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H I G H L I G H T S

• Experimental and modeling study is performed on pressure drop inside adsorber beds.

• The model covers a wide range of porosity, from low to high permeability medium.

• A modified permeability is defined to consider inertial effects.

• The experiment reveals negligible effect of water uptake on pressure drop.

• The model shows slight change in pressure drop due to heat of adsorption.
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A B S T R A C T

Adsorption thermal energy storage has received considerable attention as it can overcome the mismatch between
supply and demand of renewables, providing high energy storage per volume. In the packed bed adsorption
thermal energy storage, pressure drop is of key concern since higher pressure drop leads into lower energy
storage efficiency. In this paper, an experimental and modeling investigation on the pressure drop inside the
adsorption packed beds is performed. An accurate semi-analytical closed-form relationship is proposed to cal-
culate the pressure drop inside a column of adsorbent materials, taking into account the Laplacian friction, as
well as the inertial effects. The model covers a wide range of porosity, between low-permeability medium, a
dense packed bed of spherical particles, and high-permeability media, a pure viscous fluid. A modified per-
meability is defined to consider the inertial effect for a moderate range of the particle Reynolds number
(0 < Rep < 300). An experimental apparatus is designed for measuring the pressure drop for different bed sizes
and inlet air velocities. The proposed model shows good agreement with the experimental data with the relative
difference of 7.6% at 0.73m/s for silica gel and 15.3% at 0.84m/s for zeolite 4A packed beds. The experiment
reveals that the effect of water uptake on the pressure drop of packed bed with wet adsorbent is negligible in the
tested particle Reynolds number range, with a relative difference of less than 1.0% compared to dry adsorbent
for 18–30 cm long columns. The proposed formula for pressure drop, consequently, can be applicable for wet
adsorbents regardless of the water uptake amount, with a good level of accuracy. Moreover, the analytical model
shows up to±2% change in pressure drop due to heat of adsorption of the tested adsorber columns.

1. Introduction

Packed beds are widely used in various applications such as gaseous
mixture drying [1], purification processes [2], dehumidification [3],
filtration [4], adsorption cooling systems [5], and thermal energy sto-
rage systems [6,7], to name a few. The significant energy consumption
for overcoming the pressure drop in packed beds, makes the optimal
design of such systems crucial. Particularly, pressure drop is of great
importance for energy storage efficiency of the sensible [8], latent [9],
and packed bed thermal energy storage (TES) systems [10].

Adsorption TES (ATES) is a promising sustainable, energy efficient

alternative to conventional heating and cooling methods, with a high
energy storage density and insignificant heat loss for long-term storage
[11]. Performance of the open ATES highly depends on diffusion of
adsorbate inside the bed, heat transfer, and pressure drop [12–14].
High pressure drop in ATES results in the use of electric fans, which
increases the power consumption, and consequently decreases the en-
ergy storage efficiency [15]. This makes detailed study of pressure drop
in the adsorber bed and optimum design of the bed crucial to promote
widespread adoption of open ATES.

Empirical correlations for different packing geometries [16–18] as
well as analytical models of linear Darcy flow problems [16] are
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available for pressure drop calculations. However, non-linearity of the
inertial effects limits the theoretical investigations to the numerical
methods [19]. Although the numerical approaches present comparative
accurate results for laminar and turbulent flows [20–23], high com-
putational costs decrease their applicability for complex designs. Ac-
curate analytical model provides an easy-to-use relationship for the
pressure drop calculation. The main focus of analytical studies was
mainly on deriving viscous permeability based on the Stokes flow at the
pore-scale [24,25]. Brinkman [26] modified the Darcy’s equation by
adding the viscous diffusion effect. He showed that the effective visc-
osity, in essence, is a function of the fluid dynamic viscosity, and the
packed bed porosity and tortuosity [26]. Neale and Nader [27] devel-
oped a permeability correlation using a drag force model over a single
particle embedded on swarm of particles.

The non-linearity, due to high flow speed, was introduced by Ergun
in the pressure drop calculations of packed beds [18]. Moreover, the
effect of porosity variation was taken into account in the pressure drop
calculation of packed beds with low bed-to-particle diameter ratios, by

correcting the Ergun’s equation [28,29].
Packed bed thermal energy storage systems have been investigated

by experiments [12,30], lumped element numerical model [31], and
computational fluid dynamics (CFD) [32]. Complexity of the numerical
simulation of reacting flow [33] can be favorably reduced by using
semi-analytical approaches for the adsorber packed beds [3,34]. For
adsorption dehumidification application, Finocchiaro et al. [30] found
that the incoming air temperature has a slight impact on the pressure
drop inside the packed beds. They also showed that the Ergun’s equa-
tion could predict pressure drop with about 20% relative difference, for
the flowrate range of 100–500m3/h, while it was less accurate for
higher air flowrates.

In this study, a theoretical-experimental approach is followed to
study the steady-state axisymmetric fully-developed flow inside the
cylindrical adsorption packed beds. A new compact analytical model is
developed with consideration of viscous friction, viscous permeability,
and the inertial effect, to calculate the pressure drop. A testbed of ad-
sorbent is designed and built, and several pressure drop measurements

Nomenclature

A cross-sectional area
C coefficient of the inertial effect (m−1)
D Bed’s diameter (m)
ESD energy storage density
e, E linearization error
dp particle diameter (m)

″fp porous bulk friction
K permeability (m2)
∼K modified permeability (m2)
H Bed height (m)

PΔ pressure drop (Pa)
Q volumetric flow rate (m3/s)
Rep particle Reynolds number
RH relative humidity
T temperature (°C)
u macroscopic fluid velocity (m/s)
U0 average velocity (m/s)
x r, spatial coordinates (m)
wmax maximum water uptake

Greek symbols:

α β, coefficients in modeling porous friction
ξ η, non-dimensional spatial coordinates
ε porosity
ρ density of the fluid (kg/m3)
μ dynamic viscosity of the fluid (N s/m2)
∼μ effective viscosity (N s/m2)
τf viscous friction tension (N/m2)
λ parameter regarding non-dimensional permeability
σ pressure-drop scaling factor
ψ friction factor
ϕ approximating variable in linearization approach
CF cost function (Eq. (31))

Sub/Superscripts:

p Particle
f Fluid
cv Control volume
pf Porous friction
vf Viscous friction
∗ Non-dimensional value

Fig. 1. (a) Open adsorption thermal energy storage [35] and (b) schematic of acting friction tensions on a control volume of a cylindrical packed bed.
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through the test column are conducted. The effect of uptake on the
pressure drop inside the adsorption packed bed is also analyzed. The
model capability to predict pressured drop in the packed beds with a
wide range of permeability is examined with the existing experimental
data. Moreover, the governing equations of a steady-state in-
compressible isothermal flow are solved by using CFD and the results
are compared with the results of the proposed model. good agreements
between both experimental and numerical results with the proposed
analytical results have been observed.

2. Open thermal energy storage system

The schematic diagram of an open adsorption TES is shown in
Fig. 1(a). During charging process, dry hot air passes through an ad-
sorber packed bed, leaving the bed cold and humid. After desorption,
ATES can remain charged as long as no adsorbate is introduced into the
bed. In Adsorption process, bed is discharged by adsorbing water va-
pour from cold humid air and releasing heat of adsorption to the air
[35]. This heat, which is a combination of the latent and binding heat,
can be used for heating purpose.

Freni et al. [36] showed that for adsorption cooling system (ACS),
the loose grain packed bed adsorber provides more volumetric power
compared to the coated adsorber bed. In the open ATES systems, energy
storage per volume is higher for the packed bed adsorbers . Although,
one of the drawbacks of the loose grain adsorption system compared to
the coated adsorber bed is the pressure drop through the packed ad-
sorbent materials, which suppresses the adsorbate diffusion [37] and
reduces the storage efficiency.

3. Pressure drop model development

A schematic of a cylindrical granular bed and the acting friction
tensions over a representative control volume are shown in Fig. 1(b).
The following assumptions are considered:

● The fluid flow is steady-state, laminar, fully-developed, and ax-
isymmetric.

● The fluid properties remain constant along the adsorption packed
bed.

● Temperature change due to adsorption has negligible effect on the
pressure drop.

● The gravity effect is neglected.
● The porosity is uniform inside the bed (the effect of confining wall

on the porosity distribution has been neglected in low bed-to-par-
ticle diameter ratios [28]).

Using the above assumptions, the force balance on each control
volume leads to:

= − ″dP
dx r

d
dr

rτ f1 ( )f p (1)

where the first and second terms on the right-hand side of the equation
are the viscous friction acting on the surface of the control volume, and
the porous friction that imposed on the volume, respectively.

Since a fully-developed flow is assumed, the velocity profile is not a
function of the axial direction and the pressure gradient is constant
along the bed. Therefore, the overall pressure drop can be calculated
only by summing up the pressure drops of all the control volumes.
Consequently, the pressure drop of each control volume of unit length
can be rewritten as follows:

= +P P P(Δ ) (Δ ) (Δ )cv vf pf (2)

where P(Δ )vf is the pressure loss due to the viscous drag force from
surrounding fluid on the surface of the control volume and P(Δ )pf is the
effect of porous drag force exerted on the bulk of the control volume.
Considering a Newtonian fluid, i.e., = ∼τ μ du dr( / )f , the viscous-drag

term can be formulated as follows:

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

∼P μ d u
dr r

du
dr

(Δ ) 1
vf

2

2 (3)

where ∼μ is the effective dynamic viscosity, defined as =∼μ μ ε/ 1/ for an
isotropic porous medium [38].

The porous friction contribution in the pressure drop calculation has
two main parts: i) a linear viscous permeability term, assuming a
creeping flow in the pore-scale, and ii) a nonlinear inertial term due to
the high particle Reynolds numbers. The overall porous friction term
has the following relationship [18]:

= +P αu βu(Δ )pf
2 (4)

where α refers to the viscous permeability effect due to the Stokes flow
in the void spaces between the particles, and β accounts for the effect of
the pore-scale local inertia. These coefficients have been formulated via
empirical models for the packed beds. In this study, one famous em-
pirical formula, known as Ergun’s equations, is used, which is applic-
able to the packed beds with a uniform packing geometry [18]:

≡ =
−

α
μ
K

μ ε
d ε

150 (1 )

p

2

2 3 (5)

≡ =
−

β
ρC ρ ε

d ε2
1.75 (1 )

p
3 (6)

where K is defined as the viscous permeability of porous media, C is the
inertial coefficient, and dp is the particle diameter.

3.1. Inertial effect approximation

To deal with the nonlinear inertial effect, a general linearization can
be proposed and validated afterward for moderate flowrates
( < <0 Re 300p ).

≡ ≅ + ⩽ ⩽P βu β ϕ U u O u u ϕ U(Δ ) ( ) ( ), where 0vf,inertial
2

1 0
2

2 0 (7)

where U0 is the average velocity calculated from the inlet flowrate di-
vided by the packed bed cross-sectional area, i.e., =U Q A/0 . The ap-
proximation is sub-linear, when < <ϕ0 11 , and is super-linear, when

>ϕ 11 [39]. The term ϕ2 varies accordingly in the range of < ≤ϕ1 22
from a very low permeability to a full viscous flow condition inside the
cylinderical packed beds.

To accurately approximate the nonlinear inertial effect by the linear
Eq. (7), an error analysis is required. The local error, e r( )u , at each point
along the packed bed cross section can be defined as follows:

≡ −e r u r ϕ U u r( ) ( ) ( )u
2

1 0 (8)

By normalizing the local error, one can achieve:

̂ ̂ ̂⎜ ⎟ ⎜ ⎟= = ⎛
⎝

⎞
⎠

− ⎛
⎝

⎞
⎠

= −e e r
U

u
U

ϕ u
U

u ϕ u: ( )
u

u

0
2

0

2

1
0

2
1 (9)

where ̂ =u u U/ 0. The global L2 norm of the error in the velocity field
will be obtained consequently as:

̂ ̂∫ ⎜ ⎟= = ⎛

⎝
+ − ⎞

⎠
E ϕ ϕ e du ϕ

ϕ ϕ ϕ ϕ
( , ):

5 3 2
ϕ

u1 2 0
2

2
3 2

2
1
2

1 22

(10)

Considering linearization error in the space of approximating vari-
ables ϕ ϕ( , )1 2 , the minimized error occurs along =ϕ ϕ3/41 2 for a given ϕ2
with ∂ ∂ =E ϕ/ 01 and ∂ ∂ >E ϕ/ 02

1
2 . A value of ϕ2= 4/3 is selected

within the discussed range of ϕ2, which simplifies the derived formulas
to the linear approximation with =ϕ 11 . A parametric study on the
linearization parameters has been performed in Section 6.1.

For an acceptable linear approximation, the maximum norm of error
along the radial direction should be bounded:

≡ ≡ <∞
⩽ ⩽

E e r e r δ δ|| ( )|| max | ( )| , where is finite.u
r R

u
0 (11)
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Using Eq. (8) with =ϕ 11 , the maximum error occurs at rm, where
=u r U( ) /2m 0 . Substituting u r( )m into Eq. (8), the maximum error is

obtained:

≡ ⩽ ≈∞E e r
U

O U|| ( )||
4

( )u
0
2

0
2

(12)

Eq. (12) reveals that, in order to maintain the order of magnitude of
the maximum error below unity, the average velocity should be

≤ ≤U0 10 , which is a valid assumption for the packed beds with
moderate inlet air flowrate ( < <0 Re 300p ) at

= ° =T P25 C and 101.325 kPa. In this range of particle Reynolds
number ( = ρU d μRe /pp 0 ), laminar flow regime is assumed, as the tur-
bulence effects are considered for higher particle Reynolds numbers
( >Re 300p ) [40]. By substituting the linear relationship showed in Eq.
(7), the overall porous friction term can be rewritten as follows:

≅ + = +P αu βU u α βU u(Δ ) ( )pf 0 0 (13)

which can be considered as the linear porous media relation with a
modified permeability:

=
+

∼K K
K1 βU

μ
0

(14)

The final linear relation for the porous media can then be simply
considered as follows:

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

− ∼μ
dP
dx ε

d u
dr r

du
dr

u
K

1 1 12

2 (15)

3.2. Analytical solution

To obtain the solution of Eq. (15), the governing equation is non-
dimensionalized, using the following reference parameters:

Q
Q= = = =∗ ∗

( ) ( )
η x

D
ξ r

D
u u

D D
, , , ,

μ
dP
dx μ

dP
dx

1 2 1 4
(16)

where Q∗ is the non-dimensional volumetric flowrate inside the packed
bed. The dimensionless differential equation describing the velocity
profile inside the packed bed can be written as follows:

⎜ ⎟= ⎛
⎝

+ ⎞
⎠

− − = = ⩽ ⩽∼∗ ∗
∗ ∗ ∗

∗
∗Λ u M d u

dξ ξ
du
dξ

u
K

M
ε

ξ( ): 1 1 0, 1 , 0 1
2

2

2 (17)

where the non-dimensional permeability is defined by:

=
+

∼∗ ∗

∗ ∗( )
K K

K C1 ReD
d pp (18)

In Eq. (18), the non-dimensional terms are defined based on Ergun’s
equation [18]:

=
−

= −∗ ∗
( )

( )
K

ε

ε
C ε

ε150(1 )
, 1.75(1 )

d
D

d
D

3
2

2 3

p

p

(19)

The solution to Eq. (17) with no-slip boundary condition at the wall
of the cylinder, i.e., =∗u (1/2) 0, and the axisymmetric condition at the
center of the cylinder, i.e., =∗

=du dξ( / ) 0ξ 0 , is as follows:

= − =∼ ∼
∗

∗
∗ ∗

u ξ
K

I λξ
I λ

λ
M K

( )
1

(2 )
( )

, 1

2
0

0 (20)

where I ξ( )0 is the modified Bessel function of the first kind,
= ∑ +=

∞ +I ξ ξ m m n( ) ( /2) / ! ( )!n m
n m

0
2 [39]. The non-dimensional flow-

rate inside the bed, Q ∫=∗ ∗πξu ξ dξ2 ( )0

1
2 , can be found as follows:

Q = ⎡
⎣⎢

− ⎤
⎦⎥

=∼ ∼
∗

∗
∗ ∗K

π
λ

I λ
I λ

λ
M K4

1 2 ( )
( )

, 1

2
1

0 (21)

Having the dimensionless flowrate of the packed bed, pressure drop
in the bed can be obtained by:

Q
=

∗

∗
P A ηΔ

σ Re2
p (22)

where = =∗A π/4A
D2 is the dimensionless cross-sectional area of the

cylinder, and = ∼σ μ D ρ/( ), where =∼D Ddp . Substituting Q∗ into Eq.
(22) gives the final closed form relationship for the pressure drop in a
cylindrical granular packed bed, as follows:

=
−

=∼ ∼∗
∗ ∗

P
K

η
λ

M K

Δ
(σ Re / ) 1

, 1

2I λ
λI λ

2
p

2 ( )
( )

1
0 (23)

Combining Eqs. (16), (20), and (23), the macroscopic flow profile
can be rewritten as follows:

=
−
−

u ξ
U

I λ I λξ
I λ I λ

( ) ( ) (2 )
( ) ( )λ0

0 0

0
2

1 (24)

Based on the definition of the parameter ≡ ∼∗ ∗λ λ M K( , ) in Eq. (23),
higher λ represents lower permeability in the dense porous media,
where the velocity profile of the bulk flow tends to have a more uniform
distribution. Accordingly, the pattern of the macroscopic flow is af-
fected by changing the modified permeability, ∼∗K , as shown in Eq. (24).

3.3. Asymptotic analysis

Considering both the viscous and porous resistances for obtaining
the pressure drop relationship inside the cylindrical packed beds, two
asymptotic conditions can be directly derived by the Eq. (23) as follows:

(I) Very low permeability, when → → ∞∼∗K λ0, and , which occurs in
conventional packed beds with random packing arrangements.

(II) Very high permeability, when → ∞ →∼∗K λ, and 0 , which re-
sembles a homogeneous fluid.

Accordingly, the dimensionless pressure drop can be expressed as
follows:

= =
− ( )

f λ P
Mη

λ( ) Δ
σ Re

4

1 λ
I λ
I λ

2
p

2

2 ( )
( )

1
0 (25)

For the first asymptote, →∼∗K 0, the following solution can be
found:

≈ → ∞f λ λ λ( ) 4 , as2 (26)

Therefore, the pressure drop of a cylindrical packed bed can be
obtained as:

= ∼∗
P η

K
Δ

σ Re2
p (27)

Substituting Eq. (19) into Eq. (27), Ergun’s equation can be derived
for the pressure drop inside the porous media. Eq. (27) reveals that at
the upper limit, the viscous friction term has negligible effect, and
consequently, the pressure drop is not affected by the geometry of the
packed bed. Conversely, for a very high permeability asymptote, which
resembles a near homogenous fluid condition, f λ( ) reaches to 32,
which is the solution of homogenous Poiseuille fluid flow in a cylind-
rical pipe [18], i.e.:

≈ →f λ λ( ) 32, as 0 (28)

In this case, the total pressure drop depends only on fluid dynamic
viscosity, flowrate, and the bed geometry, as follows:

=P
QH

μ
πD

Δ 128
2 (29)

Consequently, an intermediate condition can be observed between
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these two asymptotes using Eq. (25), where both fluid viscosity and
porous resistance are equally important. This condition can occur in
artificially designed (ordered) packed beds with relatively high per-
meability. It will be described in more details in the results and dis-
cussion section.

4. CFD simulation of pressure drop

A CFD simulation is also performed to analyze the validity of the
proposed semi-analytical model. The governing equations for an in-
compressible steady isothermal fluid flow inside the porous media are
modeled via an axisymmetric frame. The momentum-pressure coupling
problem is solved by SIMPLE algorithm, through porousSimpleFoam
solver provided in OpenFOAM-3.0.1 [41]. A structured uniform grid is
used to discretize the domain. Wedge boundary condition is employed
to transfer a 3D mesh to an axisymmetric 2D mesh. The mesh is pro-
vided by blockMesh facility of the OpenFOAM. The parameters of Darcy-
Forchheimer porous media model [42] is determined based on Eqs. (5)
and (6). The turbulence effects are neglected since the particle Reynolds
number in the domain is low ( <Re 300p ). The initial value for the fluid
velocity is equal to the inlet velocity, and the iterations to the numerical
solution are continued until the prescribed convergence criteria are met
( ⩽ −δ| | 10e

12, where δe is the change to the field variable between the
iterations).

A uniform fixed-value velocity and a zero-gradient pressure are
considered at the inlet and a zero-gradient velocity and a fixed-value
zero pressure conditions are set at the outlet. By implementing wedge
boundary condition, the circumferential variation is neglected and an
axisymmetric 2D solution is provided. A grid study has been done on
the solution accuracy. Accordingly, mesh configurations of ×40 120
and ×40 320 are found as the optimal grid sizes for the bed heights of
12 and 30 cm, respectively. The first and second numbers in these mesh
configurations are the number of the computational cells along the
radial (r) and azimuthal (x) directions, respectively.

The convective terms are discretized by the upwind scheme. The
flux of variables on a face is obtained by a linear interpolation of the
adjacent cells to the face. The pressure equation is solved by algebraic
multi-grid scheme, while the momentum equation is solved by a Gauss-
Seidel algorithm [33]. For increasing the stability of the SIMPLE solver,
relaxation factors of 0.3 and 0.7 are used for the pressure and mo-
mentum equations, respectively [33].

5. Experimental study

A testbed including a cylindrical container with the inner diameter
of 7.62 cm (3.0 in) and the height of 30 cm was designed and built as a
laboratory-scale packed bed, shown in Fig. 2. The container was filled

with two different adsorbent materials, silica gel and zeolite 4A, with
different heights, and connected to a wind tunnel, which provided
different air flowrates. The porosity of the packed bed was 0.375 and
0.39 for silica gel and zeolite particles, respectively. A calming section
was considered before the inlet of the adsorption packed bed to provide
a uniform air velocity. To measure the pressure drop along the porous
packed bed, a differential pressure transducer (Setra-267w) with ac-
curacy of± 1.0% full scale (± 12.5 Pa) was used. The pressure drop
was measured for the packed bed with different silica gel heights of 6,
12, 18, 24, and 30 cm.

The inlet air temperature was 23 °C and the relative humidity was
55% during the course of the experiments. For dry adsorbent case, the
pressure drop was measured at the beginning of the experiment. To
ensure the repeatability of the results, each experiment was repeated at
least three times with dry silica gel particles under a constant packed
bed height. The maximum uncertainty for the pressure drop measured
along the packed bed with 30 cm height was 11.3%. To investigate the
effect of uptake on the pressure drop, the bed filled with completely wet
zeolite was studied as well. Further information about the test condi-
tions are presented in Table 1.

6. Results and discussion

Fig. 3 compares the analytical, experimental, and CFD simulation
data for different inlet air velocity and desiccant column heights. As
shown, there is a good agreement between the present results and the
experimental data; at the maximum inlet air velocity, the relative dif-
ference between the analytical results and the measured experimental
data is 7.6% at air velocity of 0.73m/s for silica gel, and 15.3% at
0.84m/s for zeolite beds. The averaged uncertainty of the measurement
is estimated as 4.92% for the silica gel bed and 4.74% for the zeolite
bed. The CFD model shows a 7.08% deviation from the experimental
data at the maximum inlet velocity and perfectly matches with the
analytical results with 0.48% difference. This indicates consistency
between the analytical results, the experimental data, and the numer-
ical solution.

Fig. 4 compares the pressure gradient along the bed, dP dx/ , calcu-
lated by the present model with the experimental data of randomly-

Fig. 2. Experimental testbed for pressure drop measurements in the cylindrical packed bed.

Table 1
Testbed conditions for pressure drop measurements.

Adsorbent Porosity Particle
diameter

Column
height

Airflow velocity Initial
condition

Silica gel 0.375 3.2 mm 6–30 cm 0.13–0.83m/s dry (zero
uptake)

Zeolite 4A 0.39 3.6 mm 6–30 cm 0.13–1.03m/s dry and wet
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packed bed of dry silica gels with a porosity of =ε 0.375 and dry zeolite
4A with a porosity of =ε 0.39. Other packing arrangements, i.e. simple
cubic (SC) and body centered cubic (BCC) [43] are also added for
comparison.

As shown in Fig. 4, pressure gradients of the tested desiccants lie
between SC and BCC arrangements. Accordingly, for a given particle
Reynolds number, the pressure gradient along the bed reduces at

Fig. 3. Comparison of the analytical model with the CFD simulation and ex-
periments for the cylindrical packed column of silica gel with different heights.

Fig. 4. Pressure gradient along the packed bed for different packing arrange-
ments compared to the proposed analytical model, Eq. (22).

Fig. 5. Comparison of dry and wet zeolite particles for pressure gradient along
the packed bed.

Fig. 6. Comparison of dry and wet zeolite particles with analytical model for
the friction factor.

Table 2
The effect of water uptake on pressure drop in wet with respect to dry zeolite 4A
for different column sizes.

Bed
height
(cm)

Total pressure
difference,

= −P P PΔ d w (Pa)

Pressure
difference per
bed height,

P HΔ / (Pa/cm)

Relative
pressure
difference,

−P P P( )/d w d (%)

Relative friction
factor
difference,

−f f f( )/d w d (%)

6 57.5 9.58 12.50 13.03
18 29.2 1.62 3.02 4.05
30 54.2 1.81 0.82 0.29

Fig. 7. Comparison of the present analytical model with the present experi-
ments, as well as the available experimental data in the literature [43,44,45],
for different range of permeability.

Table 3
Sorption characteristics of adsorbents for ideal energy storage density calcula-
tion, considering the experimental conditions of = °T 23 C and =RH 55%. (the
maximum water uptake is defined as the maximum mass of the adsorbed water
to the mass of the dry adsorbent).

Adsorbent Enthalpy of adsorption ( HΔ ads) Maximum uptake (wmax)

Silica gel 2.40MJ/kg [47] 0.40 kg/kgads [49]
Zeolite 4A 3.05MJ/kg [47] 0.22 kg/kgads [50]
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packing arrangements with higher porosities. To investigate the effect
of the uptake on the pressure drop, a series of experiments have been
performed for fully wet zeolite packed bed and the results were com-
pared to the results obtained from the experiment with dry zeolite.
Fig. 5 compares the pressure gradient along the bed of dry and wet
zeolite 4A with the analytical model. As shown in this figure, the
pressure drop for the wet particles did not change significantly com-
pared to the dry particles.

Fig. 6 compares the analytical results for the friction factor, defined
in Eq. (30), for the analytical model with the experiment data of dry
and wet zeolite 4A for the cylindrical packed bed.

⎜ ⎟= ⎛
⎝

⎞
⎠

ψ P
ρU

d
H

Δ p
1
2 0

2
(30)

As shown in Fig. 6, the differences between dry and wet desiccants
become negligible as the column size increases. A maximum of about
12% relative pressure difference was observed in the experiments for
the wet particles in 6 cm bed height versus the dry particles; while in
30 cm bed height, the maximum relative difference was less than 1%.
Table 2 shows the maximum differences in dry and wet conditions.
According to this table, insignificant pressure differences per adsorber
bed height can be observed at slightly larger beds ( >H 6.0 cm). This
was also found for relative pressure and friction factor differences.

As shown in Fig. 7, an intermediate condition can be observed be-
tween one asymptote (very low permeability) and another asymptote
(very high permeability) by increasing the porosity of packed bed from

high to low λ. According to this figure, the intersection of the two
asymptotes occurs at =λ 2 2 , where the maximum deviation from
both asymptotes occurs.

To reflect the effect of pressure drop on the storage properties, the
fan operational cost function can be introduced, similar to the defini-
tion used in Ref. [46], as follows:

=
×

P m ρ t
V

CF
C Δ ( ̇ / )Δ

ESD
[$/MJ]operational,fan

electricity air air operational

ideal sys (31)

where C [$/kWh]electricity is the electricity price and ESDideal is the ideal
energy storage density of the adsorption packed bed, which can be

Fig. 8. Operational cost function for annual operation of silica gel (SG) and
zeolite 4A (Z4A) adsorber bed.

Fig. 9. Variation of ∼∗K as a modification to the packed bed’s permeability for different particle Reynolds number, (a) with respect to the linearization variable, ϕ1, (b)
deviation from viscous permeability.

Table 4
The effect of linearization variable along =ϕ ϕ3/41 2 with < <ϕ0.5 1.51 on the
modified permeability, ∼∗K , as well as deviations of modified permeability from
the viscous permeability, ∗K ( = =∼ ∼∗ ∗K K ϕ( 0.5,1.5)0,1.5 1 ).

Particle Reynolds number (Rep) Permeability ratio

∼ ∼∗ ∗K K/0.5
∼ ∼∗ ∗K K/1.5

∼∗ ∗K K/

10 1.081 0.927 0.843
50 1.297 0.805 0.517
100 1.448 0.754 0.349

Fig. 10. Comparison of present model with numerical results of
Chandrasekhara and Vortmeyer (ChV) [51] for constant and variable porosity
( =ε 0.40 , =Re 84p , =U 0.3078 m/s0 , =d 6.35 mmp , =D 5 cm, =λ 234).
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calculated based on the sorption properties of adsorbents [47]:

= ρ w HESD Δsideal max ads (32)

where ρs is the apparent density of the adsorbent, wmax is the maximum
net uptake capacity based on the equilibrium isotherm and operating
conditions, and HΔ ads is the enthalpy of adsorption. The corresponding
values are presented in Table 3. The averaged electricity price for a
Canadian household in 2017 is considered as =C 0.1265$/kWhelectricity
(Canadian dollar) [48]. Fig. 8 shows the calculated cost function for the
annual operation versus the air flowrate for silica gel and zeolite 4A
adsorber bed in the present study.

6.1. Parametric study

Fig. 9(a) shows the variation of the modified permeability, ∼∗K , as a
function of the linearization parameter, ϕ1, along the minimized error
line, =ϕ ϕ3/41 2, discussed in Section 3.1.

=
+

∼∗ ∗

∗ ∗( )
K ϕ K

ϕ K C
( )

1 ReD
d p

1

1p (33)

It can be seen from Fig. 9(a) that the modified permeability deviates
considerably from the linear condition ( =ϕ 11 ) as the particle Reynolds
number increases. A relative change of 10% occurs for =Re 100p within
the range of = ±ϕ 1.0 0.151 . This relative change decreases by reducing
Rep. The deviations in the modified permeability, ∼ ∼∗ ∗K ϕ K( )/1 , are pre-
sented in Table 4 for < <ϕ0.5 1.51 .

Moreover, the modified permeability changes with bed-to-particle
diameter, D d/ p, and the particle Reynolds number, Re ,p for a fixed
porosity, =ε 0.375, in Fig. 9(b). For a specified bed and particle geo-
metries, increasing the particle Reynolds number decreases the mod-
ified permeability, ∼∗K , which results in higher flow resistance asso-
ciated with higher inertial effects in packed beds. Deviations from the
viscous permeability, ∼∗ ∗K K/ , are presented in Table 4 for different
particle Reynolds number.

Fig. 10 compares the analytical velocity profile, Eq. (24), with the
numerical work of Chandrasekhara & Vortmeyer [51]. For the constant
porosity case, both analytical and numerical solutions show a uniform
velocity distribution with a thin layer of high gradient near the wall,
due to the no-slip condition. Moreover, the effect of porosity variation
near the wall [28], which causes local flow channeling, can be observed
by numerical solution of Chandrasekhara & Vortmeyer [51].

Due to the heat of adsorption, a temperature change in the adsorber
packed bed occurs, which affects the adsorbate (air) density and visc-
osity. To see the thermal effects, the bed’s outlet temperature was
measured during the adsorption process. Using the analytical model,
Table 5 shows a maximum change of up to±2% for pressure drop,
although a considerable air temperature lift (i.e. 25.3 °C for silica gel
and 33.8 °C for zeolite 4A) occurs.

7. Conclusion

A new analytical model was proposed for calculating the pressure
drop in a cylindrical packed bed with laminar, steady-state, axisym-
metric, and fully-developed macroscopic fluid flow distributions. The
Laplacian friction and inertial effect were introduced to the analytical
model, and the effect of these terms on the pressure drop inside the

packed beds was investigated. A modified permeability was defined
which contained the inertial effect for moderate range of particle
Reynolds number ( < <Re0 300p ). It was shown that the proposed
model covered a wide range of permeability and properly predicted an
intermediate condition, where the flow distribution inside the bed
shifted gradually from a near homogenous fluid with viscous dominant
condition to a conventional packed bed with porous resistance effects,
as the main cause of the pressure loss along the packed bed.

An experimental study was performed to validate the proposed
analytical model. Moreover, a CFD simulation based on the steady-state
incompressible isothermal air flow was performed to study numerically
the pressure drop inside the packed bed. The relative difference for the
analytical solution with respect to the experimental data of dry silica
gel was 7.6% at the maximum inlet air velocity, while the CFD model
showed a 7.08% deviation from the experimental data, which showed a
proper consistency between the analytical results, the numerical solu-
tion, and the measured pressure drop.

The effect of uptake on the pressure drop in the ATES was in-
vestigated experimentally through testing completely dry and fully wet
zeolite packed bed. It was concluded that as the pressure drop in-
creases, the relative difference in the pressure drop between the dry and
wet beds is negligible. Therefore, the proposed analytical formula for
the dry zeolite packed bed can be implemented to the partially or
completely wet zeolite packed bed, as a good approximation.

Considering porosity variation near the wall is a complementary
work to the proposed model, which can analytically formulate the ef-
fect of flow channeling adjacent to the wall on the velocity distribution
and the pressured drop inside the adsorption packed bed thermal en-
ergy storage systems.
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