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A B S T R A C T

This study experimentally investigates particle transport and deposition processes in a partially filled channel
with an open-cell metal foam. Various blockage ratio (a ratio of foam height and channel height) in range of
0.05–0.39, and pore density (10 and 30 PPI) were used to determine the effects of the foam microstructure and
exterior shape on the propensity of particulate fouling. In-situ observations were conducted using a high-speed
camera to determine the particle trajectory and velocity in the partially filled channel. Result shows a complex
transport and deposition process, which is significantly influenced by the particle size and pore diameter. If
merely considering the exterior shape of the foam, a higher blockage ratio causes more deposition in the up-
stream region. While, a low blockage ratio causes more deposition on the top surface of the foam block, re-
gardless of pore density. These results demonstrate that the foam arrangement and heights play primary roles in
influencing the preferential deposition areas, which is originally associated with flow behaviours in the partially
filled channel. Interestingly, the foam microstructure not only blocks and traps the flowing particles, yet causing
the breakage of particle clusters. These particles either disperse within the incoming flow or cause more de-
positions on the foam surfaces. The build-up deposits would increase the pressure drops, as expected, but the
effects of pore density become insignificant over time.

1. Introduction

Open-cell metal foams are highly porous materials consist of inter-
connected ligaments and randomly distributed voids. The ligaments
made of highly conductive materials (e.g., aluminium or copper) allow
conduction heat transfer, while interfacial convection happens when
the fluid flows pass through the voids or pores. By offering different
modes of heat transfer, the open-cell metal foams show a tendency to
overwhelm the existing heat exchanger thermal performances. They
have been studied as a potential replacement to various heat ex-
changers in the industries such as exhaust gas recirculation (EGR)
cooler [1], tube-in-tube counter-flow heat exchanger [2], inserts of tube
heat exchanger [3] and annulus [4]. Many studies [5,6] have discussed
the excellent thermal performance of open-cell metal foam heat ex-
changer under a clean environment, which is attributed to its high
thermal conductivity material and complex pore-ligament construction
that provide large heat transfer area per unit of volume and excellent

flow mixing.
Alternatively, the metal foam microstructures that offer tortuous

flow path [6] and acting as turbulence promoters [7] might be able to
(i) reduce fouling from particle re-entrainment or (ii) increase fouling
rates from turbulence impactions. To explore these possibilities, the
metal foam performances are investigated further under a fouled con-
dition such as exhaust gas recirculation system [1,8], and air-cooled
heat exchanger [9–11]. Until recently (2018), most of the published
literature on the fouling of metal foam were performed numerically
[9,11–13] and analytically [7,14]. While, the existing experimental
studies [8,15,16] focused on pressure drop effects, thermal effective-
ness and thermal resistances. There is also an attempt to understand
fluid-particle physics and the propensity of fouling for the complicated
foam microstructures by applying an idealized porous media [17].
However, to the best authors’ knowledge, this is no published literature
of particle deposition and fouling processes using a real open-cell metal
foam. Due to its complicated structure, a thorough experimental study
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is required to understand the underlying mechanisms of fouling in de-
tails.

Muley et al. [1] in their study on the metal foam as an alternative to
a conventional wavy plate-fin heat exchanger in the EGR application
found that the foam could have better thermal effectiveness but at the
expenses of high pressure drop. The authors also suggested for further
investigations under a fouled condition, as the inherent random cell
structures of the metal foam may susceptible to fouling. However,
Hooman and Malayeri [8] positively argued that an appropriate foam
design could achieve a superior thermal performance at a reasonable
pressure drop as compared to no-foam cases. They found that the low
pore density foam; 20 PPI would have a higher pressure drop than 40
PPI foam, before reaching a similar value after four hours soot injection.
While, a thicker foam (foam height, h= 4mm) showed a higher pres-
sure drop than 3mm foam after two hours exposure. Besides, they
found the heat transfer of the same PPI foams with different heights
remain the same, but the 20 PPI foam would perform better than 40 PPI
foam. Odabaee et al. [9] used ANSYS software to model a uniform
deposition layer on a metal foam-wrapped tube bundle. Their result
shows that the pressure drops of the fouled metal foam would increase
up to 44% as compared to its clean condition even with only 0.01mm
deposition thickness. However, the remarkable increments of thermal
resistances were seen only with a higher deposition thickness, e.g., 0.1
and 0.2 mm, regardless of inlet velocity from 1 to 7m/s. Hooman et al.
[7] considered a cubic cell model in investigating the effects of particle
deposition in a metal foam heat exchanger. Their result shows that the
pressure drop of a fouled metal foam increased up to three-order
magnitude higher than its clean condition, evidently with the high pore
density foam. The authors [7,9] stated that the dominant mechanisms
in their studies are the gravitational force and inertial impaction be-
cause of the large particle size (10–400 µm) and the existence of liga-
ment restrictions. It is also worthy to note that even though their studies
assumed a uniform distribution of particle deposition, they have also
suggested a requirement for further investigations as the nature of the
metal foam itself may impose continuous changes of pressure, velocity
and temperature profiles.

Like Odabaee et al. [9], Sauret et al. [10] also numerically studied
the particle deposition on a single-row metal foam-wrapped tube
bundle based on the same geometry of a real metal foam [18]. How-
ever, Sauret et al. [10] injected 5000 soot particles (ρ=2000 kg/m3,
10 µm≤ dp≤ 250 µm) rather than assuming a uniform particle de-
position. The authors applied a Lagrangian particle-tracking model and
considered the possibilities for the particles to rebound and stick to the

tube wall. The result shows that the heat transfer coefficient decreases
with the increase of pore density (5–50 PPI), but showing different
values at the front tube (up to 15W/m2 K) and rear region (3.0W/
m2 K). Consequently, a higher deposition and particle volume fraction
were observed at the front tube as compared to the rear region. Also, a
large recirculation zone and weak backward velocity at the rear region
are also additional factors that cause difficulty in carrying the particles
back to the rear wall. Sauret et al. [13] extended their study [10] by
investigating the effects of different particle size distribution and pre-
ferential particle deposition area in the same foam configuration. Si-
milarly, more particles deposit in the front region and only small par-
ticles (dp < 20 µm) deposited in the rear regions. They also found most
of the particles trapped within the porous structure, rather than moving
towards the tube wall.

It is worthy to mention that Kuruneru et al. [11,19–21] have re-
ported most of the fouling studies on the metal foam heat exchangers.
However, their works mostly involved numerical approaches or ex-
periments with idealized metal foams. The proposed idealized metal
foams were made of an arrangement of several cylinder and square
shape to mimic porous channel. Unfortunately, these idealized foams
are not representing the real complexity of the foam microstructure.
However, this approach is more feasible, considering the possibility of
structure damage due to the deposited particles and high cost speci-
mens for repeating experiments. For example, Kuruneru et al. [19] in-
vestigated 500 µm wood-dust deposition in five idealized porous
channel configurations with different porosities, ɛ from 72 to 93%.
Their result shows that the deposition could be increased by decreasing
the porosity. They also found a higher particle deposition at the leading
edge of obstacles (idealized ligaments) than the trailing edge. They
stated that the inertial impaction is more profound at the leading edge
as compared to the gravitational effects. Also, their numerical result of
velocity vector using ANSYS Fluent agrees with the preferential de-
position areas in the experiment. In another study, Kuruneru et al. [20]
used OpenFOAM software and soft-sphere discrete element method to
study the transport mechanisms of the sandstone and sawdust
(dp =35 ± 10 µm) in circular obstructions (ɛ=0.9). The sandstone
particles show a higher deposition fraction and pressure drop, while the
sawdust deposition is insignificant and could be neglected. Their nu-
merical pressure drop shows a good agreement with a modified Darcy
equation. The inertia and gravitational sedimentation are the dominant
mechanisms for the high density particle; sandstone, while particle
interception is more profound with the sawdust because of its lower
inertia.

Nomenclature

D diameter (m)
D50 50% of the particles in the sample > dp

dp average particle diameter (m)
f# lens f-number
FOV field of view
fps frame per seconds
h foam height (m)
H channel height (m)
h/H blockage ratio
k thermal conductivity (W/m·K)
L pressure taps distance (m)
Lf foam length (m); Lf= 0= leading edge
lpm litre per min
N number of sample size
ΔP pressure drop (Pa)
PPI pore per inch
Re Reynolds number
ROI region of interest

t recording duration (s)
u velocity (m/s)
uo inlet velocity (m/s)
u average velocity (m/s)
wf foam width (m)
x streamwise position (m)
X FOV streamwise length (m)
y transversal position (m)
Y FOV transversal length (m)

Subscripts

p particle
Dh hydraulic diameter (m)

Greek symbols

ɛ porosity
ρ density (kg/m3)
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Kuruneru et al. [21] used a finite volume method and discrete ele-
ment method (FVM-DEM) to study fouling on an array of a circular
cylinder. They assumed a laminar and isothermal condition, where only
drag and gravitational forces were considered as the transport me-
chanisms for 50 and 70 µm particles. The result shows no deposition for
the smaller particles, regardless of the injection rate, while the larger
particles tend to clog the pores. A higher injection rate causes more
clogging within the porous structure, particularly for 70 µm, which
results in a lower porosity than 50 µm. The findings show that the de-
position fraction and pressure drop increase linearly, and they justified
the variation of data over time due to fouling layer thickness and sur-
face area of the particle itself. Using idealized Weaire-Phelan metal
foam geometry, Kuruneru et al. [11] attempted to model a real metal
foam. The findings show only the pressure drop at low inlet velocity
(uo < 1.0m/s) is successfully modelled through this method. They also
assured that regardless of different porosities (ε=0.95 and 0.98) and
ligament thickness (0.09 and 0.17mm), the foam microstructures are
always susceptible to fouling.

Due to its complex pore-ligament construction, there is disagree-
ment about using this kind of heat exchanger under a fouled condition
[1,8]. However, the feasibility of open-cell metal foam heat exchanger
with particle-laden flows must be examined thoroughly, especially due
to the existence of secondary and mixing flows in the partially filled
channel with open-cell metal foam [22]. These mixing flows at the
interface and inside the porous structure may cause particle detachment
and lesser deposits within its structure. Therefore, understanding the
underlying mechanisms of the fouling in the porous structure is im-
portant to come out with a proper foam design. This experimental study
aims to shed light on the particle transport and deposition processes in a
partially filled channel with metal foam through in-situ observations.
This includes the determination of particle preferential deposition area
in that configuration. The fouling effects on the pressure drop perfor-
mance are also determined. This study focuses on the influence of foam
itself, while the other contributing factors, e.g., inlet velocity, tem-
perature gradient, and particle injection rate are kept constant.

2. Experimental setup

2.1. Test rig and measurements

A series of experiments were performed in a small blown-type wind
tunnel, consists of (1) blower, (2) heater, (3) particle injector (4) test
section (5) filter and (6) flexible exhaust duct as shown schematically in
Fig. 1. The ambient air was sucked through the blower, to pass through
the heater and the settling chamber before entering the test section. The
test section size is 0.078m (H)×0.10m (W)×0.35m (Lc), which is

partially filled with an open-cell metal foam block (Fig. 2). The test
section walls are made of transparent glass (Quartz) that provide op-
tical access to the flow. The inlet air velocity is set to 6.2 m/s by
downsizing the size of the inlet tube using a gauge valve [23] with the
Reynolds number (ReDh) of an empty channel is 36,000. Accordingly,
the experiments were conducted in a turbulent flow. The details of the
wind tunnel can be found in [24]. A fouled condition was created by
injecting solid particles (see Section 2.2) at 1.67×10−5 kg/s using a
vibratory feeder (Fritsch – Laborette 24). To make sure the particle can
be dispersed uniformly across the partially filled section, the particle
injector is positioned about 1.0 m far away from the test section, right
before the settling chamber. The injected particles travelled from the
beginning of the settling chamber and passed through the test section.
Some of them could be caught in the filter at the end of the exhaust
duct, while the others may deposit on the neighbourhood surfaces, e.g.,
foam block and test section/channel walls.

The most difficult task in conducting the fouling experiment is to
repeat the same experiment multiple times due to massive time and cost
consumptions. For this purpose, the settling chamber and the channel
are purposely made of glass material. It is also designed to be easily
dismantled, with an opening on the top wall of the test section. These
designs allow us to clean all the particles in the settling chamber and
the test section before conducting repetitive experiments. Three re-
petitive experiments were conducted for the highest and lowest
blockages. A new foam sample was used in each experiment. However,
it is important to note that it is impossible to have the first deposition
on the same place within the porous structure. However, taking into
account the whole deposition processes under the same operating
conditions, the particle preferential deposition areas are still the same,
regardless of the blockage ratios. Also, the statistical analysis to ensure
the repeatability of the experiments was conducted in term of pressure
drop comparison, with less than± 6% deviation is found between those
three repetitive experiments at the maximum injection period,
t= 240min.

A high-speed camera (Phantom v2011) was used to follow and
study the particles movements when they were crossing the test section.
Using the camera with Nikon mount lens (f= 50mm, and maximum
aperture, f/2.8), video recordings were acquired at 10,000 fps, with a
resolution of 1024× 768 pixels and exposure time of 30 µm. The re-
cordings capture the particle movements over a two-dimensional plane
of 0.195m×0.070m field-of-view that is perpendicular to the camera
position (located at one side of the test section). The camera was con-
nected to a host computer, and Phantom Camera Control Software
(PCC) was used to control the camera operation. Two multi-LED lights
were mounted from both sides of the camera to obtain a clear view
inside the test section. In this study, the particle movements are

Fig. 1. Test rig with high-speed camera setup.
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expected to be primarily one-dimensional, following the main flow
direction [25]. A short period of recordings (less than 30min) was
considered to avoid visual restrictions due to deposition of particles on
the walls.

A refrigerated circulator (Julabo F25) was used to circulate coolant
(50:50 water/ethylene glycol; 20 °C) in a closed loop at the bottom of
the foam block to cause a thermophoretic deposition. The air gaps be-
tween the foam and aluminium manifold were eliminated by applying a
thin layer of thermal conductive silicone paste (Omegatherm-201;
k=2.3W/mK). The heater (3.0 kW) was also operated to increase the
flow inlet temperature, Tair,in from room temperature to 60 °C. All
thermocouples (Type-K) were connected to a data logger (Omega
RDXL8; accuracy:± 0.5 °C). The particles were only injected after a
steady state has been reached. It is when the temperature readings did
not vary more than 0.5 °C during five-minute intervals. This took ap-
proximately 20–30min depending on the flow velocity. Besides the in
situ observation experiment, this study also conducted pressure drop
measurements to understand the effects of fouling over time. Pressure
taps (Sensirion, SDP-600 series; accuracy:± 3%) were installed at the
upstream and downstream of the foam block (L= 0.25m). The mea-
surements were taken at 30-minute intervals up to 240min. The data
are presented as a normalized pressure drop, ΔPfouled/ΔPclean, which is
defined as pressure drop time-dependent values divided by the pressure
drop under a clean condition. The pressure drop data under the clean
condition is obtained from our previous study [22].

Ideally, a very long period experiment or an asymptotic fouling
condition could not be used to distinguish the effects of a porous
structure. Furthermore, the foam structures are expected to be com-
pletely covered with the particles, as found in [16]. In that case, un-
derstanding the morphology of the outer deposits layers is more im-
portant, instead of what buried inside for any possibility of mitigation

and re-entrainment. Nevertheless, the present study was also conducted
with the aims to determine the particle preferential deposition areas
from the beginning of the fouling process and monitoring the process of
particle removal, if there is any. The recorded videos are imported, and
the particle size, trajectory, and velocity through those three regions;
ROI 1, 2 and 3 (see Fig. 2(a)) are determined using Trackers software.
This study considered the upstream (ROI 1) and downstream (ROI 3)
regions are about 0.02m and 0.07m from the leading and rear edges of
the foam block, respectively. These limited distances provided an ac-
ceptable resolution to obtain more accurate data, e.g., the particle size
and particle travelled distance. The partially filled section (see
Fig. 2(b)), where a foam block was positioned is called as ROI 2 in this
study.

Note that, one of the main uncertainties in using the high speed
camera is particle-position uncertainty [26], which would affect the
results of particle trajectory and velocity. This study calibrated the
video recordings/images using an image of a known object dimension
[25]; a millimetre-ruler in this case. The image was used to determine
the representative length of a pixel. The analyses were started with the
adjustment of image sequences’ brightness and sharpness to clearly
identify individual particles. The two-dimensional velocity was also
calculated based on the difference in a particle’s position in two con-
secutive video frames, divided by the time interval between the frames.
At least 100 particles were analysed for a statistical determination of
the average particle velocity [26]. This study attempts to understand
the effects of upward flow from the high blockage ratio and high PPI
foam [24] on the particle velocity in the free stream region. In that case,
Lf= 0.030m is selected as a reference point. This study used an
average sample size, N=50 for every 0.010m increments in the
transverse direction. Also, the maximum uncertainty of the particle
velocity is± 1.2 m/s when using propagation of errors for those data

Fig. 2. (a) Cross-section of the test section with three ROIs (b) Partially filled section with a foam block - ROI 2.

Fig. 3. (a) Particle size distribution in range of 0.5–8.0 µm [27] and (b) SEM image of CaCO3.
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obtained between two frame rates [26]. For a better understanding of
the particle transport, some overlapping trajectories are purposely
omitted, presenting only the average size particles of 300, 500 and
700 µm (±100 µm), up to 20min time frame.

2.2. Foulant and metal foam properties

This study used calcium carbonate (CaCO3) to investigate the par-
ticulate fouling in the porous structure. These particles were chosen
because of its ready availability and it poses neither health nor explo-
sion hazards. Their speckling and brightness features also match the
grayscale images of the high-speed camera. They were supplied by
Omya Australia Pty. Limited [27] and their particle size distribution,
and SEM image are shown in Fig. 3(a) and (b), respectively. Based on a
cumulative percentage, the particle size is ranging from 0.5 to 8 µm
with the mean diameter, dp is 1.8 µm (D50) [27]. However, it was
noted during experiments the particles can easily agglomerate as
moving through the particle feeder and the settling chamber. Our on-
line data (video recordings) shows a larger particle size distribution in
the air motion, up to 700 ± 100 µm. These equivalent particle sizes
were determined from their projected area diameter [28] in the two-
dimensional plane. For the sake of simplicity, the particle shape was
assumed spherical, where the effects of particle polydispersity and ir-
regularities (Fig. 3(b)) are neglected in this study.

Note that there are also fine particles in the test section. However,
quantitative analyses are difficult because of their low intensity and
brightness in the video recordings. The fine particles were assumed to
accurately follow the fluid streamlines while the other particles with
their sizes in between 100 and 800 µm were characterized to determine
their trajectories and velocities. The widely dispersed particle size is
required in this study to suit the randomly distributed pores, different
pore diameters up to 2.5mm and very small ligament diameters (up to
6 times smaller than the pore diameter). In addition, our in-situ ob-
servations were conducted to investigate the deposition processes in the
porous structure of the metal foam block and its outer region. The metal
foams were purchased from China Beihai Building Material Co., Ltd.
[22], with the details in listed in Table 1. In this study, different pore
densities (10 and 30 PPI) were used to investigate the influence of
porous structure on the propensity of fouling.

3. Results and discussion

The particle trajectories would be helpful in identifying the particle
preferential deposition area in the partially filled section. The results
show popular pathways for different size particles, which are more
likely to deposit once come into collision with the foam block. The
dominant deposition mechanisms can be also determined based on the
particle trajectories. The high inertia particles are expected to stay on
their original direction. While the particles that move toward the
channel floor may experience significant gravitational influences. As
the deposition layer is increasing with the particle injection, the pres-
sure drop performances will be affected. Thus, the pressure drops of the
partially filled channel are also presented in this study.

3.1. Particle trajectories and velocities

As expected, there are fewer particles found in the regions close to
the top wall. Thus, this study combined at least 50 particles (of the same
size) from adjacent transverse positions to have a statistically sufficient
database [29]. The particle trajectories over the two-dimensional
planes along the partially filled channel with different PPIs are obtained
from the particle tracking analyses. In general, the particle trajectories
are influenced by their densities (variety in sizes) and the results could
be also different from the fluid (air) streamlines [22] and velocity fields
[24], which had been measured using a particle image velocimetry with
3 µm seeding particles. Fig. 4 shows some of the particle trajectories are

consistent with the flow motion [24], while the others would deviate
from the mean streamlines, revealing their complex motion. Regardless
of pore density, four main situations occur in the partially filled
channel; (1) particle collision and deposition on/within the foam block,
(2) particles breakage, (3) particles exit through the fluid/foam inter-
face, and (4) particles transport through the ROIs without any deposi-
tion. For the experiments with a low blockage ratio, h/H≤ 0.13, most
of the particles would move towards the end of the test section, sup-
porting our findings on the insignificant effects of low blockage ratio
[24]. However, the partially filled channel with a significant blockage
ratio, h/H=0.39, would restrict the particle movements in the lower
region, as expected (see Fig. 4(a) and (b)). As the particle-laden flow
passes through ROI 1, direct particle impaction with the frontal area
(ligament surfaces) of the foam block is possible. Consequently, some of
them deposit on the bottom surface of ROI 1, while the others could
successfully enter the porous region, depending on the particle and the
subjected pore sizes.

Some particles also tend to avoid the foam block, following the fluid
streamlines into the non-porous region, particularly for the smaller
particles, dp≤ 500 µm. Interestingly, Fig. 4(a) shows the bend degree
(curvilinear motion) of the particle trajectories with 10 PPI foam are
stronger than 30 PPI foam as the particle is moving away from the fluid-
foam interface. This suggests the horizontal flow in the free stream
region of 10 PPI is significant. Meanwhile, Fig. 4(b) shows some tra-
jectories ( <d d )p pore with 30 PPI foam have upward deviations from the
fluid streamlines in a region near to the leading edge. Unlike the 10 PPI
foam that allows more particles to come out along the interface, the
particle trajectories with 30 PPI foam only appear in the regions near to
the leading and rear edges. This phenomenon could be influenced by
the flow behaviours in the partially filled channel. For the 30 PPI foam
with higher restrictions, it is known that the flow inside its porous
structure could lose its momentum and exit through the interface,
specifically a region about one-third from the leading edge [24]. Our
previous study [24] also found a large recirculation zone behind the
foam block, originating from the foam itself. Thus, the present particle
laden flow shows the similar flow behaviours, forcing the particles to
transport in the same manner. Regardless of the foam pore density, it is
also important to note that many particles trajectories show direct
impact on the roof of the test section. Those particles deposit and ac-
cumulate on that surface instead of moving toward the exhaust duct.

In another opinion, the particles trajectories on the interface may
also represent the detachment of the deposited particles as the flow is
passing through. Because of its larger pores, 10 PPI shows different size
particles up to 700 µm are exiting through the interface. While, most of
the smaller size particles (less than 500 µm) are found with the 30 PPI
foam. Most likely, this phenomenon is experienced by the naturally
small particles ( <d dp pore), or a result of particle breakage episode in
the porous structure. Note that it is impossible for those particles with a
larger size than the pore diameter ( >d dp pore) to penetrate into the
porous region. Unless the particle breakage incident is happening, as
they hit the foam-ligament surfaces. Interestingly, this study noticed
that the particle breakage could be a natural event in this case,

Table 1
Metal foam microstructural and geometrical properties.

Parameter Sample 1 Sample 2

Pore density (PPI) 10 30
Ligament diameter, dl (m) 0.00044 0.00027
Pore diameter, dpore (m) 0.00256 0.00087
Porosity, ε (–) 0.82 – 0.91 0.88–0.94
Permeability, K×10−7 (m2) 1.54–1.65 0.35–0.37
Foam height, h (m) 0.004, 0.01, 0.03
Blockage ratio, h/H 0.05, 0.13, 0.39
Foam length, Lf (m) 0.09
Foam width, wf (m) 0.10
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considering the nature of our particle characteristics and the inter-
connected pore-ligament networks. This topic will be discussed further
in the following section.

It is also noticeable in Fig. 4(a) on how the particle keeps its inertia
and passing linearly through both porous and non-porous (free stream)
regions. This, probably due to a small disturbance in the free stream
region as more flow prefers to enter the porous structure of 10 PPI. If
considering the flow behaviors inside the porous structures [24], the 10
PPI foam seems to have a higher capability to accommodate more
particles. These higher amounts of incoming flows into the porous re-
gion is also a good indicator that the deposited particles could be car-
ried away out of the porous region. However, very few particles exit the
rear ends of the 10 PPI foam, and there is no particle (visible size from
the on-line data) is coming out from the 30 PPI foam. In that case, the
30 PPI foam with smaller pores could have blocked or trapped the
particles, and the very low velocity at the downstream region (due to
the existence of a recirculation zone) could not bring back the particles
towards the foam, as shown in ROI 3, Fig. 4(b). It is also possible be-
cause of a stagnant region in the high PPI foam [24]. However, the 10
PPI foam with larger pores may only allow the particle to pass through
its porous structure up to a certain period. In summary, those two PPIs
show different particle movements in ROI 2 (the non-porous region)
and ROI 3.

Fig. 5 depicts normalized particle velocity with different PPIs,
measured on the top of the foam block at Lf= 0.030m. The average
particle velocity is normalized by the mean inlet velocity, uo. Because of
the limited visual inside the porous region, the foam interface is con-
sidered as the starting point for the particles. Also, note that Fig. 5 is
based on the field-of-view of the camera. Based on the decreasing
profiles in adjacent regions near to the top wall (Fig. 5(a)), we could
assume a no-slip condition for the particle velocity on that surface. Only

small friction effects are expected because of the smooth material
(quartz) of the top wall.

In general, we can observe the particles accumulate in the low-speed
streaks that near to the foam interface. The lower velocity is possibly
due to different flow regime [24], where a boundary layer appears on
the foam interface, regardless of pore density. As expected, the smallest
particle, dp =300 µm shows a lower velocity as compared to those two
larger particles, especially in the adjacent region to the interface. The
rests in Fig. 5(a) show similar profiles with only a small difference in
value. The largest particle, dp =700 µm, which is supposed to have the
highest density is moving a little bit faster as compared to the others.

Meanwhile, Fig. 5(b) with the 30 PPI foam shows virtually a linear
velocity increment, starting from y/Y=0.6 for those two larger size
particles. Interestingly, their velocity is slightly lower as compared to
those particles with 10 PPI foam. Those large particles are probably
trying to keep their inertia towards the top wall, but declining in speed
due to the effect of secondary flow that only appear in the free stream
region of 30 PPI foam [24]. Even though the large particles might keep
their directions, the upwards flow motion may have some influences on
their velocity and momentum. In a case with the smallest particle,
dp =300 µm, the upwards flow motion influences both the trajectories
(see Fig. 4(b)) and velocity. Most of the smallest particles at the point of
interest, (Lf ~ 0.030m) show a tendency to move upwards and to verge
slowly in the streamwise direction. This, however, contributes to a
lower velocity (based on the particle distance between two frames).
Their upward motions also suggest insignificant drag effects and the
existence of slip velocity around these small size particles. The varia-
tions in the trajectories and velocity are expected to cause a

Fig. 4. Particle motion trajectories in the partially filled channel (flow direction
from left to right).

Fig. 5. Normalized particle velocity in ROI 2 with h/H=0.39 (a) 10 PPI (b) 30
PPI.
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complicated deposition process within the porous structure of the metal
foam.

The partially filled channel with porous structure caused high tur-
bulence intensities, especially from x/X=0.25–0.72 as shown in Fig. 6.
The turbulence intensities increase significantly regardless of the pore
density, with the 30 PPI foam shows higher values up to 30%, most
probably because of additional upward flow motions from the interface.
In addition to the secondary flows, the presence of both particle-tur-
bulence and particle-wall interactions (at the foam-fluid interface) also
affect the particle motions through additional lift forces, for example
Magnus force [30] and Saffman force [31]. It is important to note that
the pressure differences around the particle and shear fluid at the in-
terface may cause particle rotations and induced lift force that move the
particles away into the free stream region. However, our experiment
setup could not directly capture the rotation of the particle and angular
velocity, thus a high-speed stereoscopic imaging [32] will be a better
approach to study the Magnus effects.

3.2. Particle preferential deposition areas, transport and deposition
mechanisms

Our findings support the ideas by Hooman et al. [7] that small
particles could pass through the pore network with some of them may
deposit on the ligaments and partially block the pathways, while large
particles tend to sit and clog the pores. However, our results also show
those phenomena are subjected to the type of particles or foulant, be-
sides the interconnected pores. To have a clear view on the relationship
between the particle and the porous structure, a series of raw images
(Fig. 7) that describes the process of particle transport from the up-
stream region towards the foam block is also included. Note that the
time, (t) in Fig. 7 is the travelling period from one point to another
point in 30 fps video recordings, which is not the real-time of particle
motion during the experiment.

Fig. 7(a)–(c) shows how the particle is approaching the foam block.
The particle enters the porous structure of the foam and disappears for a
while before coming out from the top surface (Fig. 7(d)). Even though
the carrier (particle laden flow) is passing through the porous structure,
the particle collides with the ligaments and breaking into several pieces.
A part of those pieces is being carried away by the incoming flow and
dispersed into the free stream region. While some of them may deposit
on the foam surface. Also note, the detachment of the deposits by the
impact of the incoming flow is also possible, suggesting this as one of
the important transport mechanism in the partially filled channel. This
phenomenon offers a high possibility to make use of the porous struc-
ture to remove the unwanted particles. The particle/agglomerate ri-
gidity and flow impact must be taken into account when considering
the metal foam application under a fouled condition. Most prominently,
due to randomness and interconnected pores, the penetrated particles
could be caught inside the porous region. Without proper design, the
foam itself could act as a trap or filter to the particles.

As one would expect, the preferential deposition areas are sig-
nificantly depending on the foam arrangement and its geometrical de-
sign. The effects of our arrangement on the deposition process are
schematically described in Fig. 8. For the low blockage ratio case
(Fig. 8(a)), for example, h/H=0.13, it is found that the preferential
deposition area is located at the top surface of foam block, as most of
the particle-laden flow could successfully pass through the partially
filled section (ROI 2). The horizontal flow encourages the shear effect
on the foam interface. Even though this shear may also contribute to the
detachment of particles, the deposition rate is undisputable higher in
this case. The deposition could further be increased because of the
gravitational forces. While, the preferential deposition area for the high
blockage ratio (Fig. 8(b)) is right in front of the foam block, within ROI
1. Note that the specific size particles ( <d dp pore) may either penetrate
into the porous region, or colliding with the ligament restrictions, get
deposited on the foam surfaces or the bottom of RO1 region. Due to the

prolonged injection time, the deposited particles started to accumulate
in ROI 1, resulting in completely blocked passages (frontal area of the
foam block) into the porous region.

These accumulated particles form a slope or triangular-shaped de-
posits right in front of the foam block, which could be obviously seen
with the high blockage ratio. From that point, the flow tends to choose
the free stream region. Note that the deposits in ROI 1 could either, (1)
stick there for a very long time or (2) detaching from that slope due to
lifting or rolling effects because of the impact of the incoming flow.
Within this injection period, we could conclude that the upstream re-
gion (ROI 1) and the leading edge are the preferential deposition areas
for the high blockage ratio, regardless of pore density (PPI). In this
study, most of the large particles do not follow the fluid streamlines
[22,24]. Thus, the inertial impaction is the dominant mechanism for the
high blockage ratio. However, the thermophoresis is unlikely important
for the high blockage ratio, due to the presence of a local thermal
equilibrium between the upper region of the foam block and fluid phase
[24].

At the microscopic level (Fig. 9), we could see that those particles
either get deposited on the bottom surface of the aluminum plate or
stick on the ligaments. Different size particles (dp < dpore) found on the
bare plate (see Fig. 9(a)) and with a close observation on Fig. 9(b), one
can realise that the depositions on the ligament surfaces are non-uni-
form and they are subjected to the orientations of the ligament surface.
Those exposed areas to the flow (circled in red colour) could have a
thicker deposition as compared to the hidden areas at the beginning of
the fouling process. This proved that the assumption of uniform de-
position layers in the porous structure [7,9] is not always true in a real
practice.

Even though the deposition layer is building up and filling up the
pores, the structure of the deposition layers itself are non-uniform, at
least in this case. It is worthy to note that these initial depositions are
important, as they are more likely to influence the subsequent deposi-
tion processes, by providing a higher adhesion force and more restric-
tions to the other particle motions. This, however, is better observed
after more particles are injected into the system, as shown in Fig. 10.

In term of PPIs, the 30 PPI foam is blocked faster due to its more
restrictions and smaller pores than 10 PPI foam. Fig. 10(a) shows that
the high PPI foam is easily filled with the particles, but more unclogged
areas with 10 PPI foam, as shown in Fig. 10(b). It also clearly seen with
the 10 PPI foam that there exists strong adhesion between particles, as
the particles tend to deposit on the same spot. Another possibility is the
effects of internal or tortuous flows, where the 10 PPI foam allows more
flow to pass through its pores, avoiding or detaching the deposits. This
study agreed with the findings from another literature [16], that more
deposition of the fine particles, e.g., soot particles on the upper liga-
ment surface (on the interface) as compared to the lower ligaments of a
more porous foam. With the low blockage ratio, h/H=0.13, there is a

Fig. 6. Turbulence intensity in the partially filled section with 10 PPI and 30
PPI (ReDh=36,000).
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high possibility that the dominant deposition mechanism is thermo-
phoresis at the beginning of the fouling process (t= 30min). Those fine
particles were attracted to the heated aluminium ligament and plate
surface as shown in Fig. 9. Once it started to accumulate more deposits,
the thermophoresis is no longer becomes the dominant mechanism.
This transport mechanism is possible as our particles could be as small
as 0.5 µm (see Fig. 3 (a)). The particles tend to deposit on the ligament
surfaces, obviously seen with the 10 PPI foam. Our previous study [24]
found that the coolant at the bottom of foam block (h/H=0.13) caused
a low temperature region in the entire foam block. In that case, the fluid
molecules from the hot sides (upstream and free stream regions) have a
higher velocity than fluid molecules near or inside the foam block.
Consequently, the fine particles may experience a thermophoretic force,
while the large particles would keep their inertia and move towards the
downstream region of this setup.

3.3. Pressure drop performances

Fig. 11 depicts normalized pressure drops for different PPIs and
blockage ratio, h/H=0.05–0.39 in the test section at inlet velocity,
uo=6.2m/s. Our result with h/H=0.39 is also compared with an-
other literature [8] that considered 20 and 40 PPI metal foams as a
potential EGR cooler. Regardless of the PPIs and blockage ratio, the

normalized pressure drops are only increasing towards the end of in-
jection time of 240min. It is noticeable that the pressure drop values
are fluctuated before subsequently reaching a similar value, regardless
of PPI and blockage ratio. It was expected as the experiment deals with
unpredicted deposition process over the complicated structure of the
metal foam. Later, the 10 and 30 PPI foams show similar pressure drops
beyond 200min of particle injection, suggesting significant depositions
in the porous structure at that time. Interestingly, at the beginning of
the fouling process, the pressure drops of 10 PPI foam is mostly higher
than 30 PPI foams, except for h/H=0.05 (Fig. 11(a)).

One would expect to see the pressure drop of 30 PPI is higher than
10 PPI foam, as a result of its more substantial pore-ligaments restric-
tions with a higher tendency to trap more particles. However, due to the
more porous structure of the 10 PPI foam, it could accommodate more
particles further inside (streamwise direction). Meanwhile, the 30 PPI
foam could have more depositions over its frontal area. This effect may
cause fluctuated, and disturbance flows in the 10 PPI foam, producing a
higher pressure drops at the beginning of the fouling process as com-
pared to 30 PPI foam. Also, the 10 PPI foam with larger pores causes
more particles (various sizes) to enter and escape its porous structure
(Fig. 4(b)). Those trapped particles inside the porous structure, how-
ever, may influence the internal surface roughness and frictional effects
on the pressure drops. Interesting, the pressure drops also decrease for a

Fig. 7. Particle transport, breakage and dispersion.

Fig. 8. Illustration of particle deposition across the partially filled section (a) low blockage ratio and (b) high blockage ratio.
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while, around 80–120min before increasing again. Probably, as the
frontal area of the foam blocks is blocked, the foams mimic a solid block
behaviour with no internal friction effects. As the injection continued,
more particles could be pushed further into the foam block that increase
the pressure drops again. The deposition within the porous region may
reduce the permeability of the porous structure and affect the internal
flow behaviours. However, this probably more dominant with the 10
PPI foam. Also noted, both PPIs are subjected to a non-uniform dis-
tribution of the particles within their porous structure as a result of
their internal flow behaviours [24]. These could be the reasons for these
fluctuation values of the pressure drops, among the other factors which
are not yet discovered at this point of research.

Interestingly, the normalized pressure drops with h/H=0.13 show
the highest values as compared to the other blockage ratio, h/H=0.05
and 0.39. The high blockage ratio setup has more deposition in the
upstream region and the adjacent regions to the leading edge, but lesser
particles in the rear region (according to the trajectories in Fig. 4).
Meanwhile, the low blockage ratio is subjected to more deposition on
the top surface and inside the pores. Hence, the significant fouled
structure tends to cause a substantial increase in the pressure drop.
However, as the fouling layers intensify over time, the microstructural
effects become insignificant, resulting in a similar pressure drop value.
By comparing our results, h/H=0.39 with [8], the normalized pres-
sure drops are quite similar, except the significant drops in the pressure
drop at a specified period. Most probably, since our total pressure drop
are affected by the minor losses at the upstream and downstream, the
pressure drops could be easily affected by the presence of the deposits
at the upstream region. Thus, mimicking the lower pressure drop value
of a solid block [22], at one time before experiencing an increase of
pressure drop due to the deposition.

4. Conclusion

In this study, particle transport and deposition processes were stu-
died in a partial filled channel by means of direct observation using
video recordings. The remarkable findings from this study are sum-
marized as follows:

(a) The particle size is one of the important parameters in character-
izing the particle trajectories in the partially filled channel. The
large particles keep their inertia, and tend to hit the obstacle in the
pathways, if there is any. While the fine particles follow the fluid
streamlines.

(b) The particle deposition on/within the porous structure are also
highly dependent on the particle size or in the opposite view,
subjected to the pore and ligament sizes. The high blockage ratio
causes more depositions in the upstream region, regardless of PPIs.
However, there almost no deposition behind the block, probably
due to very low velocity in that region.

(c) Inertial impaction is the dominant mechanism for the high blockage
ratio. The preferential deposition area for the low blockage ratio is
the top surface of the foam block, attributed to the effects of ther-
mophoresis and drag forces.

(d) Some particles detach or exiting into the free stream region through
the fluid-foam interface. The particles tend to follow the fluid be-
haviours, with some of them could break into smaller pieces as
colliding with the pore-ligament networks. The existence of Magnus
forces and Saffman forces should not be ruled out, as some of the
trajectories also show upward particle motions at the interface re-
gion.

(e) Deposition causes a fluctuated pressure drop at the initial stage
before reaching a similar value, regardless of PPIs. The deposition
within the porous structure and over the frontal area of the foam
block could be the main reasons for these fluctuating values.

Fig. 9. Microscope images of 10 PPI foam at the same location (a) Deposition on the bare plate (b) Deposition on the ligaments (Flow from the right to left direction).

Fig. 10. Particle deposition on the top surface of the foam block (h/H=0.13) with different pore densities.
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5. Suggestion for future work

The present work is two-dimensional imaging studies, with the re-
sults are limited in the range of condition examined. Therefore, three-
dimensional measurements that could provide a full understanding of
particle transport, including the span-wise effects is called for. It is also
important to perform further mathematical analysis to understand the
combination forces acting on the particles in lateral and streamwise
directions. As the high PPI foam seems to act as a filter, a highly
compact metal foam heat exchanger could be inappropriate for a dusty
environment, expecting severe fouling and difficulty in the cleaning
processes. However, a proper foam arrangement with a suitable pore
diameter and flow velocity could be a promising design to enhance the
particle removal process. This, however, also depend on the particle
characteristics such as particle size and density. The weighted on how
good the interconnected pore-ligament network to mitigate fouling
should be explored, e.g. the relationship of particle laden flows with

different particle Reynolds numbers and a ratio of particle size and pore
diameters. A depth knowledge of the particle-detachment process is
fundamental to the development of fouling-metal foam models and
their predictive capabilities.
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