;ﬁ Adsorption 6, 233-240, 2000
“ (© 2000 Kluwer Academic Publishers. Manufactured in The Netherlands.

Performance of a Two-Bed Pressure Swing Adsorption Process
with Incomplete Pressure Equalization

HEUNG-SOO SHINAND DONG-HO KIM
Department of Chemical System Engineering, Hong-lk University, Chocheewon, Cheungnam,
South Korea 339-800

shinhs@wow.hongik.ac.kr

KEE-KAHB KOO
Department of Chemical Engineering, Sogang University, Seoul, South Korea

TAE-SOO LEE
Department of Mechanical Engineering, Sogang University, Seoul, South Korea

Received September 9, 1999; Revised April 20, 2000; Accepted May 15, 2000

Abstract. Incomplete pressure equalization (PE) is practiced in a commercial oxygen concentrator for medical
use by adopting simultaneous PE and feed-pressurization for pressurizing an adsorption bed. In such a cycle config-
uration, extent of equalization during PE affects process performance. In order to assess the effect, performance of
pressure swing adsorption (PSA) process with incomplete PE was determined by both simulations and experiments.
In simulations, an equilibrium model was used with the assumptions of multicomponent Langmuir isotherms,
isothermal operation, and no pressure drop through a bed. The required parameters for simulations were measured
in separate experiments. PSA experiments were performed for atwo-bed cycle with PE. Two kinds of pressurization,
feed and product, were examined. Effects of purge amount and extent of equalization on process performance were
assessed in view of productivity and light-component recovery. From the obtained results performance contours
were constructed. 95 oxygen mole percent production from air with zeolitewlss considered as a case study.

In both pressurizations, an optimal specific purge and an extent of equalization for the productivity and recovery
were observed, but with a different level of equalization. For a maximum productivity feed-pressurization favored
incomplete PE, while a maximum recovery occurred at complete PE for both pressurizations. The simulations
depicted well existence of optimum conditions, though they showed quantitative disagreement with experiments.

Keywords: PSA, pressure equalization, extent of equalization, simulation, experiment

Introduction a large-scale hydrogen production unit. Inclusion of
PE steps into a PSA cycle can enhance recovery of
Pressure equalization (PE) has been widely employedcomponent as well as mechanical energy contained
in pressure swing adsorption (PSA) processes rang-in a high-pressure gas (Ruthven et al., 1994). Nor-
ing from a small-scale unit for medical oxygen to mally, PE is achieved by connecting two beds, one of
which has been purged and the other has completed a
*Author to whom correspondence should be addressed. high-pressure feed step, through their product ends to
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equalize apressure. Following PE the partially pressur- Product
ized bed is finally pressurized to an adsorption pressure
with a feed or a product. In this configuration, the final
pressures of connected beds become nearly equal, antged 1
then so called complete PE approaches. On the other
hand, when PE and final feed-pressurization take place - : ,
simultaneously, only a fraction of the amount for com- Feed Waste  Wasta Feed
plete PE can transfer from a depressurizing bed to a
pressurizing one during PE. Thus, incomplete PE oc-
curs. The latter configuration is used in a commercial
oxygen concentrator (Devilbiss, USA) for medical use.
The extent of incompleteness during PE is expected to
affect process performance and its effect needs to be
assessed for optimum process design.

Previous works usually analyzed PSA processes
with PE for complete equalization (Hwang and Suh, stes 1 2 3 4 5 6
1996; Shin, 1996) or with the unrealistic assumption
of frozen-adsorbed phase concentration profiles during
PE steps (Hassan et al., 1987). Several related works

examined the effect of incomplete equalization on pro- be develoned for a sinale bed under the assumption
cess performance, but only fragmentary results were velop g - P
of an isothermal bed, an ideal gas, a negligible pres-

reported (Lemcoff et al., 1993; Doong, 1996; Doong - .
and Propsner, 1998). Inthis paper, performance of PSA sure drop through the bed, multicomponent Langmuir

process with incomplete equalization was investigated isotherms, and mstaptaneous eq“"'b”“"? be.tw'een. gas
by both simulations and experiments. Contours of per- and adsorbent. The isothermal a_ssumptlo_n IS justified
formance variables were constructed and analyzed foraIOy the small temperature fluctuationsg'C) inside a

two-bed PSA process. The simulations were performed :S?eo dbrzer;/segcdclglTgb?;(%ir:;r:fsn;i t-;hei ngﬁllr?ébnlt;p\:zie
to predict experimental results. P P P

between the feed end of a bed and the product tank was
less than 6% of a feed pressure. The equilibrium be-
tween gas and adsorbent is approximated by allowing
enough step durations.

The material balance for component A and overall
material balance are given by:

Product

Bed 2

Waste Feed

Figure 1 Two-bed PSA process with pressure equalization. Dot
line = product pressurization.

Simulation

Process Description

The process considered in this study is a two-bed cycle 9Ca  poga

with PE steps as illustrated in Fig. 1. The cycle con- - "o T 8_Z(U Ca)=0 (1)
sists of six steps: 1) high-pressure feed, 2) depressuriza- iC  pd 5

tion for pressure equalization, 3) blowdown, 4) purge, ot + ;a(q/\ +0s) + E(U c)=0 (2)

5) repressurization by pressure equalization, 6) final
pressurization with a feed or a product. Detailed op- Stipulated boundary conditions for each step are ob-
eration of each step is described elsewhere (Ruthventained from the operating policy.

et al., 1994). Pressure equalization is achieved by For a high-pressure feed step:

connecting the product ends of both beds. Product-

pressurization and purging a bed is fulfilled by using a Calz—o = Car (3)
product storage vessel. Ulz— = Uy 4)

For a cocurrent depressurization step for pressure

Mathematical Model for a Single Bed o
equalization:

Due to its nature of a PSA process, each bed behaves
in the same way. Thus, a mathematical model will Ulz=o=0 (5)
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For a countercurrent blowdown step: 1.
N3
Ulz=L =0 (6) ”

Product

Tank
For a purge step: O

GC I
Calz=L =Cap (7)
UlzoL =Up (8) T

Feed

. . ;:‘3 _l T

For a countercurrent pressurization step: w :Ste

Product

Calz=L =Cap (with product) 9) ‘_' ' : Solenoid valve

. : Check val

Calz=L =Cag (with effluent from other bed) (10)  Gaurd bed Pas eck valve

Ulz=0=0 (12)

: Metering valve
: Pressure regurator

fomuig

: Pressure transducer

Initial condition: E[ : Mass flaw meter

g : Campressor

Att =0,Ch = CA,F forall Z (12) . Wet test meter

Multicomponent Langmuir isotherm is given by:
Figure 2 Experimental apparatus.

bi P .
i =0§ ———— = AorB 13
0 =0s 1+ 5 b P, @ rB) (13) .
i Experimental

Finite difference method was applied to the partial A two-bed apparatus set for this study is shown
differential equations along an axial direction. There- in Fig. 2. The system consisted of two adsorption
sulting ordinary differential equations were integrated columns, each 100 cm long and 2.54 cm I.D. The
by Gear's method (Gear, 1971). Average concentra- columns were packed with zeolite $3PSAG; type,
tions of effluents were used for all steps in the sim- 0.4-1.0 mm, UOP). Mass flow meters (Aalborg Inc.)
ulations. Pressures were assumed to change linearlywere used to measure air feed and purge flow rates
with respect to time during all pressure-changing steps and a wet test meter was used to measure a net prod-
and to remain constant during high-pressure feed anduct flow rate. Product purity was analyzed by a gas
purge steps. Under the assumption of equilibrium gas chromatography (Hewlett-Packard Model 6980). Two
and adsorbent, the PSA performance is independentpressure transducers were located at the bottom of the
of the type of pressure change and only depends on abeds and a thermocouple was inserted into a bed at
pressure ratio between feed and purge pressures. Thehe middle location of a bed. Feed air was supplied to
extent of pressure equalization were adjusted by chang-adsorption beds after predried in a guard bed packed
ing the pressure of a depressurizing bed during PE step.with silica gel and activated alumina. Zeolitexd3vas
Complete pressure equalization was recognized whenpretreated before its use. Its adsorption and physical
the final pressures of two-connected beds during PE properties were measured in separate experiments and
step became identical. The final pressure of a repres-directly used in simulations (Kim, 1999).
surized bed during PE step was determined so as to Experiments were performed at a feed pressure of
satisfy the material balance between connected beds.3.2 atm and a regeneration pressure of 1 atm. Metering
Spatial points were adjusted for approximating experi- valve N1 was used to adjust a net product flow rate,
mental results. Cyclic steady state is assumed to reachconsequently a product purity. The purge step was im-
when the absolute difference of average mole fraction plemented by using the stored gas in a product tank and
of product between two adjacent cycles is less than its flow rate was adjusted by the metering valve N2. In
2x 1074, order to maintain a constant purge rate and minimize a
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pressure decrease in the product tank, a large volume
(20 L) of a tank was used. During PE steps the extent
of equalization was adjusted by using the needle valve
N3. Data acquisition system (Work bench, Strawberry
Tree Inc.) was used to control the cycle sequence and
to store the measured data from mass flow meters.
PSA performance was determined in terms of prod-
uct productivity and component recovery following at-
tainment of cyclic steady state. The productivity is de-
fined as the amount of net product per unit time per
unit amount of an adsorbent and component recovery
is defined as the ratio of an amount of component in a
net product to that introduced to a bed as a fresh feed.
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Figure 4. Effectof high-pressure feed step duration on productivity

Normally, PSA operation of more than 24 hours was and recovery.

allowed to ensure a cyclic steady state due to a transient
effect in the product tank.

Results and Discussion
Determination of Step Durations

In order to specify step durations experiments were per-
formed for various step times. Step durations were de-
cided to ensure equilibrium between gas and adsorbent
phases as possible. By doing so, any kinetic effects
were eliminated and the effect of an extent of pres-
sure equalization could be only observed. In addition,
an equilibrium model could be applied to the system of
study. Recently, it was shown that asymmetrical equal-
ization could occur due to different flow characteristics
of a needle valve when the flow was reversed (Doong
and Propsner, 1998). Such asymmetrical equalization
can be avoided by allowing enough duration during a
PE step as made in this study. Figures 3-5 show the
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Figure 3 Effect of pressurization step duration on productivity and
recovery.
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Figure 5  Effect of pressure equalization step duration on produc-
tivity and recovery.

effects of durations for three steps. Based onthe results,
40, 30, and 10 seconds of durations were specified for
pressurization, high-pressure feed, and pressure equal-
ization steps, respectively. For synchronizing the cycle
sequence, the durations of blowdown and purge steps
were set to those for pressurization and high-pressure
feed steps, respectively.

Contours for Productivity and Recovery

Contours for productivity and recovery were formu-
lated from the experimental results obtained by varying
purging amount and extent of equalization. In formu-
lating contours, product purity was fixed at 95 oxygen
mole percent. 95% purity was achieved by controlling
carefully a product flow rate from the product tank.
Since argon was produced with oxygen, it was consid-
ered as a product. The extent of equalization is defined
as the ratio of pressure decrease of the depressurized
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bed during a PE step to that for complete pressure 28
equalization. Thus, the extent of equalization is 1.0

for complete equalization. The definition in a term of E 247
pressure decrease does not seem to be reasonable sincg;g
itdoes not indicate an actually transferred fraction. In- 5 € 201
stead, the expression in a term of moles transferred g
from one bed to the other is more acceptable. How- ?g% 1.6 1
ever, pressure can be measured more accurately thar® 3

an amount of moles. Fortunately, it was experimen- E 1.2
tally observed that the final pressure of connected beds .
for complete equalization did not deviate much from 0.00 25 50 5 100

an average value of initial pressures of beds. This fact
suggests that nonlinearity and coupling of isotherms
are not significant over the operating condition of thiS Figure 7 Experimental and theoretical recovery contour for dif-
work. As a result, both definitions give a similar ex- ferent specific purge and equalization levels in case of feed-
fent o equalization n tis study. This fact was also. X Eaion 2 20 1o P o s
confirmed in simulation. and bo' = » short:
Productivity and recovery contours in the case of simulation.

feed-pressurization are shown in Figs. 6 and 7. Max-
imum productivity is observed at around the specific
purge of 2.0 mol/hr kg of adsorbent and the extent of
equalization of 0.75, and it is about 8% higher than the
productivity at complete equalization and more than
20% than at no equalization. Specific purge is de-
fined as the amount of purge per unit time per unit
amount of an adsorbent. Optimum purging for the pro-
ductivity appears independent of the extent of equal-
ization, while that for the recovery decreases gradually
for increase in an equalization level. The existence of
optimum purging for a 4-step PSA cycle was already

Extent of Equalization

reported in previous works (Ruthven etal., 1994). Con-
cerning the effect of equalization level, a higher extent
of equalization results in a higher productivity in the
range below the optimum equalization level. When a
PE step is included into a PSA cycle, the penetration
of nitrogen into the product end of a bed during the
subsequent feed-pressurization step is retarded due to a
partial pressurization with the effluent from the depres-
surizing bed, which has a fairly high purity. Then, more
amount of a feed can be treated, resulting in a higher
productivity. This is the same reason for productiv-
ity improvement for a product-pressurization (Ruthven

32 etal., 1994). However, too high level of equalization re-

[ 0.80 sults in contamination of the product side of abed due to
28 | 7 T the low purity of effluent from the depressurizing bed,
Spr=0.563 ,~ /"“*988\\\ and consequently reduces a feed amount to be treated.
2.4 i»//-ﬁ ] The optimum equalization level was also observed

in the previous works (Doong, 1996; Doong and
Propsner, 1998). Contrary to the productivity, maxi-
mum recovery occurs at complete equalization as seen
in Fig. 7. Apparently, productivity and recovery in-

Specific Purge,
mol/hr/kg of adsorbent
N
o

S crease simultaneously up to the optimum equaliza-

8 : ‘ T tion level at optimum purging and after that level a
0.00 25 50 75 1.00 trade-off between two parameters exists. For a small-
Extent of Equalization scale unit for medical oxygen a high recovery is not

a matter of primary concern. Thus, operation at the
. - o ) optimum equalization level is desirable, where a pro-
different specific purge and equalization levels in case of feed- ductivity is highest. In additi b lovi . It
pressurization at 2@€. Spr= productivity, mol/hr/kg of adsorbent. uctivity Is highest. In addition, by employing simulta-

Solid lines and bold digits experiment, short-dashed lines anditalic ~N€ous PE and feed-pressurization the productivity can
digits = simulation. be increased more due to a shorter cycle.

Figure 6 Experimental and theoretical productivity contour for
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Figure 9 Experimental and theoretical recovery contour for dif-
ferent specific purge and equalization levels in case of product-
pressurization at 3.

The corresponding contours in the case of product-
pressurization are shown in Figs. 8 and 9. As for the
feed-pressurization, there exists an optimum purging
and an equalization level for the productivity as shown
in Fig. 8 and the productivity at the optimal condi-

tion increases more than 15% than at complete and no

equalization. Also, a maximum recovery is observed at
full equalization as seen in Fig. 9 and optimum purg-
ing for the productivity is not affected by the extent of
equalization, with a slightly lower value than that for

the feed-pressurization. However, two differences are

apparent. One is the lower maximum values of produc-
tivity and recovery for the product-pressurization. On
the contrary, itis known that the product-pressurization

gave abetter performance. The possible explanationisa

higher temperature during experiments of the product-
pressurization. Due to insufficient facility, the labora-
tory could not be maintained at constant temperature.
The room temperature was higher by aboutd @hile
conducting experiments of the product-pressurization
due to hot summer weather. The assertion was con-
firmed by simulations, as described in the next section.
The other is the shift of an optimum equalization level
for the productivity to a lower value for the product-
pressurization.

Simulation Results

Simulations were performed using the parameters in
Table 1, which were measured in separate experiments.
The adsorption pressure was setto 3 atm by considering
pressure drop through a bed. Preliminary simulation
studies showed that use of large spatial pointsin orderto
approximate equilibrium assumption resulted in a sig-
nificant overestimation of performance. That implies
that a process did not operate under the instantaneous
equilibrium, even though step durations were deter-
mined to ensure equilibrium as possible. Especially,
fast pressurization during an initial stage of pressuriza-
tion steps and the resulting dispersion might contribute
the deviation. In order to account for the effect, the
number of spatial points was adjusted so as to fit ex-
perimental results. All of kinetic and dispersive effects
were included implicitly into the effect of a number of

Table 1 Parameters used in simulations.

Adsorption pressure 3atm
Purge pressure 1 atm
Bulk density 771 kg/rh
Bed void fraction 0.375

Step durations(s)
High-pressure feed: 30
Cocurrent depressurization for pressure equalization: 10
Countercurrent blowdown: 40
Purge: 30
Countercurrent pressurization for pressure equalization: 10
Final pressurization: 40

at 293 K 303K
0s,02 (Mmol/kg of adsorbent) 4.15 2.83
gs,Nn2 (mol/kg of adsorbent) 2.88 2.74
bo (atm*) 0.0283  0.0354
bz (atni™) 0.126 0.104
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points. Even though this approach is purely empirical, processes at two different temperatures, 20 an€30

it has advantage that no kinetic data is required. The The results are shown in Figs. 10-13. At the identical
selected number of points was 22. The simulated re- temperature, the product-pressurization resulted in a
sults for the feed-pressurization are shown in Figs. 6 petter performance. Like in the experiment, the feed-
and 7. The qualitative agreement between simulation pressurization at 2@ showed better results than the
and experiment is fairly good. Especially, the model product-pressurization at 30. The optimum condi-
predicted correctly existence of optimum conditionsfor tions were affected slightly by the temperature. For
the productivity and recovery; however, slight quanti- hoth pressurizations the optimum purging decreased
tative discrepancy was noticed. by a small amount at higher temperature and the opti-

Figures 8 and 9 illustrate the corresponding con- mum equalization level changed slightly.
tours for the product-pressurization. The agreement

is not as good as for the feed-pressurization. Despite

quantitative disagreement, an optimum equalization Conclusions

level for the productivity was also predicted with-

out significant discrepancy. The effect of temperature Through an intensive investigation of a two-bed PSA
on process performance was examined by simulating process with incomplete PE, optimum conditions for
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the productivity and recovery were indicated. Use of
incomplete PE improved the productivity for feed-
pressurization. For product-pressurization a maximum
productivity was also observed atincomplete equaliza-
tion level, but with a lower level than that for the feed
pressurization. On the other hand, maximum recovery
occurred at complete equalization for both pressuriza-
tions. The simulation predicted well existence of opti-
mal conditions for productivity and recovery, but with
qualitative discrepancy.

Nomenclature

b Langmuir constant (atrt)

C Concentration of sorbate in gas phase (mofjcm

P  Pressure of a bed (atm)

g Concentration of sorbate in solid phase
(mol/kg of adsorbent)

gs Saturated concentration of sorbate in solid
phase (mol/kg of adsorbent)

T  Absolute temperature (K)

t Time(s)

U Interstitial gas velocity (cm/s)

z Axial distance (cm)

Greek Symbols

¢ Bed void fraction

o Bulk density (kg/ni)

Subscripts

Light component

Heavy component
Effluent from other bed
Feed

High-pressure feed step
AorB

T ITmmw >

L Bedlength
P Purge step
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