = number of total theoretical stages

Tj = absolute temperature on j-th stage (K)

Uj = flow rate of liquid sidestream from j-th stage (g-mol/h)

Vj = flow rate of vapor stream leaving j-th stage (g-mol/h)

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

Xi,] = mole fraction of component i in liquid stream leaving
j-th stage

yi,j = mole fraction of component i in vapor stream leaving
j—-th stage

zFi,j = mole fraction of component i in feed stream supplied

to j-th stage

{ Subscript )}

i : component index
j @ stage index
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Fig. 1 Model Column for Mathematical Modeling



