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Tortuosity and porosity are critical parameters for characterizing fluid flow in porous media. These
parameters are of paramount importance in the design of porous compact heat exchangers, packed
bed reactors, and catalysis supports; however, in the context of heat exchangers, these parameters are
generally formulated for single-phase fluid flow under steady-state conditions. However, most industrial
flows in a porous medium such as metal foams comprise of transient particle-laden fluid flow. A coupled
finite volume and discrete element method (FVM-DEM) is developed to examine transient particle-laden
Stokesian flow, particulate fouling (deposition), and fluid flow patterns in an idealized porous metal foam.
This work presents a comparative analysis of the analytical and numerical pressure drop profiles. The
solid-gas suspension in a porous media is discussed. Secondly, a new time-dependent pore-level fluid tor-
tuosity relation is established which is linked with a modified porosity-based Darcy-Forchheimer equa-
tion. Fluid disturbance attributable to the inception of particle deposition is quantified by the tortuosity
and instantaneous shift in streamline angle ratio. It is shown that the streamline angle ratio and the
meandering of fluid flow paths vary with changing porosity and tortuosity. Moreover, the Reynolds num-
ber and particle density play a critical role in the alteration of the resistance to fluid flow and permeabil-
ity which is related to the tortuosity and variation in fluid flow behaviour. The results and numerical
method serves as a steppingstone to better optimize various heat exchangers while taking into account
complex multiphase flow behaviour and the tortuous flow paths of porous structures.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Single phase fluid flow in porous metal foams

Metal foams are a class of highly porous materials that exhibit
unique thermo-physical properties such as high specific surface,
high thermal conductivity, low density, superior interfacial heat
transfer, favourable thermal and corrosion resistance, and high
permeability (Han et al., 2012). Research has shown that the fluid
tortuosity, expressed as a reciprocal of the square root of the poros-
ity (Bruggeman, 1935), of an aluminium foam is found to be
greater than 1 (Onstad et al., 2011). This result signifies that metal
foams have a strong propensity to accentuate fluid mixing and tur-
bulence, which is arguably linked to the stochastic orientation of
these highly porous structures. There is a wealth of literature
describing metal foams immersed in a single-phase incompressible
fluid. Kopanidis et al. (2010) detailed fluid behaviour through the
pores of a metal foam and concluded that specific regions of the
flow allowed unperturbed flow through the pores, whereas wind-
ing of the flow streamlines is observed in other regions. Dukhan
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(2012) analytically obtained the solution to the Brinkman-Darcy
equation by comparing it with the Bessel function. The average
fluid velocity in the foam was found to be approximately equal
to the free stream velocity for low Darcy numbers as the velocity
is invariant throughout most of the structure. Onstad et al.
(2011) used streamline displacement analysis in combination with
some post-processing with the use of an adaptive trapezoidal inte-
gration algorithm of the velocity field through an open-cell metal
foam. It was found that, at a cell Reynolds number of 840, the
transverse fluid velocity is about 20% greater than the superficial
velocity passing through the foam. However, there exists no rela-
tionship between the transverse mechanical mixing and tortuosity.
Matsumura et al. (2015) used ensemble averaging to account for
the effects of porosity and Reynolds number on the mean perme-
ability and tortuosity for fluid flow through random packs of immo-
bile ellipses. The ellipse aspect ratio has a strong effect on the
tortuosity. It is also found that the Carman-Kozeny factor
(Happel and Brenner, 1973) is not constant but depends largely
on the porosity and aspect ratio. Coletti et al. (2014) studied fluid
flow and scalar transport in lotus-type porous metals. The random
orientation of porous metals produces a significant mechanical dis-
persion effect which results in the time mean fluid streamlines to
meander in a random-walk manner (i.e. mechanical mixing). It
was inferred that the diffusivity coefficient associated with
mechanical dispersion is several times greater than the fluid
molecular diffusivity at higher Reynolds numbers.

The unique properties of metal foams make it a viable material
for various applications such as compact heat exchangers (Han
et al., 2012), heat sinks (Bayomy et al., 2016), condensers (T’Joen
et al., 2010), tubular reactors (Hutter et al., 2011) and catalyst sup-
ports in fixed-bed reactors (Giani et al., 2005). Many studies have
examined the efficacy of porous metal foam inserts for various heat
exchanger applications for the process and power generation
industries. Dixit and Ghosh (2016) experimentally examined
thermo-hydraulic behaviour of copper foams with various pore
densities and concluded that the air entering the foam at uniform
temperature exits with a spatial temperature variation. Mancin
et al. (2012) provided a comprehensive analysis of heat transfer
coefficient, permeability, and pressure drop profiles through cop-
per (Cu) foams of various porosities, number of pores per inch
(PPI), air mass flow rates, and three different heat fluxes. It was
found that the Cu-40-6.6 (40 PPI; 6.6% relative density) exhibits
about 10% lower global heat transfer coefficient than the Cu-5-
6.7 (5 PPI) sample. For all the samples, the mean wall temperature
monotonically decreases with increasing pumping fluid power, and
Cu-10-9.5 exhibits the lowest mean wall temperature whereas Cu-
20-6.7 and Cu-40-6.6 exhibit identical heat transfer performance.
Chen et al. (2015) numerically examined the performance of a dou-
ble pipe heat exchanger with and without metal foam inserts. A
major finding is that the performance factor can increase by more
than 700% albeit a high pressure drop is realised. Moreover, the
overall heat transfer performance increases by a factor of 18; how-
ever, the effects of metal foams on heat transfer diminishes for
Reynolds number commencing about 1000. Shell-and-tube heat
exchangers (STHXs) are commonly found in chemical and petro-
chemical plants. Zhang et al. (2009) examined the performance
of STHXs with helical (STHXsHB) and segmented baffles (STHXsSB)
of various helix angles. It was found that heat exchanger with heli-
cal baffles of 40� exhibit the highest performance among the five
STHXs tested. The authors emphasized that additional techniques
are required to further increase the heat transfer performance.
Metal foams have the potential to achieve that. In fact, Rad et al.
(2015) found that the inclusion of metal foam inserts in STHXs
yield improvements in the heat transfer although a higher pressure
drop is realised. Sauret and Hooman (2014) used Eulerian-
Lagrangian method to predict regions of particle deposition in ide-
alized porous metal foam heat exchangers. In this paradigm, dis-
crete granular system dynamics and the interphasial interaction
between the particles and wall-bounded Stokesian flow has been
neglected. Zafari et al. (2015) conducted a microtomography-
based numerical simulation of fluid flow and heat transfer in
open-cell metal foams. The findings divulge that a temperature
gradient attenuates the air density inside the foam, which in turn
increases the fluid flow velocity. Moreover, an increase in the
superficial inlet velocity yields an increase in the local and average
convection coefficient in the metal foam. Yang et al. (2012) inves-
tigated the heat transfer performance and effectiveness of an
aluminium-foam inserted in a tube in two different configurations:
the first configuration consists of a tube with its wall covered with
a porous medium layer, the second configuration is based on a tube
with a porous medium core. It was found that, under an equal low
range pumping power, the heat transfer performance of the second
configuration is higher than the first, whereas in an equal high
range pumping power, the first configuration is superior to the sec-
ond in terms of thermal performance. Hooman et al. (2012) studied
the impact of fouling on the thermohydraulic performance of an
idealized metal foam exchanger in the form of a simple cubic unit
cell. This idealized metal foam structure is an approximate repre-
sentation of the real metal foam structure of Bhattacharya et al.,
2002. It was found that a 15% decrease in the heat transfer from
the heated surface is prediction. However, their study assumes uni-
form particulate deposition layer which, in reality, is not valid as
fouling is inherently transient and unsteady in nature. Secondly,
impact of the foulant on the carrier fluid has not been investigated.

The major weakness of all of the above cited publications is that
the studies rationalised non-trivial heat transfer and pressure drop
characteristics of porous metal foams. The limitation of the math-
ematical models in these publications stems from the basic
assumption that the global quantitates, such as the pressure drop,
and temperature distribution, are not based on transient dense
multiphase flows which is the norm in many environmental and
industrial applications (Tian et al., 2007; Traore et al., 2015;
Tryggvason, 2010). The preceding literature review is purely based
on single-phase flows; however, there are many existing studies on
multiphase flow. However, these multiphase studies use numerical
methods that are based on assumptions such as point particle (zero
particle volume) method [Dritselis, 2017; Yao and Fairweather,
2012] where dilute flows is assumed, and particle-particle (inter-
particle) and particle-wall collisions were not taken into account.
Other assumptions include the use of the Two Fluid Model (TFM)
or Eulerian-Eulerian (EE) method to study solid-gas flows in flu-
idized beds and pneumatic conveying bends, among others (Lee
et al., 2004; Lu et al., 2011; Vepsalainen et al., 2014; Yusuf et al.,
2011); however, this method considers the solid phase as an inter-
penetrating continua like the gas phase which will not yield accu-
rate descriptors, namely, the position, velocity, and energy of
solids, of the solid phase in wall-bounded dense solid-gas particu-
late systems. The Eulerian description of particle deposition in
specific industrial applications has the numerical advantages of
speed and efficiency. Ni et al. (2014) have shown that the results
from the Eulerian particle deposition model are in good agreement
with the experimental results. Although the TFM to model solid-
gas flows incurs substantially lower computational cost than the
Eulerian-Lagrangian (EL) method, the EE method does not yield
detailed particle motion description; additionally, numerical issues
are encountered in poly- and multi-disperse particulate systems
with particles of different sizes and shapes (Zhong et al., 2016).
Indeed, the point-particle method cannot capture experimentally
observed turbulence attenuation (Eaton, 2009); what is more, fully
resolved simulations such as inter-particle, particle-wall, particle-
fluid interactions clearly highlight the significance of local flow
around particles (Eaton, 2009).
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Population balance methods (PBM) coupled with CFD are used
to predict the agglomeration, deposition, and fouling of hydrates
in industrial pipelines with hydrate-laden liquid flows (Balakin
et al., 2011, 2016). PBMs yield reasonably accurate predictions
such as agglomerate size distributions but the actual microme-
chanics and microstructure of these aggregates or interactions
between various aggregates and wall-bounded immersed surfaces
cannot be captured and fully resolved (Marshall, 2009). In other
words, these major assumptions misjudge the actual inter-parti
cle/particle-particle, particle-wall and particle-fluid transport
behaviour in dense solid-gas flows in porous media. Furthermore,
wall-proximity effect on the particle-fluid motion is indistinct.
Therefore, it remains to be seen whether an identical heat exchan-
ger performance, such as pressure drop, heat transfer performance,
and the actual solid-gas flow characteristics is observed in the
presence of multiphase flows (i.e. solid-gas flows and foulants or
any form of particulate foulant adhering to the fluid-saturated
metal foam). It is noteworthy that a robust numerical model is of
paramount importance to unravel complex solid-gas flows as a
means to mitigate particulate fouling in a plethora of engineering
applications such as compact heat exchangers, heat sinks for elec-
tronics cooling, coal-fired utility boilers, plate heat exchangers in
food industry, and membranes bioreactors.

1.2. Tortuosity and particle-fluid behaviour

Multiphase transport in porous media can erode or deposit
material thereby changing the path of fluid flow and attenuating
fluid flow resistance. This will inadvertently compromise the per-
formance of metal foam heat exchangers. To the best of the authors’
knowledge, the study of the tortuosity of a porous network and the
fluid characteristics under unsteady multiphase flow conditions for
heat exchanger applications has not been reported in the literature.
The effect of wall-bounded Stokesian fluid and particle deposits on
the topology of the fluid streamlines and tortuosity is indistinct.
Tortuosity is one such complex variable which is used to obtain
transport properties such as effective conductivity and effective dif-
fusivity of porous electrodes in lithium-ion (Li-ion) batteries
(Thorat et al., 2009). The MacMullin number (MacMullin and
Muccini, 1956), expressed as a ratio of the tortuosity to porosity,
is used to predict the effective conductivity or diffusive resistance
in separators and porous electrodes as a means to optimize li-ion
batteries. Both porosity and tortuosity could be used to characterize
thermo-fluidic properties of porous aluminium foam anodes in
direct coal fuel cells (DCFC). The relation of tortuosity is seen as
an important parameter to quantify the diffusion coefficient of
the diffusing species in porous catalyst pellets (Ghanbarian et al.,
2013). Precise knowledge of the porosity, tortuosity, and the usual
coefficient of diffusion of reactives inside catalytic pellets is essen-
tial in the design of trickle-bed reactors (Midoux and Charpentier,
1973). However, the bulk of the literature on tortuosity and its rel-
evance to thermo-fluidic properties such as diffusive resistivity is
limited to power sources applications such as batteries. Nonethe-
less, there are several tortuosity studies of direct relevance to the
chemical engineering arena such as packed beds, where the tortu-
osity, albeit difficult to obtain accurate values, distinctly charac-
terises the packing structure and media homogeneity of uniform/
non-uniform packed bed of spheres or complicated internal archi-
tecture of porous metal foams (Lanfrey et al., 2010; Ahmed et al.,
2011). Again, these are restricted to steady single phase flows.

Tortuosity is used in describing diffusion, conduction, and fluid
flow in porous configurations (Ahmed et al., 2011). The tortuosity
coefficient, expressed as a square of the tortuosity, is used to esti-
mate the Fanning friction factor and the heat transfer coefficient
of a cross corrugated chevron-type plate heat exchanger (PHE)
(Fernandes et al., 2007) albeit only single-phase flow was consid-
ered. Kuruneru et al. (2016) numerically examined particle-laden
gas flows and particulate fouling in an idealized metal foam struc-
ture for compact heat exchangers. The bulk of the discussion is
focused primarily on particulate fouling distributions in the metal
foam, together with the characteristics of solid particle deposition
in specific regions of the foam structure. There exist no indepth
analysis of the solid-gas flow behaviour and fluid flow patterns in
these porous structures. Carman (1956) defined tortuosity as the
waviness of a path in a porous media; however, in the context of
metal foam heat exchangers, one must be cognizant that the con-
strictivity of pores together with unsteady sediment transport
and multiphase solid-gas, which further obscures the pores of a
porous media, must be taken into account by means of an effective
tortuosity and effective porosity relation. Therefore, in this study, in
addition to the analysis of particle-laden gas transport and particle
deposition in porous media, the porosity, tortuosity, streamlines,
and solid–gas behaviour are quantified and used to characterize
resistance to fluid flow in porous metal foam heat exchangers in
the presence of unsteady multiphase particle-laden fluid flows.
1.3. Objectives

Numerically resolving the dynamical evolution of particle-
particle and particle-wall interactions (four-way coupling), and
particle-fluid interactions (two-way coupling) in porous media is
a challenging task and prohibitively expensive. An efficient and
robust numerical strategy is essential to decipher the underlying
mechanisms of particle-fluid transport, particulate fouling (particle
deposition), and fluid streamline patterns in porous aluminium
foams. This can be achieved with the use of a coupled finite-
volume and discrete element method (FVM-DEM) or a coupled Lat-
tice Boltzmann and discrete element method (LBM-DEM). Several
studies have harnessed LBM-DEM to examine complex particle sus-
pensions and solid-gas flows (Han and Cundall, 2013; Leonardi
et al., 2013, 2016; Zeiser, 2002); however, LBM incurs a significantly
higher computational cost than the traditional FVM method (Tong
and He, 2015). Zeiser (2002) compared the numerical accuracy of
both FVM and LBM codes (single-phase flow) in simple porous
medium and both methods yield identical solutions. Multi-grid or
algebraic multi-grid methods which are omnipresent in FVMs
damp out low-frequency oscillations and are normally applied with
complex geometries. Implementing turbulence modelling and var-
ious boundary conditions could be an issue. LBM is relatively young,
and simulating thermal simulations is not straightforward; more-
over, there is a limit in the range of densities and viscosities in mul-
tiphase and multicomponent simulations (Kruger et al., 2017), and
the difficulty in capturing solid-gas interactions in micro-gaseous
flows. Developments of the LBM are still needed in order to become
competitive with FV schemes (Zeiser, 2002).

In this study, a FVM-DEM is developed and implemented to
study dense solid-gas (multiphase) transport and particle deposi-
tion (particulate fouling) in an idealized metal foam structure at
the pore level which is discussed in Section 2. Secondly, Section 3.1
covers a qualitative analysis of the particle-fluid and particle depo-
sition characteristics coupled with analytical validation. Finally, the
fluid tortuosity, meandering of fluid paths and streamlines under
transient multiphase flow conditions is quantified in Section 3.2.
2. Computational method

2.1. Governing equations and numerical implementation

In this study, the transport of incompressible air (qf = 1.225 kg/
m3) in a porous structure laden with rigid particles is modelled by
the FVM-DEM method. The method accounts for fully resolved
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interactions between the solid, gas, and walls of the domain. The
Navier Stokes equations that govern the transport of incompress-
ible air flow in porous systems at the pore level (Narsilio et al.,
2009) are based on Eqs. (1) and (2), where ad is the volume fraction
occupied by the fluid, fluid velocity v, fluid density qf, fluid pres-
sure p, viscous stress tensor for the fluid phase s, particle-fluid
interaction force Fpf, gravitational acceleration g:

@ad

@t
þr � ðadvÞ ¼ 0 ð1Þ

@ðqfadvÞ
@t

þr � ðqfadvvÞ ¼ �rðadpÞ þ Fpf þr � ðadsÞ þ qfadg ð2Þ

The volume fraction ad is defined as the ratio of the (fractional)
volume of particle i located in a computational cellDVcwhile taking
into account the total number of particles in a computational cell kc.

ad ¼ 1�
Xkc

i¼1

Vi

DVc
ð3Þ

The fluid viscous stress tensor s for incompressible Newtonian
fluid is given by Eq. (4), where dk is the Kronecker delta and l is
the viscosity. The fluid bulk viscosity is not considered in the pre-
sent study as fluid compressibility is not considered. The particle-
fluid interphasial force Fpf is given by Eq. (5). This volumetric
particle-fluid interaction force comprises a myriad of solid-gas
interaction forces, namely, the drag force, Saffman lift force, virtual
mass force, Basset history force, and the pressure gradient force.
The inclusion of the Saffman lift force, pressure gradient force, Bas-
set term and virtual mass term showed negligible deviation in the
dynamics of the system. This is usually the case for particle-fluid
systems pertaining to small density ratios (qf/qs � 10�3)
(Afkhami et al., 2015; Hjelmfel and Mockros, 1966; Traore et al.,
2015). The dominant force is the fluid drag force and gravity force.
It is noteworthy that Eqs. (3) and (5) is applicable for both two- and
three-dimensional conditions. For the two-dimensional cases pre-
sented in this study, a pseudo three-dimensional concept is
employed (Xu and Yu, 1997).

s ¼ �2
3
lðr � vÞdk þ 2lððrvÞ þ ðrvÞTÞ ð4Þ

Fpf ¼ 1
DVc

Xkc

i¼1

fpf ;i ¼ 1
DVc

Xkc

i¼1

ðfd;iÞ ð5Þ

The transient interaction between the carrier phase and discrete
phase is enabled in order to compute the total particle-fluid inter-
action force Fpf which explicitly takes into account all particle-fluid
interaction forces exerted on a particle in a computational cell. The
equations describing solid spherical particles is given by:

mi
dVi

dt
¼ mig þ FCED þ

Xki

j¼1

FC;ij þ f pf ;i; ð6Þ

where Vi is the translational particle velocity and mi is the particle
mass. The contact force Fc between the particles and walls com-
prises the normal and tangential force; moreover, the damping
force is related to the coefficient of restitution. The reader is
referred to Tsuji et al. (1992) for the full description of the particle
contacts. The cohesive force is given as FCED, number of particles in
contact with particle i ki, and the gravitational force mig. The angu-
lar momentum is given by Eq. (7) where Ii is the moment of inertia,
Ti is the torque generated by the tangential forces, and xpr is the
rotational velocity.

Ii
dxi

dt
¼

Xki

j¼1

Ti ð7Þ
A soft-sphere discrete element method (DEM) based on a non-
linear spring-slider-dashpot model (Cundall and Strack, 1979) is
used to model the solid particles. Additionally, a linear cohesion
model is introduced explicitly to account for the cohesive forces
FCED between particle-particle and particle-wall contacts through
the cohesion energy density (Fernandez and Nirschl, 2013). This
adhesion force comprises the Van der Waals forces, electrostatic
forces, and other inter-particle forces. The DEMmethod can capture
the particle-particle and particle-wall interactions (four-way cou-
pling) unlike the Eulerian-Lagrangian method which assumes zero
particle volume. This coupled CFD-DEM method accounts for all
cohesive particle-fluid Fpf interactions which is essential in
particle-fluid systems. Particles qp = 500, 1500, 2500 kg/m3 of
50 mm diameter with a coefficient of restitution and coefficient of
friction of 0.5 (Sauret and Hooman, 2014) is injected into the porous
domain along the inlet plane. For the first time, a hybrid SIMPLE-
PISO (PIMPLE) algorithm is deployed in the numerical studies per-
taining to particle-laden gas flow in porous media to achieve
numerical stability. A generalized geometric-algebraic multi-grid
(GAMG) solver and a Gauss-Seidel smoother is used to obtain the
discretized pressure equations while a smoother symmetric
Gauss-Seidel (sGS) is used to obtain the discretized velocity equa-
tions. The DEM and CFD time-step is set to 10�5 s and 10�4 s respec-
tively. Total simulation time is 1 s. The convergence criterion is set
to 10�6 for the pressure residual and 10�5 for the velocity compo-
nents residual. The particle injection rate is set to 250 particles
per second (PPS), and particles are injected into the domain com-
mencing 0.20 s. Therefore, a total of 200 particles are injected from
0.20 s to 1.00 s. To achieve stable momentum-pressure coupling,
the following values are assigned to the PIMPLE control: 2 non-
orthogonal correctors, 2 correctors, and 20 non-outer correctors,
and a PIMPLE residual control. This coupled FVM-DEM code and
the respective numerical schemes is developed and implemented
in a C++ opensource CFD program called OpenFOAM which allows
the end-user to customize and develop very advanced CFD algo-
rithms. At the commencement of the simulation, both the particle
solver (DEM) and fluid solver (FVM) is simultaneously executed.
The data exchange at each time-step between the particle and fluid
phase is realised by simultaneously executing both FVM and DEM
solvers. The coupling between the two phases is achieved as fol-
lows: first, at each time-step, the DEM solver will relay the dynamic
information such as positions and velocities of individual particles,
in order to evaluate the porosity and the particle-fluid interaction
force in a computational cell. Afterwards, the CFD solver will use
this data to evaluate the gas flow field which computes the fluid
forces acting on each DEMparticle. Then all of these resultant forces
are imported into the DEM in order to generate motion information
of individual particles for the next time-step. The fluid force acting
on each discrete particle will act in response on the carrier fluid
from the DEM particles, thereby complying with Newton’s third
law of motion (Qian et al., 2014; Zhou et al., 2010).

2.2. Geometric configuration and boundary conditions

Weconsider laminar pore-level transport of particle-fluidflow in
a porous channel flow with porosity e of 92.92% as shown in Fig. 1.
The idealized foam structure depicted in Fig. 1 is an approximate
representation of the porosity of a real aluminium foam, sample
No. 11 (Bhattacharya et al., 2002). Bhattacharya et al. (2002) enun-
ciated that the results such as the friction factor of this idealized
or approximatemodel alignwell with experimental data of real alu-
minium foams. It is noteworthy that Calmidi (1998) used an accu-
rate representation of the real metal foam in the form of an
idealized foam structure such as the one shown in Fig. 1. Hooman
et al. (2012) and Tamayol andHooman (2011) have used a very sim-
ilar idealized theoretical model to Fig. 1 in the form of a cubic cell



Fig. 1. Schematic of the computational domains (dimensions not to scale) and
boundary conditions of the two idealized porous metal foams at the pore-level.
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model, and it was found that the results, such as the effective heat
transfer coefficient based on this simplified geometry, is in good
agreement with experimental results based on real metal foam
structures.Many other researchers have used a simplified repetitive
cubic model as an alternative to a real metal foam structure as the
latter is too computationally expensive and will yield computa-
tional complications (Dixit and Ghosh, 2016; Lu et al., 1998;
Ghosh, 2008; Bhattacharya et al., 2002). Dixit andGhosh (2016) con-
cluded the idealized model is able to accurately explain the experi-
mentally obtained temperature data. Therefore, the approximate
model shown in Fig. 1 is used in this investigation. The existing com-
puter capacitymakes simulating particle-fluid flow, using this FVM-
DEMmethod, at the macroscopic level within an idealized or a real
metal foam geometry with hundreds of ligaments and pores
(obtained via microtomography scans) extremely difficult and will
lead to exorbitant computational costs which is the norm in fully
resolved FVM-DEM or LBM-DEM methods. What is more, Zhu
et al. (2007) enunciated the inherent difficulty in using these
resolved methods for process modelling and control for very large
and complex geometries. However, the accuracy of these methods
make it suitable for fundamental research to particle technology/-
physics (Zhu et al., 2007). Optimizing the numerics for very complex
and larger 2D/3D geometries will be addressed in the near future.

Moreover, one of the main goals of this work is to quantify
streamline behaviour; as such, we use 6 obstructions to represent
the foam structure. This should be sufficient because the symmetric
nature of the problemwhile retaining the realism of a solid-gas sus-
pension. Secondly, quantifying streamline behaviour on a real foam
is extremely complex. Thus, the geometry had to be reduced to an
idealized configuration to mitigate this issue. The air velocity satis-
fies the no-slip boundary condition at the top wall and the foam
ligaments. A no-slip boundary condition is enforced at the bottom
wall in order to achieve a perceptible particle aggregate formation.
The inlet velocity of the fluid Uf is set to 0.10 m/s. A zero pressure
Table 1
Pressure drop profiles for three different meshes.

Mesh Number of nodes N (–) Global pressure drop DP (Pa)

1 757 4.29
2 1693 4.73
3 2652 4.88

Fig. 2. Computational grid of
outlet is enforced. The geometry is built using ANSYS Designer
Modeler (ANSYS v17, 2016) and the meshes are generated and
solved in OpenFOAM (OpenFOAM v3.0.0, 2015). Post-processing
of the results is achieved using ParaView (ParaView v4.1.0, 2014).
2.3. Mesh sensitivity analysis

The mesh elements of the entire geometrical object comprise of
unstructured tetrahedral mesh elements. The mesh is refined
around the vicinity of the circular ligaments. A mesh sensitivity
analysis was performed using three different grids: 757 (Mesh 1),
1693 (Mesh 2), 2652 (Mesh 3) nodes. The mesh analysis is based
on single-phase (fluid only) flow. The global pressure drop (differ-
ence between the maximum and minimum pressure values) based
on three different grids are shown in Table 1. Mesh 2 is used for our
simulation as the pressure drop discrepancy between Mesh 2 and
Mesh 3 is significantly less 5%. A schematic of the mesh is shown
in Fig. 2. A minimum orthogonal quality of 0.62 is registered.
Although successive mesh refinements observe a maximum 5%
pressure drop increase, the FVM-DEM framework does not permit
the use of an extremely low mesh cell size to DEM particle size
ratio as this will compromise solution accuracy and numerical sta-
bility. Laminar flow is considered in this study, and the pressure
drop can be considered reasonably accurate. Thus, Mesh 2 is
selected for the numerical investigation.

In the event of multiphase solid-gas flow, trial numerical results
have shown that the particle distribution patterns, pressure drop
profiles, and fluid velocity patterns are very similar regardless of
the mesh size and the quality of the mesh. This is attributable to
the simplicity of the geometric domain. Furthermore, a 1:1 mesh
cell size to particle diameter ratio or higher is assigned to prevent
any numerical instabilities whilst ensuring numerical accuracy
(Kuruneru et al., 2016). In this study, the mesh cell size to particle
diameter ratio is about 1.5:1. A maximum solid volume fraction
approximation method is enforced to nullify numerical stability
problems in the event a particle approaches the vicinity of an
obstruction where the particle size slightly exceeds the mesh cell
size; and the mass and momentum sources is distributed to neigh-
bouring cells as a means to conserve mass and energy (Wahyudi
et al., 2016). It is noteworthy that Wahyudi et al. (2016), Wang
et al. (2012) and Zhou et al. (2016) have used very similar ratios
and their numerical model has been successfully validated against
experimental data. Additionally, the PIMPLE algorithm, which is
beneficial for transient simulations (for example where the mesh
cell size is only slightly larger than the DEM particle size) on
unstructured skewed non-orthogonal meshes at acceptably high
courant numbers, stabilises numerical convergence.
3. Results and discussion

3.1. Analytical and numerical pressure drop and particle distribution
profiles

The transport of fluid through a porous medium comprises the
viscous and inertial effect which is based on the Darcy-
Forchheimer equation (Vafai, 1984):
a 6-pore configuration.
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DP ¼ lf

KF
Uf LM þ qf Fffiffiffiffiffiffi

KF
p U2

f LM ð8Þ

c1 ¼ A
36j

; KF ¼ K
c1

; F ¼ B
6e1:5m

ffiffiffiffiffi
c1

p ffiffiffiffi
j

p ð9Þ

where KF is the permeability in the Forchheimer regime, F is the
Forchheimer constant, K is the permeability in the Darcy regime,
Uf is the superficial velocity of the fluid, and LM is the modified
length of the packed porous channel or packed bed. The parameter
A connotes the Ergun constant which is taken to be 150. The con-
stant B depends on the particle roughness and is set to 1.75 for
smooth particles as this value relates to smooth particles
(Macdonald et al., 1979) which is considered in the present analysis.
In this study, as time elapses, the accumulation of particle deposits
in the porous metal foam alters the original porosity e (i.e. e? em)
and original length of the packed channel (L ? LM). ImageJ software
is used to quantify the magnitude of the modified porosity em and
packed bed length LM of the clogged channel at different time inter-
vals. To facilitate the calculation of the modified porosity em at var-
ious time points, ImageJ software is used to compute the area
covered by the deposited particles at a particular time point. The
permeability of a porous structure K is evaluated based on the
hydraulic radius theory of Kozeny Carman (Dukhan et al., 2014)
and is given by:

K ¼ e3md
2
p

36jð1� emÞ2
ð10Þ

where j is the Kozeny-Carman factor (Happel and Brenner, 1973),
dp is the particle diameter. In this study, the fluid Reynolds number
is calculated as a function of the square root of the metal foam per-
meability K as the characteristic length. Previous studies have
shown that the original Darcy-Forcheimer equation (Eqs. (8) and
(9)) miscalculates the pressure drop at very low Reynolds numbers
(O(0.1) < Re < O(10)) (Sivanesapillai et al., 2014). Variants of this
original equation and the Carman Kozeny equation are available
depending on the application (Alazmi and Vafai, 2000; Rumpf and
Gupte, 1971; Wu et al., 2008); clearly, the usage of the Darcy-
Table 2
Comparative assessment between numerical and analytical pressure drop profiles.

Time (s) em% C Deposition fraction %

0.40 92.05 1.04 6.50
0.70 78.08 1.13 45.50
1.00 76.54 1.14 68.50

Fig. 3. Time evolution of pressu
Forchheimer equation has deep theoretical and empirical argu-
ments and has been a subject of debate.

According to Table 2, the numerical pressure drop increases
with time signifying the gradual increase in particle deposition
(D.F.) in the porous medium, which in turn alters the original
porosity of the foam. The transient behaviour of solid-gas saturated
foam is quantified by the pressure drop and porosity variation,
shown in Fig. 3. A steady increase in the pressure drop is observed
while a sharp decrease in porosity is observed from 0.40 s to 0.70 s.
The deposition fraction is calculated as the ratio of the number of
particles that have settled on the bottom wall, with zero particle
velocity, to the total number of particles. Moreover, the numerical
pressure drop values for Re � 0.1 (em � 80%) align well with the
original Darcy-Forchheimer equation, thus lending credence to
the present numerical procedure. However, minimum discrepancy
is realised between the numerical pressure drop and the pressure
drop obtained by the modified Darcy-Forchheimer equation given
by:

DP ¼ 0:1
lf

KF
Uf LM þ 0:1

qf Fffiffiffiffiffiffi
KF

p U2
f LM ð11Þ

for Re < 0.1 (em < 80%). In addition, the large discrepancy between
the original Darcy equation and the numerical pressure drop is
attributable to the presence of highly irregular rectangular shaped
particle aggregates from the inlet to the first column obstruction
wall as shown in Fig. 4c. There is a scarcity of information in the lit-
erature pertaining to the validity of the Darcy-Brinkman-
Forchheimer (DBF) equations for fluid flow past irregular porous
structures for various Reynolds numbers.

Interestingly, Allen et al. (2013) concluded that the Darcy-
Forchheimer equation underestimates the pressure drop in a
packed bed of irregular shaped solid particles by a factor as high
as 5. It was argued that the packing arrangement and shape have
been at play in miscalculating the pressure drop. This highly irreg-
ular packing arrangement together with a low fluid Reynolds num-
ber at low porosities is arguably linked to the discrepancy of the
pressure drop. A similar motif is discussed by Allen et al. (2013).
A comparable observation is observed at 0.70 s and 1.00 s, as
DP (Numerical) DP (Eq. (8)) DP (Eq. (11))

4.88 5.37 0.54
5.74 54.27 5.43
6.37 60.94 6.09

re drop DP and porosity em.



Fig. 4. Snapshots of particle-laden gas flows from 0.40 s to 1.00 s. Direction of flow
from left to right.
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shown in Table 2, where the original equation miscalculates the
pressure drop by a factor as high as 10. It is worth noting that this
trait is prevalent in the 6-pore configuration with very low Rey-
nolds number (Re < 0.1) and low porosity em. The fluid tortuosity
C is given as a function of the porosity e of a particular configura-
tion as per the Bruggeman relation (Bruggeman, 1935):

C ¼ e�0:5
m ð12Þ

The existing literature on the permeability relationship (Eq.
(10)) is invariably given as a function of the porosity. Hereinafter,
a new form of the Carman-Kozeny equation between the perme-
ability K and the tortuosity of the fluid flow in porous media C is
proposed by harnessing the Bruggeman relation. So, substituting
Eq. (12) into 10 yields:
Fig. 5. Fluid streamlines at 0.40 s (top
K ¼ ðC�2Þ3d2
p

36jð1� C�2Þ2
ð13Þ

This new relation explicitly takes into account the meandering
or waviness of the path in a porous media. This relationship shows
that, for a constant particle diameter dp and Kozeny factor j, as the
modified porosity em decreases with time, the permeability K
decreases with increasing tortuosity of the fluid C, as shown in
Table 2.

The transient evolution of particle-fluid gas flows and particle
deposition from 0.40 s to 1.00 s is shown in Fig. 4. The original
porosity e of the metal foam and pore-level fluid tortuosity C var-
ies with time due to the presence of deposits. Particles with a zero
velocity infer an idle or deposited particle in the foam structure.
The temporal development of particle aggregate height varies
non-uniformly with elapsed time. Moreover, a 17.6% reduction of
foam porosity em is realised at 1.00 s where the metal foam is par-
tially clogged. Gravitational sedimentation is the primary mode of
solid particle transport. As time elapses, particle deposits engulf
the metal foam cylindrical ligaments, which artificially accentuates
the ligament surface roughness. Particle-particle interactions
become more profound as the number of deposited particles
increase. Commencing approximately 0.70 s, the deposited parti-
cles have a strong influence on the motion of the fluid near the
vicinity of the deposited particles, in particular from the inlet plane
to the first column obstruction walls. Large swathes of deposited
particles are located along the bottom wall from the inlet plane
to the first row obstruction walls. The continuous accumulation
of deposited particles results in a heightened pressure drop.
3.2. Unsteady particle-laden fluid and fluid flow analysis

Having concluded the numerical analysis of particle-fluid flow,
particle deposition, and quantitative analysis of pressure drop, we
now turn our attention to the shift in the position of the fluid
streamlines. This is quantified by the tortuosity and the streamline
angle, the latter of which will be explained in the subsequent para-
graph. The computation of these two parameters provides an
insight into the resistance to fluid flow and the tortuosity based
on various foulant densities and fluid Reynolds number. Moreover,
) 0.70 s (middle) 1.00 s (bottom).



Fig. 6. Air velocity magnitudes along (a) J1 (b) J3 (c) J2 at three time intervals.
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the numerical values of the streamline angle and tortuosity values
permit the calculation of permeability at any time point. The
streamlines depicting bounded fluid flows are shown in Fig. 5.
The direction of flow is from left to right. The solid particles have
been deliberately removed for the sake of clarity. The dashed rect-
angles highlighted in Fig. 5 denote the location of deposited parti-
cles immersed in a quiescent fluid environment. As time elapses,
the fluid void fraction decreases significantly and the disturbance
in fluid streamlines, connoted by a substantial change in the fluid
velocity profiles around obstructions A & B, is clearly observed in
Fig. 5. Consequently, the maximum air velocity located above the
obstruction A increases from 0.42 m/s at 0.40 s to 0.58 m/s at
1.00 s.

The magnitudes of air velocity along three separate regions are
discerned by the dashed lines J1, J2, and J3, as shown in Fig. 5. Fluid
velocity profiles are extracted based on three different time inter-
vals and presented in Fig. 6. The difference between the maximum
air velocities between any two time intervals is highest at J3. This is
linked to the presence of deposits along the bottom wall. A close-
up of the fluid streamlines and fluid velocity contours pertaining
to obstruction surfaces A and B at 0.40 s and 1.00 s (Fig. 5) is illus-
trated in Fig. 7. Bubble layer separation was not observed in our
simulations. An interesting observation is the change in the angle
of the incoming streamline and the transient meandering of
streamlines, which is denoted by a red1 dashed line directed
towards the point of stagnation on the obstruction surfaces A and
B. This instantaneous shift will be assigned as the streamline angle
U and the change in the streamline angle between the two time inter-
vals is denoted as !, namely:
1 For interpretation of color in Fig. 7, the reader is referred to the web version of
this article.
!u ¼ Uu;1 �Uu;2 ð14Þ
where u is assigned as either obstruction A or B as shown in Fig. 7. A
high !u connotes a reduction in the original porosity from e to em of
the configuration and change in tortuosity C because of the pres-
ence of particle deposits. Consequently, the tortuosity of fluid flow,
between regions J1 and J2, increases as shown in Fig. 7 (right). This
alters the waviness U of the porous media and decreases the perme-
ability as per the newly derived Carman-Kozeny equation, given by
Eq. (13). The magnitude of !u is contingent on the bulk fluid viscos-
ity, particle concentration density within the vicinity of the obstruc-
tions, and the solid particles’ physical properties such as the
porosity. A notable shift in the streamline angle is observed in
obstruction B as a direct consequence of the presence of solid
deposits along the bottom wall, which in turn alters the streamline
angle around obstruction A.

The streamlines become progressively convergent as they
approach the obstruction surface where a maximum fluid velocity
is localized at the top of the obstruction surface A as shown in Fig. 7
(right). The streamline angle ratio RSA is defined as the ratio of the
streamline angle of obstruction surface B to that of A at a given
time. RSA has been calculated from 0.1 s to 1.0 s and is denoted
by circular markers (Uf = 0.10 m/s) and cross markers
(Uf = 0.15 m/s). According to Fig. 8a, the relationship between RSA

and time t for the Uf = 0.10 m/s case is given as:

RSA ¼ 2:92t2 � 1:30tþ 1:09 ð15Þ
Likewise, the streamline angle ratio is plotted against the fluid

tortuosity based on a time interval 0.1–1.0 s as shown in Fig. 8b.
We must emphasize that, at Uf = 0.10 m/s, the fluid tortuosities at
0.1 s, 0.2 s, and 0.3 s yield identical streamline angle ratio because
a negligible change in the original porosity (e = em) is observed.
From Fig. 8b, the relationship between RSA and C at Uf = 0.10 m/s
can be written as:



Fig. 7. Fluid velocity contours and variation in the streamline angle between 0.40 s (left) and 1.00 s (right) on the obstruction surfaces A and B.

Fig. 8. Least squares fitting of (a) streamline angle ratio with time and (b) streamline angle ratio with tortuosity for two inlet velocities Uf = 0.10 m/s and 0.15 m/s.

Table 3
Time evolution of streamline angles RSA and tortuosity U for particle density.

Uf (m/s) Time (s) RSA
1

C1 RSA
2

C2 RSA
3

C3

0.10 0.40 1.000 1.037 1.000 1.038 1.000 1.042
0.10 0.70 1.000 1.037 1.127 1.045 1.852 1.125
0.10 1.00 1.647 1.044 2.022 1.057 2.599 1.143

0.15 0.40 1.000 1.037 1.000 1.038 1.000 1.037
0.15 0.70 1.000 1.037 1.115 1.042 1.000 1.037
0.15 1.00 1.000 1.037 2.004 1.062 1.800 1.057

1 qp = 500 kg/m3.
2 qp = 1500 kg/m3.
3 qp = 2500 kg/m3.

S.T.W. Kuruneru et al. / Chemical Engineering Science 172 (2017) 677–687 685
RSA ¼ 186:69C2 � 392:40Cþ 207:17 ð16Þ
Utilizing Eqs. (15) and (16), an expression for the time depen-

dent fluid tortuosity can be obtained as

2:92t2 � 1:30t ¼ 186:69C2 � 392:40Cþ 206:08 ð17Þ
The streamline angle ratio RSA exhibits a monotonic behaviour

with both time and pore-level fluid tortuosity as shown in Fig. 8
for both Uf = 0.10 m/s and 0.15 m/s. At Uf = 0.10 m/s, the tortuosity
profile displays a quasi-steady behaviour from 0.10 s to 0.60 s, after
which a sharp increase in the fluid tortuosity is observed from 0.6 s
onwards.

The precipitous deviation from a quasi-steady behaviour for a
Newtonian fluid at 0.6 s to a heightened change in streamline angle
and fluid tortuosity signifies a high particle concentration density
around an obstruction surface(s), for instance, zone 1 depicted in
Fig. 5. The sharp increase in deposition fraction in zone 1 between
0.6 s and 0.8 s yields an acceleration effect of the fluid flow within
the vicinity of obstructions A and B, thereby generating a sharp rise
in the streamline angle and maximum fluid velocity. According to
Fig. 6a, at Uf = 0.15 m/s, a higher particle deposition rate is realised
commencing at 0.80 s and consequently shifting the streamline
angle. Thus, the transient progression of particle deposition
increases RSA and C, shown in Fig. 8. This episode decreases the
permeability, according to Eq. (13), which is manifested by a high
particle concentration. It should be noted that an RSA of 1 signifies
no change in the position of the fluid streamlines, and a U value of
1.037 corresponds to the tortuosity of the porous geometry with-
out any deposited particles.

Interestingly, according to Table 3, our results show that for rel-
atively lighter particles (qp = 1500 kg/m3), RSA and C are unexpect-
edly similar for Uf = 0.10 m/s and Uf = 0.15 m/s even though a 9%
variation in D.F. is registered. Our observations indicate that the
frequency of collisions between particles and obstacles A & B are
slightly higher for the 1500 kg/m3 particles than the 2500 kg/m3

particles, which in turn amplifies sedimentation and the amount
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of deposition along the bottom wall from the inlet to obstacles A &
B. This explains the near identical RSA and C for the 1500 kg/m3

particles irrespective of Uf. The 500 kg/m3 particles exhibit a
noticeable shift in RSA and C commencing at about 0.85 s for
Uf = 0.10 m/s which is sensibly identical to Fig. 8 for qp = 2500 kg/
m3 for Uf = 0.15 m/s, whereas the streamline angles remain invari-
ant with time for Uf = 0.15 m/s. A critical RSA/U ratio exists for all
cases shown in Table 3 where the deposited particles alter the
position of the fluid streamlines. For example, the meandering of
the fluid streamlines corresponds to a critical RSA/U ratio of 1.646
at 0.70 s for the case with qp = 2500 kg/m3 for Uf = 0.10 m/s; con-
versely, although there exists a small amount of deposited particles
at 0.40 s, the position of the fluid streamlines remained invariant.
The invariance of RSA and C with Reynolds number is confined
for the intermediate particle-fluid density ratio at 1500 kg/m3.
Interestingly, the result of this ratio along with the other two
(500 kg/m3 and 2500 kg/m3) signifies that evaluating the maxi-
mum heat transfer coefficient would be very useful to quantify
the potentially varying degrees of competition among particle-
wall conduction and particle-fluid convection in porous media.

The RSA and U values are used to characterize the resistance to
fluid flow as a result of the constriction of both the geometry’s cir-
cular ligaments and the blockage of these ligaments because of the
accumulation of deposited particles. A heightened curvature RSA

and U connotes fluid resistance, in the form of a high pressure drop
and increased waviness, caused by the clogging of the porous
media by the discrete particles. These parameters serve as the basis
for better optimizing various compact porous media heat exchan-
ger applications such as foams, fins, tubular bundles, microchan-
nels with ordered cylinder arrays, porous catalysts and electrodes
by realigning or restructuring any porous media geometrical
parameter such as the pore diameter, wall thickness, among
others. The numerical values of tortuosity and streamline angle
shown in Table 3, together with Eqs. (16) & (17) permit the compu-
tation of the foam permeability or fluid resistance (Eq. (13)) at any
given time point. The results presented in Table 3, such as a varia-
tion in RSA and C, correlate to a change in fluid flow velocity and
pressure drop variation. These results could be used for unravelling
complex solid-gas behaviour in turbulent flows and deciphering
the time evolution of tortuosity in porous structures using pore-
level LES-DEM type simulations. The streamlines and its corre-
sponding field variables such as RSA and C could be used to visual-
ize and understand various flow patterns in various porous media
configurations based on various particle-fluid properties and Rey-
nolds numbers. This could pave the way for deeper insight into
the stability and transition of the wavy flow solid-gas or any other
form of multiphase transport in porous media. The evaluation of
the streamline angle ratio yields as estimate of the foam porosity,
consequently giving the end-user information about the perme-
ability. The existing literature lacks experimental studies on
solid-gas flow in porous media. However, the present numerical
results will serve as a steppingstone to advance existing single-
phase transport laboratory experiments to account for multiphase
transport. This could be accomplished with the use of an advanced
particle image velocimetry (PIV) technique. This technique will
decipher the various mechanisms governing the mixing of materi-
als of two or more phases at a various Reynolds numbers.
4. Conclusion

A coupled FVM-DEM method is developed to examine pore-
level particle-fluid transport and the evolution of tortuosity of an
idealized porous metal foam structure. A new time-dependent
pore level fluid tortuosity relationship together with a modified
porosity-based Darcy-Forchheimer analytical equation is devel-
oped. The numerical pressure drop values for em�80% align well
with the analytical pressure drop values obtained from the
Darcy-Forchheimer equation whereas the modified Darcy-
Forchheimer equation aligned well with numerical pressure drop
values for 50% � em < 80%. Particle deposition alters fluid flow
behaviour (RSA), augments tortuosity U, and decreases the perme-
ability as per the newly derived Carman-Kozeny relation. It is
observed that the tortuosity is dependent on the solid-gas physical
properties and flow Reynolds number. The streamline angle and
tortuosity results provide an insight into the dynamical evolution
of the solid-gas interactions, fluid flow patterns, and the perme-
ability or resistance to fluid flow in the presence of a secondary
phase. The results, together with the deployed numerical method,
will serve as a steppingstone to optimize porous media geometri-
cal configurations for the purposes of heat transfer enhancement,
fluid mixing, and fouling alleviation. It could provide insight into
the non-isothermal particle-fluid mixing in porous media at vari-
ous Reynolds numbers. Moreover, this investigation could serve
as the basis for examining unsteady multiphase transport in vari-
able porosity media (Alazmi and Vafai, 2000). Further research is
warranted to optimize the numerics for macro-scale simulations
of particle-fluid flow such as particle clustering and turbophoresis.
The numerics could be used and further developed to extend var-
ious chemical engineering studies such as bubbling fluidized beds,
gas-solid slurry transport, transport of solid-gas and reactants,
fixed-bed reactors, and biomass gasification.
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