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Pressurization and blowdown steps in pressure swing adsorption (PSA ) with binary 
mixtures of inert and adsorbable species are studied. Modeling involves mass balances 
for the bulk fluid phase and inside particles, that is, intraparticle diffusion/con- 
vection models, momentum balance equations, and linear adsorption equilibrium 
isotherm. The importance of intraparticle convection in PSA is assessed. Mass 
transfer inside pores is enhanced by intraparticle convection, which leads to a better 
efficiency of adsorption (pressurization) and desorption ( blo wdo wn ) processes. 
Performance is improved by intraparticle convection and lies between diffusion and 
equilibrium limits, as shown in propagation profiles of the adsorbable species mole 
fraction in the bed and inside particles. 

Introduction 
Pressure swing adsorption (PSA) has come a long way since 

it was invented by Skarstrom (1959). A major area of recent 
interest in PSA is the use of very rapid cycling, thai is, a short 
pressurization (less than 1 second with large pressure drop) 
and a quite long exhaust (5-20 seconds), which results in a 
higher sorbent productivity at equal purity and recovery. It 
has been commercialized for the production of oxygen for 
medical purposes (Jones et al., 1980; Jones and Keller, 1981). 
The theoretical understanding of these new processes is pri- 
mitive. In general, a PSA process is composed of pressuri- 
zation, production (feed), blowdown and purge steps. A 
number of theoretical and experimental works on cases similar 
to feed (adsorption) and purge (desorption) steps (in which the 
pressure drop is negligible) have been published, but studies 
on the pressurization and blowdown steps are scarce. 

Preliminary theoretical and experimental studies on pres- 
surization and blowdown were carried out (Richter et al., 1982; 
Fernandez and Kenney, 1983; Sundaram and Wankat, 1988; 
Hart et al., 1990; Rodrigues et al., 1991b), and large effects 
of pressure drop on pressurization and blowdown steps in PSA 
cycles were found and discussed. Theoretical results of Doong 
and Yang (1988) also show strong effects of pressure drop on 
the separation performance of PSA and pressure swing par- 
ametric pumping processes. 
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M. D. LeVan is presently at the Deparment of Chemical Engineering, University of Virginia, 

Charlottesville. VA 22903. 

The effect of pressure drop along the bed is more important 
when the cycle time decreases. In previous works (Sundaram 
and Wankat, 1988; Buzanowski et al., 1989; Hart et al., 1990; 
Rodrigues et al. 1991b), the local equilibrium assumption was 
considered, since very small adsorbent particles (around 0.02 
cm in diameter) have been used in rapid PSA to minimize the 
mass-transfer resistance inside the adsorbent. No criteria are 
available to predict the conditions in which the mass-transfer 
resistance inside the absorbent is important in a PSA process. 
Such conditions can be found by a comparison of the results 
calculated from the equilibrium model and those from a model 
that considers mass-transfer resistance inside the absorbent. 
Mass-transfer resistance was empirically found to be important 
below a threshold value around 100 for the parameter 40,7,/ 
d; (where r, is the cycle time) for a wide range of all the other 
parameters (Yang, 1987). This criterion was supported by ex- 
perimental data on activated carbon for a number of binary 
mixtures (Yang and Doong, 1985; Yang et al., 1985). When 
lumping the information on all steps of a PSA process, this 
criterion appears to be very rough, since the time required 
normally differs for each step in a PSA process, and the su- 
perficial velocity at the open side of the bed in pressurization 
and blowdown steps is so high (particularly for a rapid PSA 
unit) that mass-transfer resistances inside the absorbent cannot 
be neglected. Anyway, very small adsorbent particles will cause 
unfavorable effects in desorption (Lu et al., 1991a) and increase 
the cycle time which is very important parameter in rapid PSA. 
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Usually, a pellet (zeolitic adsorbent) can be visualized as an 
ensemble of crystals with a microporous structure bound by 
a continuous macroporous medium. In micropores mass trans- 
fer occurs mainly by Knudsen and surface diffusion, while in 
macropores it occurs by diffusion (molecular and Knudsen) 
and convection (Rodrigues et al., 1982, 1991a, 1992). Based 
on the analysis of Ruckenstein et al. (1971), a semi-empirical 
criterion was suggested by Ruthven and Loughlin (1972) for 
the relative importance of the micropore and macropore mass 
transfer from the magnitude for the parameter: 

where w is the weight fraction of crystals in the pellet, dq/dc, 
is the slope of the isotherm. They concluded that macropore 
control is more likely at relatively low temperatures, while at 
higher temperatures micropore resistance is probably the con- 
trolling step. It was suggested that if the Q value is significantly 
less than 1, micropore resistance dominates; if Q > 100, ma- 
cropore resistance controls. It should be noted that Dp is the 
‘‘apparent” effective diffusivity in the macropores, since Ruth- 
ven and Loughlin (1972) did not consider the effect of con- 
vective, forced flow in macropores when they derived this 
relation. 

If the mass-transfer resistance is not in the micropores, how 
can we reduce the mass-transfer resistance without reducing 
the particle size? A good choice will be the use of an absorbent 
containing “large-pores’’ (Rodrigues et al., 1991a, 1992; Lu 
et al., 1991a). Since the pressure drop is very large across the 
pellets in the open side of the bed in the pressurization and 
blowdown steps, particularly in a rapid PSA (Sundaram and 
Wankat, 1988; Hart et al., 1990; Rodrigues et al., 1991b), the 
intraparticle forced flow would largely improve the mass trans- 
fer inside the absorbent. 

Recently, several experimental studies and theoretical models 
considering mass-transfer resistances inside the absorbent (pore 
diffusion and linear driving force) have been published (Cheng 
and Hill, 1985; Yang and Doong, 1985; Doong and Yang, 
1986; Hassan et al., 1986, 1987; Shin and Knaebel, 1987, 1988; 
Farooq et al., 1989; Farooq and Ruthven, 1991). They focused 
primarily on the theoretical model and the effect of a few 
parameters on the performance of PSA (purity and recovery 
of the products), and assumed that pressure drop was negligible 
along the bed. 

In this article, we focus on the dynamics of pressurization 
and blowdown of an isothermal bed by using three different 
models: intraparticle diffusion and convection, intraparticle 
diffusion, and equilibrium (Lu et al., 1991a). Our objective is 
to assess the differences in the propagation profiles of total 
pressure, velocity and mole fraction in the bed and inside the 
absorbent. Linear adsorption equilibrium isotherms are also 
considered, since their performance is good in a PSA cycle. 

Mathematical Models 
The dynamics of pressurization and blowdown of a bed have 

been studied by Sundaram and Wankat (1988), Hart et al., 
(1990), Rodrigues et al., (1991b), among others, assuming local 
equilibrium and Darcy’s law for fluid flow. Zhong et al., (1992) 
used a nonisothermal model and accounted for intraparticle 

resistances (macropore + micropore); however, their analysis 
was limited to the case of a pure component (inert or adsorb- 
able). The system considered here is an isothermal bed packed 
with “large-pore” adsorbent materials (slab geometry), and 
the feed is a binary mixture of species A (adsorbable) and B 
(inert). Intraparticle mass-transfer resistances are assumed to 
be due to diffusion and convection in the macropores; there- 
fore, micropore resistance is considered to be negligible, as it 
is the case in many adsorption systems (Ruthven, 1992). Ini- 
tially the bed is at steady state with a uniform mole fraction 
yo of adsorbable species A at a pressure P=P, for  pressuriza- 
tion and P =  P,, for blowdown. At time t = 0, a positive (for 
pressurization) or a negative (for blowdown) step change on 
total pressure is made at the bed inlet. The adsorption equi- 
librium isotherm is: qA = mc:. Model equations in dimension- 
less form for the three models considered are given below using 
the following variables: 

where 
c,=-=t otal concentration at atmospheric pressure, 

RT 

Bp APO 
P L  

EL 
uo 

u, = - - = reference intraparticle velocity, 

7, = - = reference space time 

uo= bulk fluid superficial velocity at  the bed inlet in steady state at a 
given pressure drop AP,, = P,,-P,(here Pf=Po), that is, 

with 

1 5 0 ~ (  1 - E)’ 1 .75p0( 1 - E )  
a,  = ; a2= 

die3 Podpe3 

Case A:  intraparticle diffusion + convection model 
Mass balances inside the absorbent particle are: 

avY;) (3) 
= ( Y o  (1 + €J - 

a0 

where so= [(l - E ~ ) / E ~ ] ~  is the adsorbent capacity parameter. 
The boundary conditions are: 

aY* af p = 0 y; = y, -- p . f’ = f -- p 
ax R’ ax ( 5 )  
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and initial condition: 

8 = 0, y i  =yo; f’ =fa; VX, p (7) 

where f,=fU for the pressurization and f,= fh for the blow- 
down. 

Momentum equation for the fluid inside particle: 

Mass balances for the bulk fluid phase in a bed volume 
element are: 
Species A: 

Overall: 

a(u*n af I - €  +-+- N=O ax a0 

where dimensionless fluxes of species A and overall are given 
by: 

Momentum equation for the bulk fluid is: 

(13) --= af b5u* + b6 f(u*)’ 
ax 

Ergun’s equation is strictly valid for quasi-stable flows. Here, 
it is used locally in the bed as an approximation (Bird et al., 
1 960). 

Boundary conditions associated with Eqs. 9 and 10 are: 
Pressurization: 

x=o ,  ya---= ayA Y f ; f = f h  
Pe ax 

Blowdown: 

aYA x=o, -=O; f=fp  
ax 

The initial condition associated with Eqs. 9 and 10 is: 

where f,=h for the pressurization and f,= fh for the blow- 
down. 

The definitions of the parameters, P R ,  Pp, b,,  b2, b3, b4 , b5, 
b6, Pe, h, A,, a, a,, and Q, can be found in Table 1.  

Case B: intraparticle diffusion model 
In the absence of intraparticle convection, X, = 0; therefore, 

the intraparticle diffusion + convection model (case A) reduces 
to the intraparticle diffusion model. 

Case C: equilibrium model 
If there no mass-transfer resistances inside the particle, the 

intraparticle diffusion model reduces to the equilibrium model. 
Model equations are (Rodrigues et al., 1991b): 
In the bulk fluid phase: 

= [ 1 + e p  ’-E (1 +.!$)I (19) 

Boundary and initial conditions are given by Eqs. 14-18. 

Table 1. Definition of the Parameters 
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Table 2. Values of Fluid, Particle and System Properties Used 
in Numerical Simulations 

D,,,, = 0.1 cm' - s -  ' t = 0.4 
p,= 10 3g.cm-3 t,, = 0.7 
p =  ~ ~ - ~ g . c m - ' . s - '  L = 150 cm 

m=20 and 100 dn = 0.1 and 0.03 cm 
P,=P,= 100 kPa y , = 2 0  
P,, = 500 and 2,000 kPa y2 = 0.5 
7, = 4.5 

Simulation Results and Discussion 
The method of orthogonal collocation in finite elements is 

very useful for solving partial differential equations (LeitBo 
and Rodrigues, 1990; Rodrigues et al., 1991b; Lu et al., 
1991a,b). The commercial PDECOL package was used to  solve 
the equations for the three models. Details can be found else- 
where (Lu et al., 1991a). The calculation was stopped when 
If,! -f(, ,) I /fu < 1 Yo for the pressurization and Ih-f(,= ,) I /A 
< 1 %  for the blowdown. 

The numerical simulations presented here are restricted to  
the pressurization and blowdown steps. The pressurization step 
was studied using an input of high-pressure gas of a binary 
mixture (inert and adsorbable species) with y,=O.5, which is 
equal to the uniform initial concentration yo in the bed. The 

5 
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blowdown was started with an uniform initial yo = 0.5 con- 
centration in the bed. The effects of the adsorbent size d,, = 0.03 
and 0.1 cm, adsorbent capacity measured by the slope of the 
linear isotherm m = 20 and 100, and pressure ratio % = 
P,JP,?=O.2 and 0.05 are addressed. Values of fluid, particle 
and system properties are listed in Table 2. 

Effect of the particle size dp 
The resistances t o  mass transfer inside the particles can be 

reduced by decreasing the particle size. However, very small 
particles imply large pressure drops in the bed which, in turn, 
impose severe limitations to  the mechanical design of the ab- 
sorbent and absorber. On the other hand, smaller particles 
correspond to  longer pressurization and blowdown times: the 
smaller the particle size, the larger the cycle time of a PSA 
process, which is an important parameter of the process pro- 
ductivity. 

The pressurization times with two different particle sizes (d,, 
= 0.1 and 0.03 cm) are compared in Figure l a ,  where the 
history of reduced total pressurefat the closed end of the bed 
(x=  1) is represented. For smaller particles the bed takes more 
than double the time to  be completely pressurized, mainly 
because for smaller particles the fluid flow in the bed is in the 
laminar regime most of the time, whereas for larger particles 

-- 
/ "'L/ 0.03 

h 

0 

X 
v 

h* 

o*6 t 

\ d , ,  cm 

a 1 0  2 0  t ,  sec. 

0 5 t ,  sec. l o  

Figure 1. Equilibrium model solution (case C) with two particle sizes (d,,=O.l and 0.03 cm): =0.2, m=20. 
(a) History of reduced total pressurefat the closed end (x=  1) during pressurization; (b) History of reduced total pressurefat the closed end ( x =  I )  
during blowdown; (c) History of adsorbable species mole fraction y ,  at the bed outlet (x=O) during blowdown; (d) History of adsorbable species 
mole flux ( -  uy,) at the bed outlet (x=O)  during blowdown. 
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The histories of mole fraction and mole flux of adsorbable 
species at the open end ( x = O )  during the blowdown for both 
adsorbent sizes are shown in Figures l c  and Id, respectively. 
The simulations in these figures correspond to  the equilibrium 
model (case C) with the parameter values m = 20, 9 = 0.2, and 
d,>=0.03 and 0.1 cm; other parameters are listed in Table 2. 
These figures show that the smaller particle size corresponds 
not only to  a lower productivity of the adsorbent due to  the 
increase in the pressurization and blowdown times, but also 
to lower purity and recovery of the products, since the ad- 
sorbable species is more difficult to desorb due to  high pres- 
sures in the bed (Lu et al., 1991a); as a consequence, more of 
this species will remain in the column at the end of blowdown. 
The above conclusions are to  be taken carefully since they 
apply only when the resistances inside the particle are negli- 
gible; when the intraparticle resistance is the controlling step, 
it can be useful to  decrease this resistance by reducing the 
particle size. 

The question arises about the possibility of enhancing the 
mass transfer inside the adsorbent without decreasing the par- 
ticle size. Figure 2a shows that during the pressurization large 
pressure gradients exist near the open end of the bed, exactly 
where the majority of the mass transfer between fluid and solid 
occurs; the same is true during the blowdown (Rodrigues et 
al., 1991b,c). The mass transfer inside the absorbent can then 
be enhanced if large-pore materials are used, since a convective 
flow develops inside the particles (Rodrigues et al., 1982, 
199 1 a). 

The conclusion that using bigger particles with large pores 
can lead to a better bed design that using smaller particles for 
the same column performance, pressure drop and adsorbent 
productivity can also be drawn by extending the scaling rules 
introduced by Wankat and his coworkers (Wankat, 1987; Wan- 
kat and Koo, 1988; Rota and Wankat, 1990). As an example, 
let us consider macropore diffusion as the controlling step and 
an “old” configuration with d,=O.l cm, L = 100 cm, and 
D= 100 cm. If adsorbent productivity needs to be four times 
higher for the same separation performance by reducing the 
particle size to  d,=0.05 cm, then the “new” configuration 
would be a short, fat column with L = 2 5  cm and D= 100 cm 
(laminar flow) and a column with L = 3 1.5 cm and D = 89 cm 
(turbulent flow). Practical problems with packing, flow dis- 
tribution, and end effects should be very carefully accounted 
for in the design of the new column. However, if a large-pore 
adsorbent with the same “old” d, is used, the new configu- 
ration would have L = 5 0  cm and D=70.7 cm (for laminar 
flow) and L = 40 cm and D =  80 cm (for turbulent flow), with 
the requirement that X =  24 in the “new” configuration. 

In pressurization and blowdown steps where intraparticle 
Peclet number h changes with time and position, the required 
h can be the average value. For both new configurations de- 
scribed previously, the blowdown times (m = 20, 9 = 0.2) mul- 

6 
m=20 f 
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0 . 0  0.2 0 .4  0 . 6  0 . 8  1 .o 
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u. I 
0 .0  0 . 2  0 . 4  0.6 0 . 8  1 .o  
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Figure 2. Axial profiles of (a) reduced total pressure f, 

(b) reduced velocity u*, and (c) mole fraction 
y, during pressurization. 

= 0.2, m = 20, d,=O.1 cm, u,= 135 crn/s, 7,= 0.446 s; - case 
A ( B , = 1 . 2 5 ~ 1 O ~ ~ c m ~ ) ,  . . . . . . .  case B, ------- case C. 

tiplied by four (to account for the intensification procedure) 
are 22% higher than those for old configurations when using 
the smaller particle size and 11 070 lower when using the same 
particle size with large pores. 

the turbulent regime near the open end is maintained for longer 
times. The implication of the flow regime on the pressurization 
time was already shown by Rodrigues et al., (1991~) using 
either Ergun’s or Darcy’s laws as the momentum equations. - 
The difference is even clearer during the blowdown, as can be 
seen from Figure lb .  Nevertheless, as the Peclet numbers are 
very high in both situations, the final concentation profiles of 
the adsorbable component are expected to  be very similar for 
both particle sizes (Rodrigues et al., 1991b,c). 

Intraparticle diffusion/convection and equilibrium 
models 

The equilibrium model is a limiting case corresponding to 
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Figure 3. Intraparticle profiles of (a) reduced total pres- 
sure f ' ,  (b) mole fraction yi, and (c) intrapar- 
ticle Peclet number A, at the bed inlet (x=O) 
during pressurization. 
0=0.2, m=20,dp=0.1 cm, u,= 135cm/s, 7,=0.446s;-case 
A (Bp= 1 . 2 5 ~  cm*), . . . . ' .  . case B.  

the absence of mass-transfer resistances; when intraparticle 
resistances are present, the diffusion model is normally used 
to  simulate the behavior of the system. If large pressure gra- 
dients exist along the bed, with large-pore materials, a con- 
vective flow develops inside the particles which is superimposed 
to the diffusive flow, enhancing the mass-transfer relative to  
diffusion alone. Intraparticle convection then improves the bed 
dynamics between the limits corresponding to  diffusion-and 
equilibrium-controlled situations. 

Pressurization. In Figures 2a-2c, the axial profiles of re- 
duced pressure f, reduced velocity u' ,  and mole fraction y ,  
are shown at different times during pressurization as calculated 
by the three models: diffusion + convection (case A, solid 
lines), diffusion (case B, dotted iines), and equilibrium (case 
C, dashed lines). The values of the parameters used in the 
simulations were m = 2 0 ,  9 = 0 . 2 ,  dp=O.l cm, u,=135 cm/s, 
7, = 0.446s, and Bp = 1.25 x cm2 (case A).. Since there is a 
mass-transport limitation between fluid and adsorbent, the 
pressure in the bed increases faster in case B than in case C at 
the beginning of pressurization. Finally, it takes a little longer 
to reach the pressure plateau in the bed for case B ,  since the 
adsorbent is not saturated yet, even at the end of pressurization: 
at If(x=,,- fhl/h < 1070, the adsorbent may be incompletely 
saturated at the local partial pressure in each position. 

There is a crossing point between the pressure profiles for 
cases B and C, whose axial position varies with time during 
pressurization. The same is true for the axial velocity profiles. 
This is so because, near the open end at short times during 
pressurization, larger velocities are observed with the equilib- 
rium model due to  the absence of mass-transfer resistances 
(adsorption causes larger local pressure gradients); at longer 
times, on the other hand, as in the absence of mass-transfer 
resistances the adsorbent is already saturated near this open 
end, the reverse is true. 

As expected, the more dispersive mole fraction profiles are 
obtained in case B (diffusion model); it is not surprising then 
that the penetration length is larger (the pressurization amount 
is smaller) in case B than in case C (the equilibrium model) 
(Rodrigues et al., 1991b,c; Lu et al., 1991b). Also, the dis- 
persive nature of the concentration propagation in case B re- 
sults in an earlier breakthrough in the following step, the feed 
(production) step in a PSA process. As the figures show, case 
A (diffusion + convection) is located between these two ex- 
trema (cases B and C); moreover, it is expected that case A 
approaches case C when the particle permeability Bp is in- 
creased (Lu et al., 1991a). 

Let us now consider in greater detail how the intraparticle 
convection enhances the mass transfer inside the particles. 

We know already (Rodrigues et al., 1991a) that the mass 
transfer inside particles depends on one parameter a (ratio 
between the local diffusion time constant and the local space 
time) when the diffusion model is considered, whereas it de- 
pends on two parameters a and h (local intraparticle Peclet 
number) when intraparticle convection and diffusion are taken 
into account. Both a and h vary with position and time due 
to pressure and velocity variations. 

For the same simulations shown in Figures 2a-2c, the profiles 
of reduced pressuref' and mole fractiony; inside the particles 
for case A (solid lines) and case B (dotted lines) are shown in 
Figures 3a, 3b, 4a and 4b at the axial positions x=O and 
x =  0.25, respectively. In the absence of intraparticle convection 
(X = 0, case B), the profiles are always symmetric around the 
center of the particle. Since a is much smaller at x =  0.25 than 
at x=O, the profiles at x=O.25 are smoother. At the end of 
pressurization, I f ( x =  ,) - fh I /fp < 1 Vo, the profiles d o  not reach 
the plateaus corresponding to  the particle skin total pressure 
and mole fraction which means that the adsorbent is not yet 
saturated at the local partial pressure. 

The situation is different when intraparticle convection is 
present (case A). The axial profiles of reduced total pressure 
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Figure 4. lntraparticle profiles (a) reduced total pressure 

f' and (b) mole fraction y iat  the axial position 
x = 0.25 in the bed during pressurization. 
+=0.2 ,  m=20,dP=0.1  cm, u,= 135crn/s, r0=0.446s;-case 
A (En=  1.25 x cm2), . . ' .  - .  case B. 

keep a plane shape at almost all times, and the mole fraction 
profiles are not symmetric around the particle center; more- 
over, near the open end of the bed, the local saturation plateau 
of the adsorbent is reached (Figure 3b) due to the mass transfer 
by convection. The profile of the intraparticle Peclet number 
X at several times at the axial position x =  0 is shown in Figure 
3c; high intraparticle Peclet numbers are observed at short 
times (with very low pressure gradients inside the particles, 
Figure 3a), increasing the local intraparticle mass transfer. At 
x=0.25, since the pressure drop in the bed is small (relative 
to the one at x =  0), the intraparticle convective flow is small, 
and again, the local saturation plateau is not reached at the 
end of pressurization (Figure 4b). The effect of the intraparticle 
convection decreases as we move away from the open end of 
the column. 

The relative importance of the convective flow through the 
particle can be assessed from Figures 3a-3c. It can be concluded 
that the intraparticle convective velocity at x =  0 is only about 
0.24% of the superficia1 velocity through the bed at 8=0.01, 
decreasing to about 0.01% at O =  2. However, if a comparison 
is made between the fluxes through the particles with and 
without convection, it can be shown that the intraparticle molar 
flux of species A with convection, at O = 0.01, is 4.44 times the 
flux without convection. The intraparticle convective flux con- 
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Figure 5. Histories of (a) reduced total pressure fat the 
closed end ( x =  l), (b) mole fraction y,, and (c) 
mole flux ( - u'y,,) at the open end ( x =  0) dur- 
ing blowdown. 
O=0.2 ,m=20,d ,=0 .1cm,u0=135cm/s ,~ ,=0 .446s; -case  
A (B,  = 1.25 x cm2), . . . . . . . case B, ------- case C. 

tributes 82.6% of the total molar flux of A. At O=O.1 the 
intraparticle molar flux of A when convection is present is 
3.44 times higher than the corresponding flux in the absence 
of convection. The contribution of the intraparticle convection 
at O = 0.1 accounts for 48.4% of the intraparticle molar flux 
of species A. The relative importance of the intraparticle con- 
vective flux decreases with time, becoming negligible at O r  0.5; 
in fact, at x =  0, most of the mass transfer occurs before O = 0.5. 
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Figure 6. lntraparticle profiles of (a) reduced total pres- 

sure f ’ ,  (b) mole fraction y;, and (c) intrapar- 
ticle Peclet number A, at the bed outlet ( x = O )  
during blowdown. 
Q =0.2, rn = 20, do= 0.1 cm, u,= 135 cm/s, T,= 0.446 s;  - case 
A (B,,= 1.25 x crn’), . ’ .  ’ .  . . case B.  

Blowdown. The behavior of the system during blowdown 
affects the purity and recovery of a PSA process. Increasing 
the mass-transfer resistances inside the particles increases the 
depressurization time, and more adsorbable species remains 
in the bed at the end of blowdown ( I f ( , =  ,) -fil /Al< 1 To), re- 
sulting in a lower separation. 

Figures Sa-5c show the histories of reduced total pressure 
f a t  the closed end (x= l), mole fraction y ,  and mole flux 

( - u*yA) at the open end (bed outlet, x=O) as calculated by 
the three models with the values: + = 0.2, rn = 20, d, = 0.1 cm, 
u, = 135 cm/s, 7, = 0.446 s, and B, = 1.25 x 10- cmz (case A). 
Figure 5b shows that the first mole fraction plateau at the bed 
outlet (Lu et al., 1991b) observed with the equilibrium model 
(case C, dashed lines) is smoothed out with the diffusion model 
(case B, dotted lines) and is somehow recovered with the dif- 
fusion/convection model (case A,  solid lines). In blowdown, 
like in pressurization, case A is located between cases B and 
C, the two limiting situations. 

The comments on the behavior inside the particles during 
pressurization are still valid during blowdown as Figures 6a- 
6c show: the final plateau is reached faster in case A than in 
case B. Moreover, Figure 6c shows that a t  short times the 
particles blow down in both directions (increasing and de- 
creasing p) ,  and the intraparticle Peclet number X crosses the 
zero value; a similar situation is likely to occur also in pres- 
surization at  very short times. This happens because at short 
times the intraparticle pressure gradient is dominated by ad- 
sorption and desorption, not by the pressure drop across the 
particle. Fluxes out of both sides of the particle strongly in- 
crease at short times when the particle size increases. At Long 
times, fluxes into and out of the particles are of the same 
order; however, they still increase when d, increases. The re- 
duced pressure profiles for the diffusion model (case B, dotted 
lines) in Figures 3a, 4a and 6a help understand what is hap- 
pening. During adsorption, the intraparticle pressure gradients 
give rise to a convective flow to the center of the particle, 
provided that the pores are large enough; the reverse is true 
during desorption. In both cases, the intraparticle convective 
flow so generated is beneficial to  the operation of the system. 
The importance of this intraparticle pressure gradient decreases 
with time in each of the steps, while the importance of the 
pressure drop across the particle increases, becoming dominant 
at larger times. 

Effect of adsorbent capacity m and pressure ratio Q, 

The importance of the mass-transfer rate increases with the 
adsorbent capacity. The larger the capacity of the adsorbent, 
the larger the transport of material between fluid and solid. 

The final axial mole fraction profiles in pressurization for 
different reduced capacities rn as calculated with the three 
models are shown in Figure 7a. The difference between the 
penetration distances obtained in case B (dotted lines) and in 
case C (dashed lines) increases with the adsorbent capacity, 
that is, for case B, when rn increases the relative saturation of 
the absorbent decreases. This can be seen from Figures 8a and 
8b, where the profiles of reduced pressuref’ and mole fraction 
y >  inside the particles, at the axial position x=O.1, for cases 
A (solid lines) and B (dotted lines) are shown based on rn = 100, 
@=0.2,  d,=O.l cm, u,=135 cm/s, 7,=0.446 s, and 
B,= 1.25 x cm’ (case A). When the particle diameter is 
reduced to  d, = 0.03 cm, the mass-transfer resistance decreases, 
and the diffusion model (case B) tends to ,  and almost coincides 
with, the equilibrium model (case C), as can be seen from 
Figure 7a. 

When the pressure ratio +(+ = P,/P,,) decreases, 01 increases, 
since both the local space time and the effective diffusivity 
decrease with the pressure ratio; the intraparticle convection 
(measured by A) increases as well with decreasing +. The final 
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Figure 7. Influence of m and on the final axial mole 
fraction profiles during pressurization. 
(a) 0=0.2,  dp=O.l cm, u,= 135 cm/s, 7,=0.446 s; -case A 

case B (d,,=O.O3 cm, u,=61.2 cm/s, s,=0.980 s); (b) 0=0.05, 
m=20,  dp=O.l cm, u,=141 cm/s, r,=0.425 s; - case A 

B (d,=0.03 cm, u,=7.38 cm/s, ~,=0.813 s). 

(B,= 1.25 x cm'), . . . . . . . case B, _ _ _ _ _ _ _ _  case C ,  

( B  - 2 x P- 
cm2), . . . . . . . case B, ._..__._ case C, - .  - .. ._ .. case 

axial mole fraction profiles for the three models are shown in 
Figure 7b with rn = 20, @ = 0.05, d, = 0.1 cm and 0.03 cm, and 
B , = 2 X  lo-'' cm2 (for case A). The axial profiles of mole 
fraction in case B (dotted lines) are more dispersive with this 
lower '3, since the mass-transfer resistance increases with a; 
now, even for d,=O.O3 cm, a difference is observed between 
the profiles for cases B and C, although the diffusion model 
still approaches the equilibrium model when d,, is decreased. 
Moreover, even with a permeability six times lower, the so- 
lution of the diffusion/convection model (case A) is close to 
the equilibrium solution (case C) with the lower '3 = 0.05 as it 
was with @ =0.2: the increase of the intraparticle convective 
flow due to  the decrease of @ compensates for the lower perme- 
ability, improving the solution of the diffusion model (case B) 
as much as with higher B, and '3. Figures 9a and 9b show the 
intraparticle profiles of reduced pressuref' and mole fraction 
y ;  for the same case as in Figure 7b at  the axial position 
x = 0.25. The increase in the intraparticle convective flow when 
0 decreases is reflected on the mole fraction profiles inside the 
particles that become more asymmetric than with higher @; 
this comparison is shown in Figures 4b ('3.0.2) and 9b 
(@ = 0.05) even with a lower permeability. 

n A .  " .- 

y: 1. 

0.1 ' . I 
0 .0  0.2 0.4 0.6 0.8 1 .o 

P 
Figure 8. lntraparticle profiles of (a) reduced totdl pres- 

sure f' and (b) mole fraction y i  at the axial 
position x=O.1 in the bed. 
.P=0.2, m=100, d,=O.l cm, u,=135 cm/s, r0=0.446 s: - 
c a s e A ( B , = 1 . 2 5 ~ 1 O - ~ c m ~ ) ,  ....... case B. 

Conclusions 
Pressurization and blowdown of a n  adsorption bed with a 

mixture of one inert and one adsorbable species (with uniform 
initial mole fraction) were studied by using three models: equi- 
librium, intraparticle diffusion, and intraparticle diffusion/ 
convection. 

The presence of intraparticle mass-transfer resistances in- 
creases both the pressurization and blowdown times relative 
to the equilibrium situation, the profiles af the adsorbable 
species becoming more dispersive (increasing the pedetration 
distance) during pressurization, while a t  the end of blowdown 
the bed is less regenerated (more adsorbable species remains 
in the column). The results are a n  earlier breakthrough in the 
feed (production) step, which follows pressurization, and the 
need of a longer purge step after blowdown to regenerate the 
bed. The global effects are a loss in productivity, purity, and 
recovery. 

The use of smaller particles iS seldom a solution, since they 
lead to even higher pressurization and blowdown times (for 
the same productivity) with the associated mechanical prob- 
lems despite the reduction of intraparticle resistances. 

However, if "large-pore" materials are used in the manu- 
facture of the adsorbent, a convective flow develops inside the 
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particles (near the open end of the bed where most of the mass 
transfer between fluid and solid occurs), enhancing the intra- 
particle mass-transfer rate and improving the overall behavior 
both in pressurization and in blowdown. The addition of in- 
traparticle convection to a diffusion model improves the re- 
sponse of the bed, the limit being the equilibrium situation: 
the response of the diffusion/convection model is always lo- 
cated between two Iimiting situations, equilibrium and dif- 
fusion alone. 

During pressurization, the intraparticle convective flow con- 
tributes up to 82.6% of the total intraparticle molar flux of 
species A at the bed inlet and short times 8=0.01. The im- 
provement of the system behavior with intraparticle convection 
is almost independent of the capacity of the absorbent and 
increases when the pressure ratio @ = P,JP,, decreases. Linear 
adsorption equilibrium isotherms were assumed, because they 
give efficient performance in a PSA cycle; therefore, linearity 
of equilibrium isotherms is a target for adsorbent manufac- 
turers. Extension to nonlinear isotherms can be found else- 
where (Lu et a/., 1991~).  
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Notation 
ui  = 
a2 = 

h , ,  ..., b, = 

BIZ = 

c '  = 

c, = 

c,, = 

c, = 

( ' =  

d, = 

d/, = 
D", = 
D,,, = 
D,,,,l 
4, = 

f =  
f '  = 

f i t  = 
1;' = 
f* = 
L =  

1' = 
r n =  
N =  

N,i = 

P =  
p' = 

Pe = 
PI, = 
P, = 
Po = 

AP,, = 

rporr  = 
/ =  
u =  

parameter in Eq. 2a, g/cm3.s 
parameter in Eq. 2a, s2/cm' 
dimensionless constants in Table 1 
permeability of the adsorbent (cc?~,,,), cm2 
total concentration in the bulk fluid phase, mol/cm' 
total concentration in the fluid inside the adsorbent, 
mol/cm' 
concentration in the micropores, mol/cm3 
total concentration in the bulk fluid at atmospheric pres- 
sure, mol/cm' 
feed total concentration, mol/cm3 
crystal diameter, cm 
adsorbent particle diameter, cm 
axial dispersion coefficient, cm2/s 
effective diffusivity of species A ,  cm2/s 
molecular diffusivity at atmospheric pressure, cm2/s 
Knudsen diffusivity of species A ,  cm2/s 
dimensionless total concentration in the bulk fluid phase 
dimensionless total concentration in the fluid inside the 
particle 
dimensionless total concentration at high pressure 
dimensionless total concentration at low pressure 
dimensionless total initial concentration in the fluid 
bed length, cm 
slab thickness, cm 
slope of the linear adsorption equilibrium isotherm 
dimensionless total mole flux from the bulk fluid to  the 
adsorbent 
dimensionless mole flux of species A from the bulk fluid 
to  the adsorbent 
pressure in the bulk fluid, Pa 
pressure in the fluid inside particle, Pa  
Peclet number ( = uL/D,), dimensionless 
high pressure, Pa 
low pressure, Pa  
atmospheric pressure, Pa  
reference pressure drop across the bed under steady state, 
Pa 
average macropore radius, cm 
time, s 
superficial velocity in the bulk fluid, cm/s 
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Figure 9. lntraparticle profiles of fa) reduced total pres- 
sure f' and (b) mole fraction y6 at the axial 
position x = 0.25 in the bed. 
@=O.OS, m=20, d,=O.1 cm, u,,=141 cm/s, ~ , = 0 . 4 2 5  s; - 
case A ( ~ , , = 2  x lo-' ' cm*), . . . . . . . . case B. 

dimensionless velocity in the bulk fluid 
superficial velocity at the bed inlet under steady state, 
cm/s 
intraparticle velocity, cm/s 
dimensionless intraparticle velocity 
reference intraparticle velocity, cm/s 
dimensionless axial coordinate in the bed 
mole fraction of species A in the bed 
mole fraction of species A in the feed 
mole fraction of species A in the fluid inside the ad- 
sorbent 
mole fraction of species A initially in the bed 
axial coordinate in the bed, cm 
space coordinate in the adsorbent, cm 

Greek letters 
a =  

a, = 
a,. = 

P K  = 

€ =  

< / I  = 
9 =  
A =  
A, = 

w =  
P =  

ratio between the time constant for intraparticle diffu- 
sion and space time, Table 1 
reference parameter, Table 1 
constant defined in Table 1 
ratio between the half thickness of the slab and bed 
length, Table 1 
bed porosity 
adsorbent porosity 
pressure ratio + = P,/P, 
intraparticle Peclet number, Table 1 
intraparticle Peclet number at reference conditions, 
Table 1 
fluid viscosity, g/cm .s 
dimensionless space coordinate in the adsorbent 
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p o  = fluid density, g/cm’ 
0 = time reduced by the reference space time 

y,, yz = constants (coefficients in the axial dispersion correla- 
tion) 

7, = tortuosity factor for the particle 
7, = reference space time, s 
C;, = adsorbent capacity factor 
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