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Abstract

The understanding of pressure drop prediction through packed beds of adsorbent is vital as pressure
drop determines the operating cost and cost of energy consumption. Computational fluid dynamics
(CFD) simulation was performed using ANSYS Fluent 14.0 CFD package to study the effects of
different parameters such as particle size, bed porosity and fluid velocity on pressure drop. This study
employed a single phase flow in a porous media of packed bed with hydrogen gas and activated
charcoal as the fluid and adsorbent respectively. The CFD results were validated against theoretical
data obtained from Ergun’s pressure drop equation. CFD results show good agreement when
compared with the theoretical data. Finally, a parametric study demonstrated the effect of particle size
and porosity to be inversely proportional, while fluid velocity was observed to have a direct effect on
the pressure drop of hydrogen gas flow in a packed bed.
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Simulation

Introduction

Packed beds have gained a global
recognition over the years for their versatile
application in chemical industries such as
solid extraction, distillation, catalytic
heterogeneous reaction, adsorption,
absorption/desorption of gases (Zabelata,
2007). The application of packed beds in
engineering and industrial processes varies
and this variation might involve packed bed
reactors in nuclear plants, catalytic reactors,
and thermal storage used in replaceable and
sustainable energy systems (Theron, 2011).
It plays a significant role by ensuring that
the contact between the phases within the
bed is improved and the basic principle in
all packed beds remains the same
irrespective of their applications (Theron,
2011). Pressure drop over packed beds is
the most important parameter that must be
accurately predicted when designing any
system that incorporates packed bed,
pressure drop determines the pumping
power .and operating cost in a packed bed

- system (Kruger ef al.; 2015). The essential -

motivation in studying packed beds is to
regulate the significant operating cost of the

pressure drop through the packed adsorbent
bed (White, 2016).

The application of CFD as a standard tool
for fluid flow, heat and mass transfer
analysis and associated phenomena is on
the increase due to advancement in
computing technology. This increase has
been motivated by progressive computer
speed, systems affordability and
accessibility to new commercial CFD
software thereby resulting into higher
preference for CFD  simulation in
comparison to prototype experiments
(White, 2012). The packing and
arrangement of the small particles in a fixed
container easily facilitate close contact
between fluids of various combinations
used in different processes (Catalysis, ion
exchange, sand filtration, absorption,
distillation, and adsorption and heat
storage) in chemical plants (Baker, 2011).
Packed bed is the subject of this study and
focuses on the resistance . caused by the
presence of particles obstructing fluid flow
within the bed. This makes the
understanding of pressure drop prediction
through packed bed of adsorbent an
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important area of research as pressure drop
determines the operating cost and cost of
energy consumption. For example, an
efficient operation of packed towers
requires low pressure drop as well as
energy of consumption. In a filtration
system, pressure drop is an important factor
to be considered due to fluid that flows
through the filter medium by virtue of a
pressure  differential across the bed
(Geankoplis, 2003). Investigating the
pressure drop across the bed is therefore
crucial to determine filtration efficiency and
expected time span before excessive
buildup of filtered material occurs.

Niaei er al (2009) suggested that
simulation of chemical process has been
proven as the most reliable and safest way
to investigate and predict the effects of
influencing parameters on a flow process.
This involves the application of the concept
of computational fluid dynamics as a
theoretical approach to investigate and
predict the performance of a process that
involves fluid, heat and mass transfer.
Mohammadikah et al. (2014) reported the
improvement of hydrodynamics
performance of Naphta catalytic reforming
reactions using CFD. The simulation results
of their study showed that, small velocity
result into small pressure drop and greater
velocity lead to an increase in pressure drop
across the bed. They concluded that there is
a linear relationship between velocity and
pressure drop across the bed. In addition,
higher pressure drop was observed in
turbulent case regime in comparison with
the laminar regime. The aim of this work is
to study the CFD simulation of hydrogen
gas flow through a packed bed filled with
activated  charcoal (adsorbent) using
ANSYS Fluent 14.0 package. To achieve
this, pressure drop across the porous
rr}ﬁqium in the packed bed was numerically
simulated and results wereé compared with
theoretical data obtained from Erguh
equation. The parametric study of the effect
of different parameters (particle size,
potosity of the bed, fluid velocity and bed

height) on pressure drop of hydrogen gas
flow across a activated charcoal packed bed
were investigated and optimum Jlevel
determined

Numerical Methodology

Computational Domain

The geometry used in this work was created
using ANSYS FLUENT 14.0 design
modeller to create a three-dimensional
model of a packed bed in form of a vertical
cylindrical pipe with a dimension of 50 mm
height and 5 mm diameter. As shown in Fig,
1, the whole geometry is made up of three
sections with the middle section set as the
porous zone and filled with activated
charcoal as adsorbent material. This
geometry corresponds to a 3D numerical
solution domain with dimension of 50 mm,
50 mm and 5 mm in radial, axial and
tangential direction respectively.

i

Fig.1: Geometry of the CFD Domain

Mesh Generation

Meshing of the geometry was carried out
using ANSYS ICEM CFD to discretize the
fluid domain with Multizone method used
for meshing and total thickness selected for
the inflation option. The relevance centre,
curvature and smoothing -options were set 10
fine, off and high respectively in order 10
archive maximum accuracy. Walls are
chosen as stationary with a no slip
condition, meaning that the velocity in the
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flow- and the normal direction of the walls
are  equal 10 zero (Versteeg and
Malalasekera, 2007). The inlet of the bed
was defined as velocity inlet with the
velocity being specified based on the
hydrogen gas flow rate. The outlet of the
bed was defined as pressure outlet at the
packed bed pressure. Fig. 2 gives detail of
the mesh geometry used to perform the
CFD simulations.
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Fig 2: Details of the mesh geometry

Grid Independence Test

Grid independence analysis was carried out
with a steady state computation of three
different grid cells of 44756, 64800 and
137000 with orthogonal quality of
0.826652. 0.8393343 and 0.806552
respectively. This test was aimed at
checking the influence of the size of the
grid on the numerical simulation result. The
same  numerical  simulations  were
performed for the three different grid sizes
with hydrogen flowing at 0.1 m/s velocity,
250 um particle diameters and (.6 porosity.
The results of the pressure drop in a plane
of interest were examined and the grid cell
of 137000 found to be fine enough for an
accurate simulation as the increase in grid

size was observed to have negligible effect
on the pressure drop. Hence, a grid size of
137000 was then used for the numerical
simulation of hydrogen gas flowing through
activated charcoal in a packed bed.

Governing Equations

Flow through porous media is modeled by
adding an extra source term to the standard
flow equations by using the Forchheimer
equation (Equation 5). Equations 6 and 7
show how the source term is defined in
ANSYS FLUENT for the case of simple
homogeneous porous media (ANSYS
Fluent, 2011). The conservation equations
of mass and momentum are solved
iteratively until convergence is observed at
steady state. The mass and conservation
equation of a single phase in a porous
media includes:

Continuity equation
a . W
5t V.(pv) =0 (1)

Equation (1) is the general form of the mass
conservation equation and is valid for both
compressible and incompressible flows. p is
the density of the fluid and v is the velocity
vector of the fluid and t is the time.

Momentum conservation equation

d{p¥¥) " " "
’; +V.(pB)=-VP+V.r+pid+F (2)

In the equation 2, P is the static pressure,
T i5 the stress tensor, § is the acceleration
due to gravity, and F represents all external
body forces of the system which also
contains other model dependence source
terms such as porous-media and user-
defined (Qasim er al, 2011,
Pandey, 2011). The stress tensor is given
as:

sources

r = —u[(Vo + Vi) —;;4?._15.’ (3)

where i is the molecular viscosity and 1 is
the unit tensor and the second term on the



CFD Analysis of Pressure Drop of Hydrogen Gas Flow in a Packed Bed

right hand side represents the effect of
volume dilation.

The Ergun equation

Ergun Equation provides a correlation in
term of viscous and kinetic losses for the
pressure drop of a fluid flowing through a
bed packed with uniform size particle
(Mousazadeh, 2013). For spherical particles
with uniform particle size, the Ergun
equation of pressure is given as:

AP _ 150 {1-£)®

].?EP {1—5} '.L?Z
Lo dpep €

dpgpp &°

4

where ¢ is the particle sphericity (which is
one for spherical particles). Alternatively,
equation 4 can be written in a simpler form
as:

ALty e lnors
L &l taepV ()
where permeability and inertia loss

coefficient may be determined theoretically
as:

_ 35(1-¢)

t= AP g3 (6)
e
= 150 (1-¢)2 (7)

Numerical Simulation of hydrogen flow in
a packed bed

A segregated, 3-D double precision implicit
solver of ANSYS Fluent was activated and
the 3D grid from ANSYS ICEM CFD
meshing scheme imported into ANSYS
Fluent solver for the simulation of hydrogen
gas flow in a 5 mm ID packed bed. Pressure
I:n_ased solver is selected for the CFD
simulations and the conservation equations
r__mf mass and momentum are solved
iteratively by converting a set of non-linear
equations coupled to one another in which
the set of the equation are solved repeatedly
until- the solution converged. Energy
conservation equation is neglected because
there is no heat transfer within the system.
The domain is divided into discrete control
volume using a computational grid in which

S

integration of the governing equations on
the respective control volume take place by
constructing algebraic equations for the
discrete dependent variables followed by
linearization of the discretized equations to
obtain updated values of the dependent
variable (ANSYS Fluent, 2011). The
enhanced wall function was used for the
near-wall treatments of the wall boundaries.
Operating conditions were specified as
being standard atmospheric  pressure
(101325 Pa) with gravitational acceleration
taken as 9.81 m/s’ and defined to act
downwards the packed bed.

In the simulation of hydrogen gas flow
through the packed bed, the following
assumptions are made:

Heat transfer within the bed is negligible.
The particles are assumed to have uniform
size, spherical with sphericity of one.
Isothermal condition is assumed.

The model equations are conservation
equation of mass and momentum for a
single phase gas flow in a porous media.
Acceleration due to gravity is assumed
negative since the gas flow is vertically
upward against gravity.

The governing equations were solved
applying an implicit finite volume
technique embedded in ANSYS Fluent. For
pressure velocity coupling, the Semi-
Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm was used.
The convective terms in all governing
equations were initially discretized by
means of a first Order-Upwind scheme,
tljen after higher schemes activated and
simulation continue until convergence was
established. The porous media model was
used to solve the gas flow distribution
thmugi? the packed bed. The viscous loss
coefficient (1/a) and the inertial loss
Eﬂ?fﬁﬂlent (C2) wvalues were calculated
has:ed on the material properties of the
activated charcoal and the gas flow as
specified in Equations 6 and 7.
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Results and Discussion

The CFD simulation of hydrogen gas flow
in a porous packed bed was carried out
using ANSYS Fluent 14.0 software and
results presented in term of the pressure
drop along the bed. The effectiveness of the
CFD models in predicting the pressure drop
of hydrogen flow in a packed bed was then
determined by comparing the simulated
with the theoretical data obtained from
simplified form of Ergun pressure drop
equation. The effect of the wvarious
parameters on the pressure drop of
hydrogen gas using the CFD models was
also studied.
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Fig. 3: Comparison of the CFD result and
theoretical data for pressure drop at 0.6
porosity, 5 m/s fluid velocity and different
particle sizes.
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Fig. 4: Comparison of the CFD result and
theoretical data for pressure drop at 500 pm

particle size, 5 m/s fluid wvelocity and
different porosities.
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Fig. 5; Comparison of the CFD result and
theoretical data for pressure drop at 500 pm
particle size, 0.6 porosity and different fluid
velocities

Validation of CFD Simulations

In validating the simulation results, the
CFD results obtained were compared with
theoretical data obtained from simplified
form of Ergun pressure drop equation. Figs.
3 to 5 showed the comparison between the
theoretical data and the predicted results
obtained through CFD analyses. The
pressure drop profile as shown in Fig. 4 is
observed to be over-predicted in the CFD
simulation at 50, 100 and 500 pm and
under-predicted at 125 and 250 um particle
sizes. For example, the predicted pressure
drop of hydrogen flow through packed bed
at particle size of 50 pm is 2000 KPa/m,
while the theoretical result is 1999 KPa/m.
The maximum and minimum difference
when comparing the CFD predicted
pressure drop with the theoretical data are
0.888 % and 0.026 % at 250 pum and 125
um particle ' size respectively. The same
trend in term of agreement was exhibited by
the CFD predicted and theoretical pressure
drop profiles at different velocity and
porosity as shown in Figs. 3 and 5
respectively. This shows a good agreement
between CFD pressure drop and theoretical
pressure drop using Ergun equation.
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Investigating the Effects of Process

Variables

The validity of numerical simulation of the
pressure drop predicted for hydrogen gas
flow through a packed column can be used
as a basis to investigate the effects of
selected important parameters on the
pressure drop of a packed bed. The
reference process operating conditions were
selected and only one parameter was
changed at a time. In general, the pressure
profiles as shown in Figs. 6 to 8 were
observed to be maximum at the initial stage
and remained constant as the fluid flow
through the packed bed. However, a gradual
decrease in pressure occurred as the fluid
flow reaches and passing through the
adsorbent until it reaches zero and remained
at zero as the fluid flow away from the
adsorbent.

Effect of Particle Size on Pressure Drop

Figure 6 indicates that when particle size
increases, there is a decrease in the pressure
drop of the fluid flowing through the
packed bed. This is due to the fact that,
when the porous particle size increases, the
remaining surface area of the bed decreases.
In the same way, the decrease in surface
area leads to reduction in the resistance of
fluid flow and thereby resulted in a
decrease in pressure drop of fluid flowing
through the packed bed. This variation was
also observed by Mayerhofer ef al. (2011)

and Abbas (2009).

Effect of Porosity on Pressure Drop

Fig. 7 shows that an increase in porosity
leads to a decrease in the pressure of
hydrogen flow through the packed bed. For
example, at porosity of 0.35 the pressure
drop is 4169260 Pa/m. However, when the
porosity increased to 0.7, the pressure drop
is 300036 Pa/m. The increase in porosity
implies that the void fraction between
particles hecomes larger and this leads to
less resistance to fluid flow through the bed.
This result is in agreement with previous
work done by Abbas (2009) and Koushik ef
al. (2015).

Effect of Velocity on Pressure Drop

Fig. 8 shows that an increase in velocity
result to increase in pressure drop while a
decrease in velocity leads to decrease in
pressure drop. At a fluid velocity of 0.5 m
the pressure drop per unit length was
39849.6 Pa/m. But, at a velocity of 5 m/s,
the pressure drop per unit length increased
to 636378 Pa/m. This trend was observed
when considering the pressure drop of
different velocities of 1, 2 3 and 4 m/s as
shown in Fig. 8. This observation is in
agreement  with  the  works of
Mohammadikah ef al. (2014), Mayerhofer
et al. (2011) and Abbas (2009).

Conclusion

CFD simulation of hydrogen gas flow in a
packed bed was successfully carried out
using ANSYS Fluent package and effect of
particle size, porosity and fluid velocity
parameters on the pressure drop profile
investigated. The  simulation results
compared favourably with the theoretical
data obtained using Ergun’s equation. CFD
results revealed that particle size and
porosity were observed to be inversely
proportion to the pressure drop of hydrogen
gas flow in a packed bed. However, the
fluid velocity has a direct effect on pressure
drop of fluid flowing through a packed bed
system. This study demonstrates that CFD
can be effectively used to predict the
pressure drop of a fluid in a packed bed.
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