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The Effect of the Time Length of Pressure Changing 
Steps on Concentration in the Gas Phase in the 
Pressure Swing Adsorption Process 

SUNG YONG GONG* and WON KOOK LEE 
DEPARTMENT OF CHEMICAL ENGINEERING 
KOREA ADVANCED INSTITUTE OF SCIENCE AND TECHNOLOGY 
373-1 KUSUNG-DONG, YUSUNG-GU, TAEJON, KOREA 

ABSTRACT 

To investigate the effect of the time length of pressure changing steps theoreti- 
cally, mathematical expressions for the gas-phase concentration of pressure 
changing steps in the pressure swing adsorption process were derived under the 
simple initial conditions and compared with numerical solutions using the orthogo- 
nal collocation method. At this time, the linear driving force model was used. We 
examined whether the time length of the pressure changing steps influenced the 
concentration in the gas phase for various mass transfer coefficients. The time 
length did not affect the concentration in the gas phase for the two extreme cases, 
i.e., a very large mass transfer coefficient or a very small mass transfer coefficient, 
but the effect of time length was large for a small mass transfer coefficient. A 
detailed discussion of the pressure-changing steps is included. 

INTRODUCTION 

Pressure swing adsorption (PSA) is a gas separation process in which the 
adsorbent is regenerated by reducing the partial pressure of the adsorbed 
component, either by lowering the total pressure or by using a purge gas. 
Since Skarstrom (1) invented the PSA cycle, many PSA processes have 
been developed and commercialized because of its low energy require- 
ments and low capital investment costs (2). 

Despite the industrial use of PSA, relatively limited analysis and simula- 
tion exists in the literature (3-7). Brief reviews of the theoretical develop- 
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ments have been made by Wankat (8) and Yang (9). Most of the published 
models are equilibrium models. Another approach involves numerical so- 
lution of mass and energy balance equations plus the mass transfer rate 
equations (10-12). However, most of these models make two extreme 
assumptions for the pressure-changing steps (i.e., equilibrium or frozen 
solid model). To understand PSA performance more accurately, it will be 
helpful to investigate the pressure-changing steps. This problem has rarely 
been investigated either theoretically or experimentally except in works 
by Sundaram and Wankat (13) and Doong and Yang (14). Sundaram and 
Wankat (13) first investigated the pressure drop effects in the pressuriza- 
tion and blowdown steps of the PSA cycle with an equilibrium model. 
Doong and Yang (14) examined the pressure drop effects on gas adsorption 
processes by numerical simulation. According ' :ir work, pressure 
drop effects can be negligible for a system with articles and a rela- 
tively long step time. 

In this paper, mathematical expressions for the gas-phase concentration 
of the pressure-changing steps are derived under simple initial conditions 
where the finite mass transfer rate and the negligible pressure drop effects 
through the bed are assumed. 

These expressions will be useful for understanding the effect of the time 
length of pressure-changing steps on cyclic PSA performance. 

MATHEMATICAL MODEL 

Assuming no radial variations in concentration and no axial dispersion, 
the dynamic behavior of the system may be described by the following 
set of equations. 

Mass Balance 

External fluid: 

Overall continuity (neglecting tracer): 

- + - = o  aP d U P  
at az 

Mass transfer rate expression: 

aqlat = k(q*  - 4) 
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Adsorption equilibrium: 

q* = K -  PY 
RT (4) 

Pressure change: 

p = at + P I  (for pressurization step) (5-1) 

p = -at + p h  (for blowdown step) (5-2) 

lnifial and Boundary Conditions 

Pressurization step: 

Y ( 2 ,  0) = 0; 

u(L,  t )  = 0;  

Blowdown step: 

Y ( Z ,  0) = Yin; 

u(L,  t )  = 0;  

In principle, the above set of equations cannot be solved analytically. 
But if it is assumed that the pressure is a staircase function as shown in 
Fig. 1 ,  we can derive mathematical expressions for the gas-phase concen- 

I 

to 11 12 tN-l tN 

T IME(sec) 

FIG. 1 Staircase function of pressure. 
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trations by using the Laplace transform. In this case, Eqs. (5-1) and (5-  
2) can be expressed as follows. 

Pressurization step: 

p' = ant* + p /  

Blowdown step: 

p' = - m t *  +pr, 

[for nt" 9 t 9 ( n  + l ) t* ,  n = 0, 1, . . . , N ]  (8-1) 

[ f o r n t * I t s ( n  + l) t*,n = 0, 1, . . . , N ]  (8-2) 
where N is the number of pressure-changing steps and 

Nt* = ( P h  - p d a  (8-3) 

SOLUTION OF PARTIAL DIFFERENTIAL EQUATIONS 

(1) Pressurization Step 

Denoting the Laplace transform with respect to time by a bar over a 
function, we have the following equations from Eqs. (1)-(4) and Eq. (8- 
1). 

For to I t I r l :  
87 AZ(s) - A2(s )  
- d Z  + a ( L  - Z ) Y  = a ( L  - z )  

Since y ( z ,  0) = q(z ,  0) = 0, the solution of Eq. (9) is 

(9) 

where 

~ 1 x 2  1 - E K L )  
(11) F l ( z , s )  = e x p ( - p + s ) e x p ( - y T  s + k  

L 
L - z  

h2 = In - 
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The inverse Laplace transform of Eq. (1 1) is 

F l ( z ,  t )  = k e ~ p ( - X ~ X ~ ~ ) e x p ( X ~ ~  - kt) ~x11(2, /A,h31(kt  ~ kt - A31 - k31)) 

+ k e ~ p ( - X 1 X ~ ~ ) e x p ( h ~ ~  - kt)S(kt - X31), forkt 2 A31 

= 0, for kt 5 A31 (12) 

where 

h31 = plkhz/a 

If we put p i  = p' for t i -1  I t 5 t i ,  then 

Fi( z ,  t )  = k exp( - Xlh3i)exp(X3i - kt) ,/*II kt - X3i  (2 JA1 X 3 i (  kt - A d )  

+ k e ~ p ( - X ~ X ~ ~ ) e x p ( X ~ ~  - kt)S(kt - X3d, forkt 2 X S i  

= 0, for kt 5 hsi (13) 
e 

X j i  = pikX2/a 

From Eq. (13) we can obtain the inverse Laplace transform equation 
of Eq. (lo). For t = IN 

(2) Blo wdo wn Step 

equation. 
From Eqs. (1)-(4) and Eq. (8-2), we have the following transformed 

(15) 

Using initial and boundary conditions, the solution of Eq. (15) is as 

aL A l ( s )  - 
az 
- -  

a ( L  - z )  Y = - a(L  - z )  

follows. For ti-1 5 t 5 ti:  
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where 

DISCUSSION 

Under simple initial conditions, mathematical expressions for the gas- 
phase concentrations for the pressurization step and the blowdown step 
have been derived (such as Eq. 14 and Eq. 16, respectively). 

The original mass balance (Eqs. 1-5) was solved numerically by the 
method of orthogonal collocation for a = 1 and 0.1, and compared with 
Eqs. (14) and (16), respectively. As shown in Figs. 2 and 3,  agreement of 
the two solutions improved as the dividing number increased. The param- 
eters are given in Table 1, where the mass transfer coefficient and the 
adsorption equilibrium constant are from Mitchell and Shendalman's data 
(15). Figures 4 and 5 show the effect of the time length of the pressurization 
step and the blowdown step on the gas-phase concentration, respectively. 

0. . 5  

Z /L  

1 

FIG. 2 Comparison of our work with numerical solution for pressurization step. a = 1. 
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3. 

C 

$ 2. 

1. 

0. 
0. . 5  1 

tltbl 

Comparison of our work with numerical solution for blowdown step. a = 0.1. FIG. 3 

As shown in Figs. 4 and 5 ,  the time lengths of the pressure-changing steps 
have a large effect on concentration. For the blowdown step, the time 
length is included in the second term on the right-hand side of Eq. (16), 
which is an exponential function of the time length. Therefore, y is strongly 
affected by a short time length. Moreover, Eq. (16) implies that this effect 
increases as the mass transfer coefficient decreases. When k approaches 
zero, y/yi, approaches 1, regardless of the time length. 

TABLE 1 
Parameters Used in Calculation of Theoretical Values 

Feed composition 
High pressure, P h  

Low pressure, p~ 
Temperature 
Column length 
Bed porosity 
Adsorption equilibrium constant, 
Mass transfer coefficient, k 

1 .O% 
3.0 atm 
1.0 atm 
25°C 
60 cm 
0.42 

K 52.7 
0.0467 (second 
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0. . 5  

Z / L  

1 .  

FIG. 4 Effect of the time length on the gas-phase concentration for pressurization step. 
N = 20. 

0. .5 
t l tb l  

1. 

FIG. 5 Effect of the time length on the gas-phase concentration for blowdown step. N = 
20. 
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Figure 5 shows that the gas-phase concentration is greatly affected by 
the time length of the pressurization step. However, Eq. (14) is so compli- 
cated that the asymptotic behavior of y cannot be easily understood. We 
now introduce an asymptotic approximation of the integral that has been 
proposed by Klinkenberg (16). 

a = exp(-M) loN e x p ( - L 1 1 ~ ( 2 ~ ~ ~ ) d L  + exp(-M - N ) 1 0 ( 2 ~ )  

(18) 

Although the application of Eq. (18) is restricted to M 2 2 and N 2 1, 
the asymptotic prediction of the effect of the time length on y is still useful. 
Consider Eq. (14) for the case of t i P 1  5 X 3 i  5 t I t,. 

1 + e r f ( , / T T $  - ,/m)) 

Fi(z,  t)  dt = exp( - hlX3i)exp(X3i - kt)Zo(2 JAlh,i(kt - h3i)) 
~ A f ~ , l k  

kt - A 3  

+ exp(-Albi) lo k exp(-(kt - h3i))Zo(2,/A1X3i(kt - A3J) dt 

1 
2 (19) 

= - (1 + erf(,/kt - X3i  + - J-)) 

Equation (19) shows that y decreases as the time length increases. We 
can also expect the effect of the time length to increase as the mass transfer 
coefficient decreases because of the error function property. We now 
introduce another integral defined by Brinkley and Brinkley (17) and its 
property (18): 

N 

P(M, N )  = exp(M) lo e x p ( - L ) 1 0 ( 2 m )  dL (20-1) 

(20-2) 

(20-3) 

lim exp(-M - N ) p ( M ,  N) = 1 
M-- 

P(M, N )  + P(N, M) + 10(2@) = exp(M + N )  

When k + m, it is obvious from Eqs. (20-1)-(20-3) that 

F~(z, t )  dt + 0 If' max(Adk,t2- ,) 

regardless of the time length. When k + 0, the following result is obtained 
from Eq. (13): 

ylyi, = 1, 

= 0, 

for ti 2 piX2/a 

for ti 5 piXzla 
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2004 GONG AND LEE 

From these results, we expect there is a mass transfer coefficient region 
in which an effect of the time length of pressure-changing steps exists. 

In this paper we have derived mathematical expressions for the pres- 
sure-changing steps and have theoretically examined the effect of the time 
length of the pressure-changing steps. Although this discussion was for 
pressure-changing steps only, these phenomena will probably occur in the 
same way in continuous PSA cycles. We will examine the effect of time 
on cyclic PSA performance in another gaper. 

CONCLUSION 

To investigate the theoretical effects of the time length of pressure- 
changing steps, we have derived mathematical expressions for the gas- 
phase concentration of pressure-changing steps. To confirm the usefulness 
of the resulting equations, the original mass balance equations were solved 
numerically under the same conditions by using the orthogonal collocation 
method. As the dividing number was increased, agreement between the 
two solutions increased. There is a certain region of the mass transfer 
coefficient value where the effect of the time length on the gas-phase 
concentration can be ignored. The effect of the time length was large 
when the mass transfer coefficient was small. These phenomena can be 
explained by the derived equations. 

SYMBOLS 

a 
A l ,  A2 
F 
1 0 7  1 1  

k 
K 
L 
N 
P 
P' 

4" 

P h ,  PI 
4 

R 
S 
t 
t* 

pressure changing rate defined by Eqs. (5-1) and (5-2) 
function in Laplace domain defined by Eq. (9) 
function defined by Eq. (12) 
modified Bessel function of orders 0 and 1, respectively 
external film mass transfer coefficient (second - ' ) 
adsorption equilibrium constant 
column length (cm) 
dividing number of the time length of pressure-changing step 
pressure (atm) 
pressure defined by Eqs. (8-1) and (8-2) (atm) 
high and low pressure, respectively (atm) 
adsorbate concentration in solid phase (mol/cm3) 

at equilibrium with y 
gas constant 
Laplace domain variable 
time (second) 
time segment defined by Eq. (8-3) (second) 
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fb l  

T bed temperature (“K) 
U interstitial velocity (cmls) 
Y 
Yin 

Z 

the time length of blowdown step (second) 

gas phase mole fraction of adsorbate 
gas phase mole fraction of adsorbate in feed 
position in the bed (cm) 

Greek Symbols 

a, P 
6 delta function 
E bed porosity 

function defined by Eqs. (18) and (20), respectively 

K 
1 - - E  

X i  
E 

L 
In - 

L - 2  
A2 

Subscript 

1 ith time segment 
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