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Pressure drop in fixed-bed adsorbers
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Abstract

The effect of pressure drop on the dynamic behavior of a fixed-bed adsorber during adsorption and desorption steps is studied for
two operating modes (constant volume and molar flow rate at the bed inlet). For saturation with a constant volume flow rate, neglecting
pressure drop gives rise to a late breakthrough for the concentration wave compared to the case with1P , in other words, overestimates the
breakthrough time. This is essentially due to the increase in molar flow at the bed entrance inherent to the appearance of an axial pressure
gradient. On the other hand, when a molar flow rate is maintained constant at the bed inlet, it is shown that neglecting pressure drop leads
to an underestimation of the breakthrough time.

For the desorption step using a constant volume flow rate, it is seen that pressure drop engenders a shortening of regeneration. This
apparent result is misleading. In fact, when reasoning in terms of gas quantity needed to regenerate the bed, it appears that pressure drop
leads to an overconsumption of desorbing gas. This is confirmed when working with a constant molar flow rate. Thus, as intuitively
expected, pressure drop is unfavorable to regeneration. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nowadays, pressure swing adsorption (PSA) is widely
recognized as a viable solution to gas separation. Despite
the large use of this separation technique, the theoretical
understanding of the different phenomena involved is to be
improved in order that the choice of operating conditions
would be optimal. As a result, one can avoid resorting to
empirical laws to scale up PSA industrial plants.

The present paper addresses the issue of the effect of pres-
sure drop on adsorption and desorption. In many previous
works, it has been supposed that the bed pressure drop is neg-
ligible. This hypothesis is surely not valid for processes such
as rapid pressure swing adsorption (RPSA), which combine
high flow rates and very small particle diameters.

The use of small adsorbent particles aims to reduce mass
transfer resistances. To improve the productivity, the dura-
tion of the whole process is considerably reduced. This im-
poses, of course, very high velocities. However, the effect
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of pressure drop along the bed is more important when the
cycle time decreases.

The first studies dealing with pressure drop were carried
out by Zwiebel [1] and Zwiebel and Schnitzer [2]. These
works are limited to dilute mixtures. In this case, one can
neglect the effect of adsorption on velocity, thus permitting
to get analytical expressions for both pressure and velocity.
The more interesting result of these studies is that pressure
drop causes an earlier breakthrough of the concentration
wavefront compared to the case with no1P .

Doong and Yang [3] studied the role of pressure drop in
PSA. They concluded that, in conventional multibed PSA,
the net effect of pressure drop is increasing the light product
purity and decreasing recovery for the same throughput.

Buzanowski et al. [4] confirmed that pressure drop does
only contribute to the broadening of the breakthrough curve.
Their experimental results for both adsorption and desorp-
tion agree well with simulations.

Kikkinides and Yang [5] studied the effect of pressure
drop on the dynamics of isothermal and adiabatic adsorbers.
Their simulation and experimental results are in accordance
with those of Zwiebel [1] and Zwiebel and Schnitzer [2], that
is, an earlier breakthrough in the presence of pressure drop.

Lu et al. [6] studied the impact of intraparticle convection
on the desorption of gases from fixed beds with ‘large-pore’
adsorbents.
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Nomenclature

b parameter of Langmuir isotherm (Pa−1)
C bulk phase concentration (mol/m3)
cp heat capacity (J/mol K or J/kg K)
Dax mass axial dispersion coefficient (m2/s)
Dcol column diameter (m)
dp particle diameter (m)
L bed length (m)
Nc number of cells
Ng number of species in the gas mixture
P total pressure (Pa)
Qm parameter of Langmuir isotherm (mol/kg)
q adsorbed phase concentration (mol/m3)
R gas constant (J/mol K)
u interstitial velocity (m/s)
T temperature (K)
t time (s)
Z compressibility factor of the gas mixture
z axial coordinate in the bed (m)

Greek letters
ε interparticle porosity
εp intraparticle porosity
εt total porosity
µ fluid viscosity (kg/m s)
ρ fluid density (kg/m3)

Superscripts
∗ equilibrium
i refers to speciesi

Subscripts
a refers to adsorbed phase
feed at the bed entrance
g refers to gas phase
i refers to speciesi
out at the bed exit
p refers to adsorbent particle
s refers to solid phase
0 initial condition

It is to be noted that large effects of pressure drop on pres-
surization and blowdown steps in PSA cycles were found
and discussed [7–15].

The present paper aims at giving further clarifications
concerning the dynamic bed behavior during adsorption and
desorption steps when pressure drop is significant, under
conditions of high adsorptive concentration, and therefore,
of important velocity changes due to adsorption.

2. Modeling

The numerical simulation of an adsorption or desorption
step, assuming no mass transfer resistances between gas

and solid phases, involves the solution of mass, heat and
momentum balances.

2.1. Mass balance in packed bed

The differential fluid phase mass balance for the compo-
nenti is given by the following axially dispersed plug flow
equation:
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The overall mass balance for the bulk gas is given by
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whereu is the interstitial fluid velocity,ε the bed or the
interparticle void fraction andC = ZP/RT, with Z being
the compressibility factor of the gas mixture.

2.2. Heat balance

In general, adsorbers are far from being isothermal due to
heat of adsorption. A heat balance for the bed can be written
as
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with

dHg =
Ng∑
i=1

cpi
g dT , dHi

a = cpi
a dT ,

dHs = cps dT (4)

In the following, the heat capacities of adsorbed species
(cpi

a) are supposed to be equal to those in gas phase (cpi
g).

2.3. Momentum balance

Ergun’s law is used to estimate locally the bed pressure
drop:
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whereµ is the gas mixture viscosity,ρ the gas density and
wheredp is the particle diameter.

In addition to Ergun’s law, another model considering that
the pressure is uniform in the bed (negligible pressure drop),
will be used.
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In the latter model, the velocity is not constant, but varies
with axial distance due to adsorption.

3. Boundary conditions

It is important to define precisely the operating mode
followed during the adsorption operation in order that sim-
ulations represent fairly well the experiments. In fact, the
operating mode fixes the boundary conditions to be con-
sidered in the modeling. Two operating modes are going
to be used herein. The differences between the two modes
concern the nature of flow rate imposed at the bed inlet
(volume and molar flow rate). In practice, this corresponds
to the use of volume or mass flowmeters. Of course, if the
pressure drop is supposed negligible along the bed, there is
no need to distinguish the two cases; the use of either flow
rate then leads to the same results.
• Constant volume flow rate:

z = 0 u = ufeed, yi = yifeed, T = Tfeed ∀t

z = L P = Pout ∀t

• Constant molar flow rate:

z = 0 uC = Ffeed, yi = yifeed, T = Tfeed ∀t

z = L P = Pout ∀t

In the two cases, the pressure at the bed outlet as well as
the composition and temperature of the gas mixture at the
bed inlet are maintained constant.

4. Numerical method

The foregoing models require the simultaneous solu-
tion of a set of partial differential and algebraic equations
(overall and component mass balance equations, heat bal-
ance equation and momentum balance equation). The
above equations are written in dimensionless form. The
well-mixed cells method is used to discretize the system. It
consists of dividing the domain in a series ofNc perfectly
stirred cells, each cell being of length1z. The resulting
system of ordinary differential and algebraic equations are
solved by the DASSL integration algorithm of Petzold [16]
which is based on a modified version of Newton’s method.
Axial dispersion within the packed bed is assessed by the
choice of a suitable number of cells, thus eliminating the
need for the axial dispersion terms appearing in the govern-
ing equations. For all the following simulations, the Peclet
numberPe = uL/Dax is equal to 100, which corresponds
to Nc = 50 cells (Pe = 2Nc).

5. Results and discussion

The numerical simulations presented herein deal with the
separation of a two-component mixture (H2 and CH4) by

Table 1
Langmuir parameters and adsorption heat

Langmuir parameters
k1 7.063× 103 mol/m3

k2 13.610 mol/m3 K
k3 3.071× 10−8 Pa−1

k4 1574.1 K
Adsorption heat (1H ) 20.0 kJ/mol

Table 2
Adsorbent physical properties

Apparent density (ρp) 830 kg/m3

Intraparticle porosity(εp) 0.6
Particle diameter (dp) 0.2 × 10−3 m
Heat capacity (cps) 1.050 kJ/kg K

using activated carbon. H2 is supposed to be a non-adsorbed
species. The adsorption equilibrium isotherm of CH4 on
activated carbon is given by the Langmuir model

Q∗ = QmbyiP

1 + byiP
(6)

The parametersQm andb are functions of temperature:

Qm = k1 − k2T (7)

b = k3 exp

(
k4

T

)
(8)

Table 1 gives the values ofki parameters and adsorption
heat used in simulations [17]. These values are obtained by
fitting experimental isotherms. Other physical properties of
activated carbon are given in Table 2 [17].

The model requires the assessment of the physical prop-
erties of the gas mixture. The compressibility factor is
calculated following the method of Lee-Keesler [18]. The
viscosity of each pure gas is estimated by the Lucas method
[18], whereas the viscosity of the mixture is evaluated by
the Reichenberg method [18]. The compressibility factor
(Z), the mixture viscosity (µ) as well as the gas density (ρ)
vary with temperature, pressure and composition; therefore,
they are calculated at every computation step.

The heat capacities of the various gases are calculated by
using an equation of the following form:

cp(J/mol K) = a + bT+ cT2 + dT3 (9)

The constantsa, b, c andd for the two gases are listed in
Table 3.

Table 3
a, b, c and d constants for the calculation of heat capacities

a b c d

H2 27.14 9.274× 10−3 −1.381× 10−5 7.645× 10−8

CH4 19.25 5.213× 10−2 1.197× 10−5 −1.132× 10−8
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Table 4
Operating conditions used in the simulations

Initial pressure(P0)

Adsorption step 20.0 × 105 Pa
Desorption step 1.0 × 105 Pa

Initial temperature 298 K
Feed temperature 298 K
CH4 mole fraction in feed

Adsorption step 0.3
Desorption step 0.0

Column length(L) 5.0 m
Interparticle porosity(ε) 0.4
Superficial velocity(εu) 0.3 m/s

Table 4 gives the operating conditions used for compu-
tations.

According to Ergun’s correlation, the parameters that
affect pressure drop are particle diameter, flow velocity,
interparticle porosity and column length. In order to create
a significant pressure drop along the bed, a small particle
diameter and a high gas velocity are used. Such conditions
are commonly utilized in RPSA. Unless otherwise stated,
the following simulations are in the adiabatic case (h = 0).

6. Adsorption step

The bed is initially devoid of any traces of methane. It
contains pure hydrogen at 20 bar and 298 K.

Fig. 1. Comparison of the breakthrough curves with and without pressure drop for constant volume flow rate at the bed inlet.

Fig. 1 shows breakthrough curves of methane obtained
in the cases where the pressure drop is either taken into
account or neglected. In a first approach, constant volume
flow rate at the bed inlet is assumed. It can be seen that
the presence of a pressure gradient along the bed gives rise
to an earlier breakthrough. This result agrees with those of
Zwiebel [1], Zwiebel and Schnitzer [2], Doong and Yang [3]
and Kikkinides and Yang [5]. According to Doong and Yang
[3], pressure drop reduces the bed adsorption capacity. As a
result, the breakthrough time decreases. This explanation is
wrong as will be seen later. Kikkinides and Yang explained
the earlier breakthrough by the fact that the concentration
wavefront velocity increases along the bed due to gas expan-
sion which is the consequence of pressure drop. This is in
part true as can be noticed in Fig. 2 which gives the evolu-
tion of the axial gas velocity during the adsorption step. The
reduced velocity is defined as the ratio of the local velocity
to the inlet velocity (ufeed). The latter figure is obtained for
isothermal conditions in order to see the sole effect of pres-
sure drop on velocity. The velocity undergoes a sharp de-
crease in the mass transfer zone. Before and after this zone,
it increases gradually as gas passes through regions of lower
pressure. The lowest pressure is of course at the bed outlet.
This observation is better seen in Fig. 3 which gives the gas
velocity at the bed outlet obtained with and without pres-
sure drop. For the model with no pressure drop, velocity is
only affected by adsorption; thus before and after the mass
transfer zone, velocity is constant.
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Fig. 2. Axial profiles of reduced velocity for different times (1t = 7.5 s) during adsorption, constant volume flow rate at the bed inlet. Arrow indicates
increasing time.

Fig. 3. Reduced velocity at the bed exit with and without pressure drop during adsorption for constant volume flow rate at the bed inlet.
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Fig. 4. Axial profiles of reduced pressure for different times (1t = 7.5 s) during adsorption, constant volume flow rate at the bed inlet. The arrow
indicates the direction of increasing times.

As the concentration wave moves towards the bed exit, the
pressure increases continuously (Fig. 4). Reduced pressure
is defined as local pressure divided by pressure at the bed
exit (maintained constant= initial pressure). A final profile
is reached when the column is completely saturated. Before
the bed is totally saturated, the axial pressure profile is made
up of two linear parts. The change of slope is located in
the mass transfer zone where a significant decrease in gas
velocity occurs due to adsorption. For dilute mixtures, the
gas velocity is much less affected by adsorption and the axial
pressure profile would be composed of two linear curves
with nearly identical slopes.

Another important factor that contributes to the earlier
breakthrough is the increase in molar flow at the column in-
let. In fact, it is worth noting that, due to the variation of
pressure at the bed entrance, although volume flow is con-
stant, the molar flow is not constant but increases with time.
Therefore, it is more appropriate from a practical point of
view to compare breakthrough curves taking asx-coordinate
the quantity of adsorbable gas introduced in the column, in-
stead of time, as shown in Fig. 5. It appears clearly that,
despite the earlier breakthrough on a time scale, in the pres-
ence of pressure drop, the amount of adsorbable gas loaded
is greater. The difference between the two curves represents
the increase in the bed adsorption capacity resulting from
the overall increase in the bed pressure.

Neglecting pressure drop when it is significant results in
an overestimation of the breakthrough time. In practice, this

would inevitably lead to a loss in purity as a non-negligible
quantity of the heavy component is allowed to leave the bed
during the production step, thus contaminating the collected
pure product.

Pressure drop also implies a higher energy cost and more
severe mechanical problems in the design of the adsorbent
and adsorber. Aside from these negative aspects, the inlet
pressure increase necessitated by pressure drop could have a
beneficial effect on the productivity of the PSA cycle insofar
as it reduces the production step duration. Nevertheless, this
should be considered with precaution because, at the same
time, pressure drop does increase notably the duration of
pressurization and blowdown steps as well. The impact of
pressure drop on the regeneration step will be addressed in
the following part of this paper. It follows that the whole
PSA cycle should be studied in detail so as to see the global
effect of pressure drop on the process productivity.

It is interesting to note that feed composition has an enor-
mous influence on the final pressure profile along the bed
(Fig. 6). The final profile is obtained when the bed is sat-
urated (there are no longer any velocity variations due to
adsorption).

The differences obtained stem solely from the variabil-
ity of feed physical properties, namely density and viscos-
ity. These properties have a direct impact on the momentum
balance equation (Ergun’s correlation). In the case under
study, the two components of feed (hydrogen and methane)
have significantly different physical properties. The higher
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Fig. 5. Histories of adsorbable species mole fraction, at the bed exit with and without pressure drop during adsorption, as a function of the total mole
number introduced in the bed, constant volume flow rate at the bed inlet.

Fig. 6. Final axial pressure profile for different feed compositions during adsorption, constant volume flow rate at the bed inlet.
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the mole fraction of the adsorbable gas (methane) in the
feed, the larger the pressure drop across the column. Pres-
sure drop represents 19% of the initial pressure (pressure at
the bed outlet) for a pure hydrogen feed and 79.6% for a
pure methane one. However, this evolution trend could be in
the opposite direction. In fact, this depends solely upon the
physical properties of constituents composing the gas mix-
ture. If these properties are maintained constant during the
whole process, this could lead to errors in simulation results,
especially for steps which are accompanied by notable vari-
ations of gas composition, temperature and pressure (blow-
down, regeneration). The physical properties vary with the
aforementioned parameters; this is why they should be eval-
uated at each computational step.

It is worthwhile to note that if Darcy’s law was used in-
stead of Ergun’s law as momentum balance (only viscos-
ity is taken into account, neglecting density), pressure drop
would have represented 15 and 20% of the initial pressure
for feeds of pure hydrogen (µ = 0.91 × 10−3 kg/m s at
298 K and 20 bar) and methane (µ = 1.13 × 10−3 kg/m s
at 298 K and 20 bar), respectively. Comparing pressure drop
values obtained with the two momentum equations (Darcy
and Ergun) for a pure methane feed demonstrates that the
inertial term in Ergun’s correlation (second term) could play
a significant role in increasing bed resistance to flow.

Let us consider now the case where the molar flow rate
is maintained constant at the bed inlet. The value of this

Fig. 7. Axial profiles of reduced velocity for different times (1t = 7.5 s) during adsorption, constant molar flow rate at the bed inlet.

flow rate is equal to the one obtained when pressure drop
is neglected (in this case, pressure and velocity at the bed
entrance remain constant during the whole step) in order
that the comparison would be meaningful. As was said
previously, if there is no pressure drop along the column,
imposing either volume or molar flow rate gives the same
simulation results. So one can resort to either boundary
condition (volume or molar flow rate at column inlet) to
simulate an adsorption step in the absence of pressure
drop.

The axial profiles of reduced velocity at different times
during adsorption (in the isothermal case) are given in Fig. 7.
The evolution of pressure is similar to the one shown in
Fig. 4 obtained for a constant volume flow rate. Note that
the gradual increase in pressure at the bed inlet is accom-
panied by a gradual decrease in velocity, thus permitting
to maintain the molar flow rate constant during the entire
step.

Breakthrough curves of methane, with and without pres-
sure drop, are given in Fig. 8 . The breakthrough time in the
case with pressure drop is larger than with a uniform axial
pressure. As a matter of fact, the increase in bed adsorption
capacity (due to the appearance of a pressure gradient across
the column and the increase in the mean pressure) on one
hand, and the decrease in gas velocity on the other hand, are
both acting in the same direction, that is, the slowing of the
concentration wavefront.
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Fig. 8. Comparison of the breakthrough curves with and without pressure drop during adsorption for constant molar flow rate at the bed inlet.

Fig. 9. Axial profiles of reduced pressure for different times (1t = 40 s) during desorption, constant volume flow rate at the bed inlet. Arrow indicates
increasing time.
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Fig. 10. Axial profiles of reduced velocity for different times (1t = 80 s) during desorption, constant volume flow rate at the bed inlet. Arrow indicates
increasing time.

Fig. 11. Histories of adsorbable species mole fraction during desorption at the bed exit for different values of pressure drop, constant volume flow rate
at the bed inlet. Arrow indicates direction of decreasing particle size.
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Fig. 12. Histories of adsorbable species mole fraction during desorption at the bed exit for different particle sizes during desorption as a functionof
desorbing gas mole number, constant volume flow rate at the bed inlet. Arrow indicates decreasing particle size.

Fig. 13. Histories of adsorbable species’ mole fraction at the bed exit for different particle sizes during desorption, constant molar flow rate at thebed
inlet. Arrow indicates decreasing particle size.
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7. Desorption step

Initially, the bed is uniformly loaded (P = 1 bar,yCH4 =
0.3,T = 298 K). This means that the bed was saturated with
a very slow flow to ensure a negligible pressure gradient
along the bed.

The change with time of axial pressure and velocity is
given in Figs. 9 and 10, respectively, for the case of a con-
stant volume flow rate (for isothermal conditions). As re-
generation progresses, pressure drop decreases owing to the
variation of gas physical properties which are related to the
mixture composition. Pressure and velocity attain final states
when the bed is totally purged.

Fig. 11 represents desorption curves for the isobaric case
(no pressure drop) as well as for several particle diame-
ters (different values of pressure drop). The study of the
above-mentioned figure shows that the greater the pressure
drop (i.e. the smaller the particle diameter), the shorter the
regeneration of the bed. Based on this finding, one can con-
clude that pressure drop is a desirable phenomenon for it fa-
cilitates desorption by allowing to get a substantial decrease
in the regeneration duration, that is, a better productivity. For
this reason, Doong and Yang [3] consider that pressure is
helpful to desorption. However, one should not be deceived
by this apparent advantage. In fact, as done for the adsorp-
tion step, let us compare the desorption curves after substi-
tuting the quantity of pure hydrogen (used to regenerate the
bed) for time in thex-axis as shown in Fig. 12. This substi-
tution is carried out so as to take into account the variation
of molar flow rate at the bed inlet. It can be noticed that the
consumption of pure hydrogen increases enormously with
pressure drop. So the appearance of an axial pressure gradi-
ent due to bed resistance to flow is unfavorable for desorp-
tion. It engenders not only a higher energy cost but also a
higher amount of regenerating gas.

The preceding findings are better illustrated when using a
constant molar flow rate. In fact, from Fig. 13 which gives
several desorption curves in the presence and absence of
pressure drop, it is visible that as pressure drop increases,
the regeneration step becomes longer with a more elongated
tail.

8. Conclusion

The impact of pressure drop on the dynamic behavior of
a fixed-bed adsorber during adsorption and desorption steps
was studied. Two operating modes were considered: con-
stant volume and molar flow rate at the bed inlet. Concern-
ing saturation with a constant volume flow rate, taking into
account pressure drop results in an early breakthrough for
the concentration wave compared to the case with a uniform
axial pressure. This is due to the increase in molar flow in-
herent to the appearance of an axial pressure gradient. When
a molar flow rate is maintained constant at the bed entrance,

it was shown that neglecting pressure drop leads to an un-
derestimation of the breakthrough time.

For regeneration, the use of a constant volume flow rate
engenders a shortening of the step duration. This apparent
result is misleading. In fact, when reasoning in terms of
gas quantity needed to regenerate the bed, it appears that
pressure drop leads to an overconsumption of desorbing
gas. This is confirmed when working with a constant mo-
lar flow rate. Thus, pressure drop has a negative effect on
regeneration.
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