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Abstract Flow maldistribution and local high velocity in

an axial adsorber is numerically studied to investigate the

potential occurrence of sorbent pulverization and uneven

utility. A considerable maldistribution induced by the

entrance effect and local high velocity caused by rapid gas

discharge during depressurization is observed. Three types

of gas distributors and different depressurization strategies

are then proposed and studied to determine their capabilities

to create uniform velocity profiles. Results show that

locating the predistributor in the dead zone is critical to flow

distribution. The maldistribution factor (Mf) can decrease to

a minimum of 0.055 when a perforated inlet plenum is used

with a conventional distributor. In addition, the internal ring

can effectively reduce wall effects. Moreover, both gas

expansion and desorption have a significant influence on the

evolution of local velocity during depressurization. In this

step, local high velocity can possibly exceed incipient flu-

idization velocity and cause attrition and pulverization of

the sorbent. To a certain extent, employing methods to

control the depressurization rate is necessary. Applying

linear depressurization (p ¼ 101; 325� pAD=tDP � t þ pAD)

or downward convex conic depressurization (p ¼ pAD�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pAD � 101; 325ð Þ2=tDP � t

q

) can reduce local high veloc-

ity, and thus, improve flow conditions.

Keywords Mathematical modeling � Adsorption � Packed

bed � Transport processes � Flow maldistribution �
Distributor

List of symbols

a Thermal diffusion coefficient, m2 s-1

dp Diameter of adsorbent particle, m

Dim Mass dispersion rate, m2 s-1

ef Total fluid energy, kJ kg-1

ep Total solid medium energy, kJ kg-1

F Momentum source term, kg m-2 s-2

DH Heat of adsorption, J mol-1

Ki Langmuir parameter, mol kg-1 kPa-1

k1 Langmuir temperature dependence constant,

mol kg-1 kPa-1

k2, k4 Langmuir temperature dependence constant, K

k3 Langmuir temperature dependence constant, kPa-1

k Mass transfer rate coefficient, s-1

kt Turbulent kinetic energy, m2 s-2

keff Effective bed thermal conductivity, W m-2 K

kp Solid medium thermal conductivity, W m-2 K

kf Fluid phase thermal conductivity, W m-2 K

Mf Maldistribution factor

Mi Molar weight of component i, kg mol-1

Mw Molar weight of fluid, kg mol-1

q Solid-phase adsorbate concentration, mol kg-1

q* Adsorbate concentration in equilibrium with gas

phase, mol kg-1

r Radial coordinate, m

R Gas constant, J mol-1 K-1/radius of bed, m

Si Mass source term of the ith component,

kg m-3 s-1

Sm Total mass source term, kg m-3 s-1

T Temperature, K

ui Velocity in the i direction, m s-1
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u Velocity vector, m s-1

y Distance from the adsorber side wall, m

yi Mass fraction of component i

z Axial coordinate, m

Greek symbols

e Porosity of the fixed bed

et Dissipation rate of turbulence kinetic energy, m2 s-3

eb Bulk porosity

qp Density of adsorbent particle, kg m-3

qf Fluid density, kg m-3

Subscripts

f Fluid

p Particle

r Radial

i Species i

* Equilibrium

1 Introduction

Adsorbers are widely used in process industries for gas

separation and recovery. An adsorber is typically a vertical

axial cylinder, in which sorbent particles are filled into

adsorb objectionable species. Sorbents are porous solids with

a certain physical strength. Most sorbents are produced

artificially, such as zeolite molecular sieves and carbon

molecular sieves. During run time, gas is pumped into the

adsorber, and the system works alternatively in adsorption

and desorption modes. Gas separation is achieved in the

alternate loops between the adsorbers. Several researchers

(Ruthven 1984; Vortmeyer and Michael 1985; Gouvalias

and Markatos 1993; Kwapinski et al. 2004; Todd and

Webley 2005) pointed out that axial and radial gas distri-

butions have important roles in the performance of adsorb-

ers. Bad flow distribution can lead to poor product quality,

feedstock loss, and excessive energy consumption (Gouv-

alias and Markatos 1993). In addition, high local velocity can

lead to sorbent fluidization, which causes particle attrition

and pulverization (Ruthven 1984; Todd and Webley 2005),

which, in turn, result in the formation of fragments and fines.

Maldistribution and fluidization can decrease the separation

performance of an adsorber. Therefore, velocity distribution

in the adsorber is one of the key parameters for the reliable

and efficient performance of an industrial adsorber.

Meticulous and comprehensive works on velocity dis-

tribution in fixed-bed designs have been reported (Bolton

et al. 2004; Darakchiev and Dodev 2002; Boysen et al.

2003; Petrova et al. 2003; Hsu et al. 2010). These reports

significantly contributed to the development of possible

distributors for eliminating maldistribution in adsorbers.

However, these studies have been conducted in fixed-bed

reactors, fluidized beds, and high-performance liquid

chromatography columns, with several configurations that

are different from those of gas adsorbers. The main dif-

ference between the structures of an adsorber and a fixed-

bed reactor is that in the former, the volumes of two dead

zones are required to be smaller than the permissible dis-

tribution to obtain highly enriched gas products with high

yields; by contrast, minimal dead zone volumes are typi-

cally not required in a fixed-bed reactor. Meanwhile, the

particles in a fluidized bed are loosely packed for fluid-

ization, thus making it radically different from an adsorber.

Reports on distributor configurations in adsorbers are

mostly presented in the form of patents (Hochman and Loboda

1969; Nowobilskj 1994; Nowobilskj et al. 1996; Pan 1999;

Smolarek et al. 2002; Mohamed and Bernard 2007). Only a

few articles on gas distributors in adsorbers are available in

open literature. Gouvalias and Markatos (1993) inferred the

use of a gas distributor in an adsorber via a 2D model to study

the transfer phenomenon during separation. The model was

applied to a single-component system by considering a two-

step process, namely, adsorption and regeneration, without

studying pressure swing processes such as pressurization and

depressurization. In this previous study, a baffle plate distrib-

utor was placed at the feed end and a punched tube was placed

at the exhaust end. A peak velocity zone and a recirculation

zone field were observed at the feed end. The findings of this

previous study increase understanding of velocity distribution.

However, the credibility of the results would have been

improved if the source terms in the total mass conservation

equation were considered. Given that sorption involves total

mass variations, the lack thereof may cause velocity distribu-

tion to deviate partly from the appropriate level.

The transient characteristics of velocity during pressure

swing is also worthy to be studied. For example, during

depressurization, a large amount of gas can be discharged

rapidly from the feed end within a short period. The

expelled gas may produce a high velocity in the sorbent

layer, which may cause the sorbent to loosen, bounce, and

become instable. However, only a few reports have actu-

ally investigated transient velocity during depressurization.

The present study is an extension of our previous work

(Zheng et al. 2010), which investigated the transient flow

phenomenon in an adsorber. As indicated earlier, velocity

maldistribution and high local velocity may affect perfor-

mances and lead to instability. The objectives of the current

study are to investigate different gas distributors that can

achieve uniform gas flow in an adsorber and provide an

improved depressurization method that can achieve smooth

gas flow with gradual variations in velocity and pressure. First,

the distribution and evolution of velocities in an adsorber are

analyzed. Then different bed-support mechanisms, such as

distributors and internal rings, are introduced. Lastly, various

depressurization strategies are proposed and studied.
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2 Theoretical model

2.1 Physical model

The physical system of a miniature oxygen generator is

illustrated in Fig. 1. The adsorber has a cylindrical axi-

symmetric structure with two dead volumes at each end.

The length of the adsorber is 500 mm, and its radius is

40 mm. Three auxiliary lines from A1 to A3 are added to

the figure to represent the three cross sections of different

axial heights, which are used to study velocity maldis-

tribution at a later period. The distances from the cross

sections to the inlet are 20, 30, and 250 mm. In this

study, a Skarstrom pressure swing adsorption (PSA) cycle

comprises four basic steps: pressurization (PR), adsorp-

tion (AD), depressurization (DP), and purge (PG). During

the cycle, two beds alternately undergo these four oper-

ations. Considering the similar adsorption properties of

O2 and Ar in the sorbent, treating air as a mixture of O2

and N2 is reasonable to reduce the number of model

equations.

2.2 Control equations

The governing equations in the porous media are

derived via the averaging volume method. Control

equations include adsorption equilibrium equations (par-

ticle scale), conservation equations (bed scale), and mass

transfer rate equations (connections between gas and

solid phases).

2.2.1 Mass balance

Mass transfer rate:

oqi

ot
¼ kiðq�i � qiÞ: ð1Þ

Adsorption equilibrium (Langmuir type, Rege and Yang

1997):

q�i ¼
Kipi

1þ
P

n

k¼1

bkpk

; Ki ¼ k1 exp
k2

T

� �

; bk ¼ k3 exp
k4

T

� �

:

ð2Þ

Mass balance equation for component i

o

ot
eqf yi

� �

þr � eqf yiu
� �

¼ r � eqf Di;mryi

� �

� Si; ð3Þ

Si ¼ 1� eð ÞqpMi

oqi

ot
; ð4Þ

where u is the velocity vector, e is the bed porosity, qf is the

density of the gas mixture, yi is the mass fraction of

component i, Dim is the mass dispersion rate, qp is the

density of the adsorbent particle, Mi is the molar weight of

component i, and Si is the mass source term of component

i that results from its sorption.

Overall material balance:

oeqf

ot
þr � eqf u

� �

¼ �Sm; ð5Þ

Sm ¼
X

n

i¼1

Si; ð6Þ

where Sm is the total mass source term that results from

bulk sorption.

2.2.2 Momentum balance

The porous media are modeled by adding a momentum

source term to standard fluid Navier–Stokes (N–S) equa-

tions. The modified N–S equation is written as

o

ot
qf ui

� �

þr � qf uui

� �

¼ qf g�rpþ lr2uþ l
3
r r � uð Þ

þ F;

ð7Þ

where l is the dynamic viscosity of the fluid, p is the gas

pressure, and F is the momentum source term. Apart from

Fig. 1 Physical model. (Three auxiliary lines from A1 to A3 are

added to the figure to represent the three cross sections of different

axial heights, which are used to study velocity maldistribution at a

later period. The distance from the cross sections to the inlet are 20,

30, and 250 mm.)
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the typical momentum sources in the porous media zone,

momentum changes in the bed can occur because of gas

sorption; hence, an additional source term Smu is added to

the momentum equation. Momentum source term F is

obtained as follows:

F ¼ � l
u

a
þ C2qf uj juþ Smu

� �

; ð8Þ

where Sm is the total mass source term described in Eq. (6).

Coefficients a and C2, which are given by the flow relations

in a packed bed developed by Ergun (1952), are expressed

as follows:

a ¼
d2

pe
3

150 1� eð Þ2
; C2 ¼

1:75 1� eð Þ
dpe3

; ð9Þ

where e is the porosity of the bed, and dp is the diameter of

the adsorbent particle.

Considering the configurations of the distributor, the

standard k–e two-equation turbulence model is used to

model fluid flow in the dead zone. This model involves two

transport equations for turbulence characteristics. The first

equation refers to the local kinetic energy of the fluctuating

motion kt, whereas the second refers to the energy dissi-

pation rate et

oqf kt

ot
þr � qf ktu

� �

¼ r � lþ lt

rk

� �

rk

	 


þGk � qf et � YM ;

ð10Þ

oqf et

ot
þr � qf etu

� �

¼ r � lþ lt

ret

� �

ret

	 


þ C1e
et

kt

Gk þ C3eGbð Þ � C2eqf

e2
t

kt

;

ð11Þ

where lt is the eddy viscosity (lt ¼ qf Cl
k2

t

et
), Gk represents

the generation of turbulence kinetic energy as a result of

the mean velocity gradients, and YM represents the contri-

bution of fluctuating dilatation in compressible turbulence

to the overall dissipation rate. C1e, C2e, C3e, and Cl are

constants with values of 1.44, 1.92, 1.92, and 0.09,

respectively. rk and re are the effective Prandtl numbers

for kt and et, respectively. In the present study, rk ¼ 1:0

and re ¼ 1:3.

2.2.3 Energy balance

For an adiabatic bed with no heat transfer in its sur-

roundings, the overall heat balance can be expressed as

o

ot
eqf ef þ 1� eð Þqpep

� �

þr � u qf ef þ p
� �� �

¼ r � keffrT
� �

� pr � uþ Uþ Sh
f ; ð12Þ

Sh
f ¼ 1� eð Þqp

X

i

�DHi

oqi

ot

� �

; ð13Þ

where ef is the total fluid energy, ep is the total solid medium

energy, keff is the effective thermal conductivity of the bed, U
is the dissipation function, and DHi is the heat of adsorption.

The effective thermal conductivity is expressed as

keff ¼ ekf þ 1� eð Þkp; ð14Þ

where kf is the thermal conductivity of the fluid phase, and

kp is that of the solid medium.

The equation of state is

qf ¼
p

R
Mw

T
; ð15Þ

where R is the gas constant, and Mw is the molar weight of

the fluid.

2.2.4 Porosity

Considering the effects of the adsorber walls, the void

fraction exhibits some form of distribution in the radial

direction (Roblee et al. 1958; Benenati and Brosilow

1962). The following model for the sphere sorbent is

reported to effectively represent the radial void fraction

profile (Nield and Bejan 2006):

e ¼ eb 1þ 1:4 exp �5y=dp

� �� �

; ð16Þ

where eb is the bulk porosity, y is the distance from the

adsorber side wall, and dp is the diameter of the adsorbent

particle.

2.3 Solving method

The aforementioned equations are numerically solved by using

the computational fluid dynamics (CFD) software FLUENT

(ANSYS, Inc. PA, USA), whereas the pressure–velocity cou-

pling problem in the momentum equations is solved by using

the coupled algorithm. The solving process and model

parameters were described in a previous study (Zheng et al.

2010). After verifying grid independence, the total grid is

determined to be approximately 11,730 when no distributor is

considered, and approximately 120,814–159,236 when dif-

ferent distributors are considered.

The cycle sequence and the main parameters are shown

in Tables 1 and 2, respectively. Conventional depressur-

ization time sDP is a dependent variable that is determined

from the other process variables, and is generally consid-

erably shorter than the step time (9 s). When bed pressure

decreases to a low operating pressure (101,325 Pa), the DP

step is considered to be complete. As shown in Table 2,

mass flow rate is set based on the displacement of the
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compressor (ZW-700A), which has an average mass flow

rate of approximately 0.00224 kg/s (104 L/min).

User-defined scalars (UDS) and user-defined functions,

which allow the mass transfer rate equations and the source

terms to be programmed, are applied to implement

adsorption. One treatment approach for the source terms in

the porous media is described as follows. The partial

derivative in the mass transfer rate [Eq. (1)] is approxi-

mately replaced by the finite difference and then trans-

formed into Eq. (17). Adsorption loading qn, which is

obtained from Eq. (17), can then be described as Eq. (18).

The value of qn is stored in the UDS. The term tn � tn�1

denotes the time step, which can be obtained by using

Macro RP_Get_Real (‘‘physical-time-step’’).

oqn

ot
¼ qn � qn�1

tn � tn�1

¼ kiðq�n � qn�1Þ ð17Þ

qn ¼ qn�1 þ k q�n � qn�1

� �

tn � tn�1ð Þ: ð18Þ

2.4 Model validation

The prediction accuracy of the model with regard to cycle

behavior has been verified by comparing its result with that of

the experiment and by referring to a previous work (Zheng

et al. 2010). Velocity distribution within the sorbent zone is

difficult to measure because related studies are rare in

literature. Considering the lack of suitable measurements for

interparticle velocity, the performance of velocity distribution

is not verified in the present study. In the follow-up studies, the

performance of the model has been indirectly validated

through air breakthrough experiments. In these experiments,

pressure, axial and radial multiple-point temperatures, as well

as vent gas concentration, are measured. Transient adsorber

pressure, vent oxygen concentration trends, and inner tem-

peratures can be favorably predicted. A subsequent paper that

is currently being written provides details of the comparisons

between the results of the model and the experiments. Fur-

thermore, a CFD model is comparable with the model setup,

and CFD can be used as a design tool.

3 Results and discussion

3.1 Velocity distribution

According to a previous study (Zheng et al. 2010), given

the redistribution effects of the porous media layer, the

sorbent itself can eliminate the existing non-uniform

velocity at the feed end as gas passes through the bed, thus

making the velocity uniform in a short distance. However,

velocity maldistribution at the edge of the porous media

remains after pressurization (Fig. 2). The axial velocity

that passes through line A1 (20 mm away from the inlet)

forms a W shape, which is uneven, and peak velocities are

observed in the core and near-wall regions.

When gas velocity is sufficiently high, fluidization may

occur. To prevent attrition resulting from the movement of

particles within the bed, limiting the allowable upflow

velocity to approximately less than 80 % of the minimum

fluidization velocity is normal (Ruthven 1984), and can be

expressed as follows:

vmax ¼ 0:8vmf � 6� 10�4g
2Rp

� �2

l
qp � qf

� �

; ð19Þ

where vmf is the minimum fluidization velocity, qp is the

density of the adsorbent particle, qf is the fluid density, l is

the dynamic viscosity, and Rp is the particle radius.

Table 1 Cycle sequence

Item Step 1 Step 2 Step 3 Step 4
Schematic

21
21

1 2
1 2

Duration (s) 9, τDP 5 τDP, 9 5

Table 2 Main model parameters

LiX zeolite

Adsorbent

Particle density, qp (kg m-3) 1,035

Radius, rp (mm) 0.8

Adsorption bed

Height of dead volume 1, h1 (mm) 16

Height of dead volume 2, h2 (mm) 14

Radius of entrance tube, rin (mm) 4

Radius of vent tube, rout (mm) 4

Bulk porosity, e? 0.4

Feed composition 21 % O2, 79 % N2

Feed mass flow rate (kg s-1) 0.00224
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For the sorbent with a particle density of 1035 kg/m3 and

a particle diameter of 1.6 mm, the maximum allowable

interstitial velocity for upflow through the bed is set to

approximately 0.85 m/s [Eq. (19)]. For downflow, Ruthven

(1984) pointed out that the tolerable fluidization velocity

may be approximately 1.8 times the minimum fluidization

velocity, which is approximately 1.52 m/s. However,

operating a PSA cycle at or above the incipient fluidization

point can be disastrous for the adsorbent because rapid

attrition of pellets can occur (Todd and Webley 2005). The

velocity in the core and near-wall regions exceeds the flu-

idization velocity (Fig. 2b), thus indicating that attrition and

pulverization of the sorbent occur. The central high velocity

is influenced by the entrance effect, whereas the high near-

wall velocity is caused by wall effects that result from radial

porosity variation [Eq. (16)]. Although the length of the

existing maldistribution region is narrow compared with the

bed height, local attrition and fluidization frequently indi-

cate the beginning of performance deterioration. Moreover,

wall effects typically make the breakthrough in near-wall

regions faster than that in the core of the adsorber, thus

indicating that the occurrence of such effects reduces bed

utilization (Kwapinski 2009; Zheng et al. 2010). Hence,

employing methods to eliminate maldistribution in the core

and near-wall regions is necessary.

Figures 3a–d show the evolution and distribution of axial

velocity during a complete PSA cycle. Axial velocity sig-

nificantly changes with time in each step. During the AD step

(Fig. 3b), the velocity within the sorbent zone forms a

staircase shape, and the slope of the velocity rapidly changes

as a result of bulk sorption. The terraced regions correspond

to the mass transfer zone, wherein most of the nitrogen is

adsorbed and the oxygen is purified. The velocity slightly

changes before and after reaching the mass transfer zone,

whereas in the other three steps, the velocity within the

sorbent zone varies approximately linearly. During the PR

step (Fig. 3a), axial velocity is gradually reduced over time

because of the volumetric flow decrease caused by elevatory

pressure. During the PG step (Fig. 3d), axial velocity ini-

tially increases and then decreases as the purging gas prop-

agates in the bed and replaces the adsorbed gas. The main

difference of the DP step (Fig. 3c) is that axial velocity is

fairly high in this step compared with those in the other three

steps, and is also considerably greater than fluidization

velocity. The gas discharged in this step blows the sorbent

rapidly, thus loosening it. This process results in attrition,

which is also a potential factor for bed instability. Applying

depressurization strategies to research, regulate, and control

maldistribution and fluidization is necessary. The corre-

sponding methods to reduce maldistribution and fluidization

are discussed in the following sections.

3.2 Internal distributor design and simulation

of the adsorber

Flow non-uniformity at the feed end of an adsorber is one

of the most important factors that leads to the low utili-

zation rate of the sorbent; this factor also explains why

Fig. 2 Velocity distribution during the end of the PR step: a contours and b radial profile
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determining the optimum design for the structure of a flow

distributor has become increasingly important. To investi-

gate the performances of different distributors, three kinds

of distributors, called methods 1, 2, and 3, have been

studied. The velocity contours are shown in Table 3. Wall

effects are disregarded for simplicity, and will be recon-

sidered in the follow-up work.

As shown in Table 3, method 1 is a conventional and

simple method, in which pressurized gas enters the adsor-

ber through numerous holes via a plate known as the dis-

tributor plate, which is located at the bottom of the sorption

bed. In this plate, holes with diameters of 0.5 mm are

uniformly distributed across the space. The percentage

open rate of this distributor is approximately 50 %.

Methods 2 and 3 introduce a cylindrical perforated inlet

plenum as the predistributor at the feed end. The inlet

plenum in method 2 is covered with a solid top plate,

whereas that in method 3 is covered with a perforated top

plate. The corresponding simulation results of the different

methods are also shown in Table 1.

The result for method 1 shows that a larger than average

flow directly follows the short path from the inlet to the

bottom of the adsorbent layer, thus resulting in the indi-

cated high gas flow velocity in that region. When gas flows

through the distributor plate, a non-uniform flow also

maintains a high velocity head. Therefore, simply placing a

perforated plate to reduce maldistribution is insufficient. In

method 2, gas velocity at the inlet plenum is reduced, and

gas is forced to exit the side of the plenum cylinder. This

arrangement does not force gas flow from the inlet plenum

to move upward, and a recirculating concentrated gas

velocity distribution is achieved. This type of gas recircu-

lation was also observed and depicted by Gouvalias and

Markatos (1993). This recirculation results in low veloci-

ties near the radial location of 0.03 m at the edge of the

adsorbent layer. The inlet plenum of method 3 has a

Fig. 3 Axial velocity distribution during the: a PR step (sPR = 9 s, Dt = 3 s), Dt indicates the time interval between adjacent curves; b AD step

(sAD = 5 s, Dt = 2.5 s); c DP step (sDP = 2 s, Dt = 0.7 s), and d PG step (sPG = 5 s, Dt = 2.5 s)
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perforated top plate that facilitates gas flow to the center

region of the vessel head. The plenum in method 3 pro-

vides a low-resistance gas-flow path upward and outward

to the dead volume, thus achieving a relatively uniform gas

velocity distribution across the bottom of the adsorbent

bed. The upward flow partly offsets the side recirculation

that occurs in method 2. Therefore, the upper plate in the

plenum controls upward gas flow.

The non-uniform velocity distribution over the cross

section can be characterized by the maldistribution factor

(Mf), which is a quantity that integrates the surface and its

corresponding velocity (Darakchiev and Dodev 2002). The

coefficient of variation, Mf, is defined as

Mf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

F0

Z F0

0

wi � �w

�w

� �2

dF

s

; ð20Þ

where F0 is the total bed cross section; wi is the flow

velocity in point i; and �w is the overall mean velocity,

which is further defined as

�w ¼ 1

F0

Z

F0

0

widF: ð21Þ

When the value of Mf is large, the maldistribution is

considerable. In case of a uniform distribution, the value of

this factor is zero. In the present study, Mf along line A1 is

calculated under different conditions (Fig. 4).

Flow maldistributions are significant under the condi-

tions of no distributor and method 1 (Fig. 4). Wall effects

contribute approximately 0.07 to Mf, which is obtained

from the comparison between the two conditions without a

distributor. Meanwhile, method 3 results in significantly

low Mf. Mf decreases from 0.58 for a conventional dis-

tributor to 0.055 for the improved distributors. Compared

with method 3, method 2 provided a slightly larger Mf. The

difference between methods 2 and 3 is mainly attributed to

the blocking of the solid plate in the central gas path, which

causes the previously mentioned gas recirculation. This

condition generally conforms to the velocity distribution

Table 3 Three kinds of gas distributors and their corresponding performances (Color figure online)

Method 1 Method 2 Method 3

0.5mm 8mm 0.5mm

0.00 0.01 0.02 0.03 0.04
0.0

0.5

1.0

1.5

v

r

A1-20mm from the inlet

0.00 0.01 0.02 0.03 0.04
0.20

0.25

0.30

0.35

0.40

0.45
A1-20mm from the inlet

v

r
0.00 0.01 0.02 0.03 0.04

0.25

0.30

0.35

0.40

0.45

v

r

A1-20mm from the inlet
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that enters the adsorbent bed, as shown in the head section

configuration in Table 3.

Figure 5 shows the maldistribution of method 3 under

different sorbent diameters and intake volume flow rates.

Maldistribution slightly increases with the increase in

sorbent diameter and volume flow rate. However, Mf is

only 0.08 even under the following conditions: 150 L/min

gas flow rate and 2 mm sorbent diameter.

The results from the aforementioned analysis indicate

that the gas jet at the entrance significantly affects gas

distribution. Removing the entrance effect is difficult by

depending solely on the distributor plate. Locating an

appropriate predistributor in the dead zone is critical to

flow distribution. The primary functions of the perforated

inlet plenum are: (1) to direct incoming gas flow, which

beneficially utilizes pressure drop through the perforated

tube to force gas flow to the outer region of the adsorber;

and (2) to reduce the velocity of the gas flow that is

entering the bed of the adsorbent material. The perforated

inlet plenum in method 3 is the recommended configura-

tion. The conclusions obtained from method 3 can serve as

guidelines for the optimum design of flow distributors in

the industry.

3.3 Influence of internal rings on reducing wall effects

The influence of internal rings on reducing wall effects is

briefly studied. Figure 6 shows the velocity profile of dif-

ferent ring heights along an axial curve, with the axial

position located 0.2 mm away from the adsorber wall. A

damping with a saw tooth profile is formed (Fig. 6), with

the number of saw teeth being the same as the number of

rings. The width of the saw tooth is equal to the distance

between adjacent rings. The height of the saw tooth is

reduced with increasing thickness of the ring. Increasing

the height of the internal ring may help reduce wall effects.

For example, when the height of the ring is 3 mm, the

velocity is approximately half of the original velocity.

Therefore, the influence of internal rings on reducing wall

effects is apparent. Consequently, internal rings further

facilitate uniform gas flow gas across near-wall regions.

3.4 Effects of different depressurization strategies

on velocity evolution

Gas is generally freely and directly discharged to the

atmosphere without any restriction during depressurization.

This process is called the free depressurization process

(F_DP) in this study. In F_DP, velocity and pressure sig-

nificantly change, thus possibly intensifying sorbent

Fig. 4 Maldistribution factor (Mf) of different distributors along line

A1

Fig. 5 Mf of different sorbent diameter under method 2 along line A1

Fig. 6 Axial velocity in the near-wall regions with and without an

internal ring
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fluidization and attrition. Improving the mechanical

strength of the sorbent considerably reduces pulverization

degree; however, taking appropriate depressurization

measures is also an important auxiliary method for this

process. Three other depressurization methods are used to

adjust the evolution of velocity over time, and their cor-

responding expressions are described in Eqs. (22)–(24).

The difference between F_DP and the proposed depres-

surization methods is notable in terms of exit pressure. The

exit pressure of F_DP is a constant variable that equals to

101,325 Pa, whereas the exit pressure of the proposed

depressurization methods is a known independent variable

that changes with time, and thus, these auxiliary methods

affect and improve interparticle gas pressure and velocity.

The aforementioned three formulas are used as pressure

boundary conditions to simulate depressurization. The exit

pressure profiles with time, as well as the predicted internal

pressure profiles, are illustrated in Fig. 7. The predicted

pressure evolution of F_DP takes approximately 2 s to

complete depressurization. By contrast, the depressuriza-

tion time (tDP) adopted in the aforementioned three equa-

tions is intentionally set to 6 s, which is slightly shorter

than the duration of the parallel PR step (9 s). Another

significant difference is noted in terms of profiles. The

F_DP profile exhibits sharp pressure slop, whereas those of

the proposed methods gradually vary under different con-

cave–convex trends.

Linear depressurization (L_DP) rate:

p ¼ a� t þ b; a ¼ 101; 325� pAD

tDP

; b ¼ pAD: ð22Þ

Parabolic depressurization (P_DP) rate:

p ¼ a0 � t2 þ b0; a0 ¼ 101; 325� pAD

t2
DP

; b0 ¼ pAD: ð23Þ

Downward convex conic depressurization (DC_DP)

rate:

p ¼ b00 �
ffiffiffiffiffiffiffiffiffiffiffiffi

a00 � t
p

; a00 ¼ pAD � 101; 325ð Þ2

tDP

: b00 ¼ pAD:

ð24Þ

The velocity evolution of the middle point (pm) under

different depressurization strategies is shown in Fig. 8. The

F_DP method exhibits a spire-shaped velocity profile with a

dramatic change within a short period and a corresponding

peak value of approximately 4.8 m/s. Compared with the

F_DP method, velocity trends significantly change in the

proposed methods. The velocities in L_DP and P_DP slowly

increase until a peak value achieved. The initial velocity in

DC_DP rapidly increases to a relatively large value and then

slowly declines from a peak value until it becomes nearly flat.

Velocity discontinuity points are observed in the proposed

methods (Fig. 8), wherein pressure decreases to a low oper-

ating value (101,325 Pa). This phenomenon can be attributed

to the effluent gas being released from two different origins

(one corresponding to compression and the other corre-

sponding to gas desorption from the solid phase) during gas

depressurization. The relationships are described as follows:

qdisah arg e ¼ qcompression þ qdesorption; ð25Þ

qcompression ¼ F
op

ot
;
oT

ot

� �

; ð26Þ

qdesorption ¼ F
oq�

ot

� �

¼ F
oq�

op

op

ot
;
oq�

oT

oT

ot

� �

: ð27Þ

The aforementioned equations show how the discharge

rate is affected by compression and desorption. Under

certain depressurization rates, both compression and

desorption have their own functions in dischargement,

Fig. 7 Pressure trends with time under different depressurization

methods
Fig. 8 The velocity evolution of middle point (pm)over time under

differential depressurization methods
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during which the pressure derivative (op
ot

) directly affects

the compression term qcompression and indirectly affects the

sorption term qdesorption. The slope of the Langmuir-type

isotherm gradually decreases with increasing pressure at a

constant temperature; hence, adsorption loading q� is less

affected by high pressure than by low pressure.

The DC_DP process (Figs. 7, 8) is used to explain how

velocity evolves with time. High velocity during the initial

moment (Fig. 8) is caused by the rapid depressurization

rate (Fig. 7). The subsequent flat velocity results from the

DC_DP curve, and the Langmuir-type isotherm is nearly

symmetrical in the x axis. These two factors have a bal-

ancing effect on the discharge.

Velocity begins to decrease after the discontinuity point

because of the pressure lag (Fig. 7) that occurs between the

interparticles and the outlet, wherein outlet pressure varies

according to Eq. (24), whereas interparticle pressure slowly

responds because of the volume effect and nozzle resis-

tance. In addition, various depressurization methods pro-

vide different local velocities at the discontinuity point.

Figure 9 shows the pressure decrease along the bed

length with the time that corresponds to the emergence of

peak velocities shown in Fig. 8. The pressure decrease in

F_DP is significantly larger than those in the proposed

methods. This considerable pressure drop is highly con-

ducive to particle attrition. Meanwhile, the L_DP and

DC_DP methods can effectively reduce pressure decrease.

As discussed earlier, interparticle velocity, with regions

below fluidization velocity, significantly changes depend-

ing on the depressurization methods used. Such capability

offers significant advantages in achieving a smooth gas

flow with gradual variations in velocity and pressure. The

L_DP and DC_DP methods are recommended as the best

choices for regulating and controlling transient velocity

during depressurization. These methods are implemented

by using a feedback system to regulate valve opening, and

thus, ensure that outlet pressure can be adjusted accord-

ingly via Eqs. (24) or (22).

4 Conclusion

Understanding and controlling the formation of velocity

inside an adsorber by optimizing distributor designs and

depressurization methods are important to improve the per-

formance of adsorbers. In this study, flow distribution is

studied numerically by considering several factors to

investigate the potential cause of sorbent pulverization and

uneven utility. A significant maldistribution induced by the

entrance effect at the feed end is observed. Then, the per-

formances of three types of distributors are investigated and

evaluated. The conventional distributor plate still results in a

large maldistribution, whereas the configurations with a

perforated inlet plenum can effectively improve flow per-

formance. Meanwhile, Mf decreases from 0.58 to a minimum

of 0.055. Gas recirculation is observed in the perforated inlet

plenum with a solid plate, which provides an Mf of 0.18. In

addition, internal rings can significantly reduce wall effects.

Therefore, integrating internal rings into method 3 (perfo-

rated inlet plenum with a perforated plate) is the recom-

mended configuration for an axial adsorber design.

However, the performances of the distributors are also

affected by many other structure parameters, such as spac-

ing, size, placement, open area percentage, hole diameter,

relative distance between the distributor and the predistrib-

utor, as well as the shape and size of the predistributor.

Hence, further in-depth studies are required.

The transient flow phenomenon during depressurization

is also studied. Local velocity is high during free depres-

surization, and most values exceed incipient fluidization

velocity, thus implying that attrition and pulverization of the

sorbent occur. During depressurization, the evolution of

local velocity is affected by the expansion and desorption of

gas. Therefore, different depressurization strategies are

proposed and investigated as auxiliary improvement meth-

ods. These strategies provide various velocity evolutions.

Among these, L_DP (p ¼ 101; 325� pAD=tDP � t þ pAD)

and DC_DP (p ¼ pAD �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pAD � 101; 325ð Þ2=tDP � t

q

) can

effectively reduce local velocity, and thus, improve flow

conditions. A depressurization method can be implemented

by using a feedback system to regulate valve opening, and

thus, ensure that outlet pressure can be changed accordingly.
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