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Abstract

Hydraulic and thermal performance of metal foam filter were investigated numerically and
experimentally in the present work for clean and dusty air in a, copper foam filter. Two pore
densities of copper foams are used, 10 PPl with average pore diameter 905.7 pum with
porosity (90%) and 40PPI with average pore diameter 568.6 um with porosity (89%). Copper
foam filter exposed to different air inlet constant temperature of clean and dusty air for
different values of pore Reynolds number (Rep) which are (119.1, 168, 218, 306.8, and
356.7) for 10 Pore Per Inch (PPI) and are (73.8, 104.21, 135.21, 190.3, and 221.3) for
(40PPI). The samples are tested in a wind tunnel and exposed to a clean and dusty air at
different inlet constant temperatures (29.7°C, 40°C, 50°C, 60°C, 65°C) as a thermal boundary
condition. The tests included the measurements of pressure and temperature distributions
through the metal foam samples. In the numerical solution, the effect of temperature and
pressure are studied and discussed by using a CFD Package Comsol Multiphysics 4.3b by
solving three dimensional [continuity, momentum (Forchheimer’s equation) and energy]
equations. The numerical investigation covered all the cases of the experimental work. The
results show that the absolute pressure decreased along the flow direction, and increased with
the increase of pore Reynolds number. No effect of temperature was noticed on the results.
For clean air the results show that the pressure drop (AP) of 40PPI is higher by (57.8%) than
that for the 10PPI. For dusty air, the results show that the absolute pressure increased with
increasing dust concentration (C) or dust density (N= 2, 4, 6 & 8), and the pressure drop
through copper foam filter with 40PPI is higher by (58.09%) than that for the 10PPI, and the
pressure drop for dusty air at dust density (N= 2 & 4) is higher by (33%) than the clean air at
same conditions. Comparison between the present experimental and numerical results shows
a similar behavior with a minimum and maximum deviation of 1-5%. The present
experimental and numerical results also have been compared with available previous studies
for pressure (P) with x-axis and pressure gradiant (AP/L) with velocity, and showed a good

agreement.
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1-Introduction deliberately  integrated in  their
Cellular (porous) metals and structure, where these structures are
metallic foams are metals with pores generaly having large volume of
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porosities. Metal foams have very high
porosity (as high as 99%), very high
surface area to volume ratio (up to
5000m?/m3), tortuous and irregular
(randomly oriented cells) shapes, flow
passages that has a solid matrix made
of metal with empty or fluid filled
voids space. The porosity is defined as
the ratio of total voids (pores) volume
to cumulative volume occupied by the
solid matrix and pore space

(8 :Vpore/ Vtotal)- Two types of
metal foams are found, closed cell
metal foams have voids not connected
via open channels and open cell metal
foams have interconnected voids with
each other. The open type is
used for heat exchangers, filters
systems, chemical reactors, catalytic
converters, compact electronics
cooling, energy absorption, geothermal
applications and so on. The number of
pores per linear inch (PPI) currently
ranges from 5 to 100, obviously, each
type of foam lends itself to suitable
applications. Mother metals include
aluminum and its alloys, nickel and its
alloys, copper, titanium alloy, steel,
lead and its alloys, silver, gold, etc.
Numerous studies exist in the literature
that investigates thermal (heat transfer
rate, thermal resistance, etc.) and
hydraulic (pressure drop, drag form
coefficient, permeability)

characteristics of  metal  foam.
Kopanidis et al. [1] presented three
dimensional model at the pore scale
level for the flow and heat transfer of

open cell metal foam with high
porosity of two pore densities (10
PPl & 40 PPI). By solving of the
Navier—Stokes and energy equations
under various flow and temperature
conditions, the authors obtained the
conjugate flow and temperature fields.
Macroscopic  characteristics  (heat
transfer coefficient & pressure drop)
were investigated and the influence of
entrance effects on it. Model validation
was conducted against macroscopic
parameters. The results are found in
reasonable agreement  with  the
experimental measurements. Lee et al.
[2] developed a mathematical model
for the filtration process and soot
regeneration in a nickel metal foam
filter to study the radial type
performance of a metal foam diesel
particulate filter (DPF). The pores
diameter of the open cell metal foams
in the DPF are increased from 580 um
to 800 um. The study led to decreasing
of the filtration efficiency from 90% to
50%, decreasing of the pressure drop
from 380 mbar to 20 mbar and DPF
with a large pore diameter of metal
foam is effective in using the volume
of material with a small pressure drop.
Anurag and Singh [3] studied the effect
of dusty viscous fluid on unsteady
laminar free convection flow through
porous medium along a moving porous
hot vertical plate in the presence of
heat source and thermal diffusion with
mass transfer. The governing equations
of motion were solved by finite
difference technique. The numerical
results were presented graphically for
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different values of the parameters
affecting onto the problem on the
velocity profiles of dusty fluid, dust
particles, temperature, concentration
profile and skin friction profile. Andrea
et al. [4] numerically analysis
presented for air flow through four
different porosity ERG copper foams
with high porosity and different pore
densities (5, 10, 20, &40 PPI), and
almost with the same relative density
(6.4-6.6% solid fraction). Copper
foams were scanned by a commercial
micro computed tomography scanner
with a 20um as a resolution. Fluid flow
simulations were performed using
the package program (ANSYS Fluent)
to simulate the fluid flow through the
pore space of the copper foams.
Further, the pressure gradient increases
as the PPI increases. The outcomes of
X-Ray Micro Computed Tomography
(u-CT) based CFD computations and
these results are compared against
previously experimental measurement
of pressure drop  with same samples.
A good agreement was obtained
between numerical and experimental
results. Simone et al. [5]
experimentally investigated the air
forced convection through five
electrically heated copper foam
samples with different PPI (5, 10, 20,
& 40PPI) and different high porosities
(90.5%-93.4%). The experiments are
conducted by varying the air mass flow
rate between (0.006 & 0.012 kg/s), and
three heat fluxes 25, 32.5 and 40
kW/m?. The collected heat transfer and
pressure drop data were analyzed to

obtain the global heat transfer
coefficient, the normalized mean wall
temperature, the pressure gradient, drag
coefficient, inertia coefficient and
permeability, the heat transfer
coefficient does not based on the
imposed heat flux and it increases with
the air mass flow rate. The pressure
drops increase with increased pore
density (PPl). Koltsakis et al. [6]
experimentally and CFD investigated a
new porous material based on the
Incofoam high temperature and Nikle-
based super alloy foam were used in a
particulate filter concept with different
structures of foam and variable pore
characteristics. Pressure drop, the
filtration characteristics and
performance of the regeneration were
tested and studied for different filter
configurations  depending on the
experimental data and modeling.
Pressure drop and flow behavior with
exhaust gas and air and the filtration
efficiency measurements were covered
by the experimental testing. These
parameters were a function of the
regeneration rate measurements and
size of particle. By employing the CFD
studies, the macroscopic structure of
metal foams filter was improved. The
results proved that the filtration
efficiency of the foam filter can be
reached 90% at an acceptably low
pressure drop. The regeneration rates in
the case of the catalyst-coated foams at
low temperatures are very high. Rémy
et al. [7] carried out the experiments of
the filtration process for the particles
generated in fluidized bed gasification
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by utilizing nickel-chromium foams. In
generally, the metal foams have
inherent properties make it very
suitable for use in structures because of
the high temperature resistance,
corrosion resistance and strength. The
structurally characterized for the metal
foams are obtained by (topology of
cell, relative density, very high porosity
(e = 0.95) and cell size. In hot gas
filtration the specific area ratio required
low pressure drop and high temperature
resistance as an essential
characteristics. The effect of different
experimental operating parameters
such as heating time, foam thickness
and temperature were investigated. The
pressure drop was calculated during
filtration process. A good agreement is
obtained between the experimental and
numerical simulation results. Metal
foams were effective for the removal of
particles contained in hot gases. Kashif
et al. [8] analyzed the thermal-
hydraulic performance of the open-cell
aluminum foams heat exchangers,
aluminum foams are used as a highly
consolidated replacement for
traditional fins in brazed aluminum
heat exchangers. By a closed-loop
wind tunnel, the experiments were
conducted to obtained the heat transfer
rates and the pressure drop. The
impacts of bonding method, different
porosity, condensation, base metal and
frost were observed. Metal foams with
small pores diameter caused an
increase in pressure gradient (not
preferred) and higher heat transfer rate.
To reduce the pressure drop in metal

foam, fin depth can be altered. Metal
foams were found to carry out much
better thermal-hydraulic performance
compared to another designs using
plain or louver fins with much larger
coefficients of heat transfer. Flow
characteristics (permeability & inertia
coefficients) were calculated and
compared with the reported data.
Developing the model was related to
foam characteristics, flow conditions,
and the pressure drop and heat
transfer depending on experimental
results. By using a Reynolds number
based on hydraulic diameter, curves
fits for the friction factor and for
Colburn j factor based on pore
diameter, were developed with
reasonable engineering accuracy.

NUMERICAL SIMULATION:
The geometry of the present work is
shown in Figurel. The system
geometry is a three dimensional with
Cartesian coordinates, where the X-
direction represents the flow direction.
The system geometry consists of a box
(which represents the flow tunnel) and
this box contains a copper foams
saturated with clean air and dusty air.
The box dimensions are L;=150mm,
W;=100mm and H;=100mm. This box
is filled with copper foams with
different pore densities (10PPI and
40PPI).
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Figure (1): Model Geometry

At the macro-scale
simulations and in order to analyze or
to describe the airflow and laminar
forced convection characteristics in a
copper foams filter under clean and
dusty air effects with dust ratio values
(density number N) of (2, 4, 6 and 8), a
solution of a differential forms of
Forchheimer's (momentum equation)
and energy equations are required. A
numerical solution of the flow field
(hydraulic performance) and heat
transfer process and temperature
distribution (thermal performance) in
copper foams filter, using governing
partial differential equations which are
based on the conservation of mass,
momentum and energy equations (with
boundary conditions) was made
numerically using Comsol
Multiphysics 4.3b after describing the
mesh model using the appropriate

discretization. The mesh conventions-
cell type tetrahedral / hybrid in 3D, see
figure (2), was wused for mesh
generation to approximate precisely the
geometry interfaces. Complete mesh
consists of 68607 domain elements,
6656 boundary elements, and 268 edge
elements (fine mesh), number of
degrees of freedom solved (DOFs) for:
227381 (plus 2500 internal DOFs) in
order to find more accurate results.

Governing Equations

Continuity Equation

The conservation of mass for
three-dimensional ~ averaged  flow
through a porous medium is expressed
by the following continuity equation
Nield and Bejan [9];

opf 7\ —
e—L+V.(pV)=0
The saturated fluid density (pf) is

constant except for the buoyancy force,
which results in;

V.V =0 e ene(2)
or

ou , 0v ow

wto —=0 e (3)

Momentum Equation

Conservation of momentum
using Brinkman —  Forchheimer
extended Darcy Model (non darcian
effects) taking the effect of viscous and
inertial forces into account as well as
the porosity variation near the walls.
The macroscopic governing equations
are derived according to the volume
averaging technique Whitaker [10].
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The momentum equation for a fluid
saturated metal foams can be written
as:

pr /A% _

[0 ()] = b u -

&

K VK V|V|] ........... (4)

Cr 1s the Forchheimer’s coefficient,
and is the geometric function (form
drag) can be represented as in Ergun

[11] and Vafai [12] (Egrun’s
correlation );

_ £d’p _ 1.75
K= 50(_5)? and Cg Tisoe ...(5)
Where;

dp: Average pore diameter (mm)

In case the dusty air passing
through the copper foams filter in order
to calculate the dust concentration
effects on the hydraulic and thermal
performance of copper foams air filter
Shyamanta [13], and AL-Sumaily et al.
[14] and Salman [15], below the

govering equation of the dust
concentration;

N
C_E ......... (6)
Where;
C= Dust particle concentration (size of
dust particles 75 um) (g/m?3) N=

Dust density (g/min)
Q= Discharge of air (m*/min)

Energy Conservation Equation

This  work is  mainly
concerned with the transport of heat
and temperatures distribution, in
addition to air flow, through copper
foams filter. There is a large number of
applications, particularly in mechanical
engineering, where the thermal aspect

Is fundamental: solidification of binary
mixtures, dehumidification, insulation,
filtration and heat pipes Kaviany
[16]. In all these cases the temperatures
distribution inside the medium can be
recovered from the solution of energy
conservation equation, coupled to the
momentum conservation and continuity
equations. The macroscopic energy
equation for a saturated metal foams,
derived using the volume averaging
procedure, assuming local thermal
equilibrium in the REV, can be written
as;

(pCp) V.(VT) =V.(k VT)....(7)

where (k.) is the effective thermal
conductivity, and T is the temperature
in the REV, and the volumetric heat
capacity (C,) is considered for the fluid
and the solid. The effective
conductivity k. of saturated metal
foams is calculated from conductive
heat transfer through the medium (i.e.
for the fluid in static conditions)
Nithiarasu et al. [17];

(pC,) =¢lpC,) +-¢) (pC,) ......(8)
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Figure (2): Model with Meshes

Boundary Conditions
In the commercial package

Comsol  Multiphysics  4.3b, the

boundary conditions of the present

problem used are;

1. The default interior medium is the
copper foams with given values of
the permeability and the thickness of
copper foams zone.

2. The air has been chosen as the fluid
inside copper foams with its
properties known at all
temperatures used.

3. Four heaters (220 volts , 1800 watt
for each heater ) are placed in duct
before test section where the
temperature was assigned for the
heaters and changed at each case to
get a constant temperature at inlet
for air and dusty air, and the duct
covered by glass wool in order not to
burns; (Length : 120cm, diameter:
5mm, inconeal 800, tetanium
stainless steel)

4. Inlet boundary: Inlet absolute
pressure is specified as the inlet
boundary condition, total
temperature  (room temperature).
Outlet boundary: The outflow
velocity is specified and laminar
flow values of pore Reynolds
number of clean air for (10PPI) are (
119.10, 168, 218, 306.8, and 356.7 )
and for (40PPI) are ( 73.8, 104.2,
135.21, 190.3, and 221.3 ) and for
dusty air (LOPPI)(416.17).

5. Box wood walls (duct contains
copper foams): stationary wall, no
slip and insulated.

EXPERIMENTAL WORK:
Experimental work had been
performed to investigate the problem
and explore the effect of various
parameters. The experimental
apparatus includes the wind tunnel
shown photographically in plate (1),
dusty air system, see plate (2), the
model, the working section and the
instrumentation. An experimental rig
was constructed in the Heat
Transfer Lab, at the
Mechanical Engineering Department,
University of Baghdad were the
experiments carried out. A
centrifugal blower (AUGUSTO
CATTANI) of (2.5 cm) diameter was
used to supply the air to the
dusty air system (dust storage tank and
dust control wvalve). The dust
concentrations were with different dust
ratio values (density number N) of (2,
4,6 and 8). The test section was
made from Pyrex material with
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dimensions (300 mm x
150 mm) and 294 mm length.

The mean velocity at the test section
used in the present work was (2.23,
3.16, 4.08, 5.77 and 6.7 m/s) at the
valve openings (20%, 40%, 60%, 80%
and 100%) respectively. A digital
manometer (Dwyer) (with uncertainty
+ 0.001 m/s) was used to measure the
wind tunnel mean air velocity in duct.
The pore Reynolds number based on
these velocities for (10PPI) are (119.1,
168, 218, 306.8, and 356.7), and for
(40PPI) are (73.8, 104.21, 135.21,
190.3, and 221.3), see table (1). Four
heaters were used to get constant inlet
air temperature with values (29.7°C,
40°C, 50°C, 60°C, 65°C).
Measurements were made for the
copper foams samples of (10PPI &
40PPI) to measure porosity (¢)and
density, and by using (ASTM D3574-
03), examination of the purity of the
copper foams was made by using the x-
ray diffraction apparatus (LabX-XRD-
6100X-ray diffractometer),
examination of the number of pores per
inch (PPI) was made by using the
scanning electron microscope (SEM)
apparatus, the dust density (N)
measured by filter fixed at dusty air
system by made by Salman [15], and
the effective thermal conductivity (k)
used by Wajeeh [18] was used ;

keff = & kf + (1 — E)ks ...... (8)

Where;

Kers = Effective thermal conductivity

of air and copper foams.
k = Thermal conductivity of the

copper foams (401 W/m.k ).

k¢ = Thermal conductivity of Air

(0.02605 W/m.k).
The temperature distribution of the
enclosure test section were measured
by twelve thermocouples wire (type
K), one of the thermocouple used to
measure the temperature at inlet clean
air or dusty air and these are conncted
to a one temperature data reader,
contains 12 channels temperature
recorder of the model BTM-4208SD
with  uncertainty +0.335°C. The
measured temperatures are recorded by
this real time temperature recorder on
SD Memory Card and also recorded
and displayed, see figure (3). Table (2)
represents thermal properties of dusty
air as a mixture with discharge of air
(7.02md/hr), see equation (6). The
percentage of dust or the clean air (%)
calculated by mixture laws. Three U-
Tube Manometers (with uncertainty =+
0.1 mmH,0) where used to measure the
gauge pressure along the flow direction
(x-axis) with a uniform spacing of (60
mm), see figure (2) and then calculated
absolute pressure as below;

( Pabsolute = Patm = Yw Ah )= I:>gauge ----- (9)
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Plate (1): Photograph of Experimental

Centrifugal
Apparatus .

“Blower

Plate (2): Dusty Air System
Table (1): Properties of Copper Foams

Parameters 10ppi 40ppi
Porosity () 0.90 0.89
Permeability [ 427x10-7 | 1.28x10~7
K | (m?») (m?)
Friction
Coefficient 0.1665178 0.16989%
(%]
Forchheimer
Form Drag 254.55(mY) 474.19(m?)
Coefficient (C)
Density (p) 8663 (kg/m? 9095 (kg/m
Thermal
Conductivity (k 401(W/m.C)[| 401(W/m.C)
Speciﬁc Heat
, 385 (J/kg.C| 385 (J/kg.C
Capacity (Cp)
A verage pore
Diameter (D;) 905.7 um 568.6 um
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Figure (3): Thermocouples Location
(dimensions in mim)

Table (2): Thermal Properties of Dusty Air
=

eAar 98.447( 96.941 | 95.481 | 94.064

%Dust | 4 555 | 3058 || 4518 | 5935

CEm3) | 1500 34188 s128]| 68376

N
(g/min) 2 4 6 8
CP
(KJI/kg."c) 1.021 1.034 1.047 1.060

k
(W/m.°c) 0.0287( 0.0292| 0.0297 |D.0302

P (kg/m || 567 || 1.0514| 1.0369 || 1.0233

Results and Discussion:

Numerical Results:

Figures (4) and (5) for copper foam
clean air filter (10PPI) at 29.7°C and
65°C respectively represent the surface
contours map of absolute pressure for
different Reynolds Number, the figures
show that the air pressure are higher
and gradually decreased with air flow,
the increment caused by chocking the

i,
Glas i

P |

air flow to the solid matrix of copper
foam filter at high velocity. The
pressure drop inside the copper foam
filter increased by increasing the
Reynolds Number. The figures (6) and
(7) for copper foam clean air filter
(40PPI) at 29.77C and 65°C
respectively show the surface contour
map of pressure for different Openings
ratio, where the pressure drop inside
the copper foam filter increased with
increasing the Reynolds Number. The
figure (8) represents the surface
contour map pressure for copper foam
dusty air filter of 10PPI for velocity
8m/s and inlet air temperature (53°C),
the absolute pressure increased with
increasing the concentration of dust
particles in air with constant dusty air
velocity. The figure (9) represents the
surface contour map pressure for
copper foam dust air filter of 40PPI for
velocity 8m/s and inlet air temperature
(53°C), the absolute pressure increased
with increasing the concentration of
particles dust in air with constant dusty
air velocity. The figures (10) and (11)
represent the comparison of pressure
distribution between the copper foam
with clean air (10PPI & 40PPI) at
29.7°C and 65°C respectively. It is
clear that the pressure drop for the
40PPI is higher than the 10PPI and
increases with increasing the Reynolds
Number because of the decrease in the
permeability (increase the pore density
& increase the pore diameter of foam)
causing the higher pressure drop in
40PPI, where this results verify the last
term of Forchhiemer equation (4)
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Figure (8): Surface Contour Pressure for
Dusty Air Flow through Copper Foam
Filter of 10PPI for Different Dust
Concentrations and Temperature 53°C &
Velocity 8m/s
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Figure (9): Surface Contour Pressure for
Dusty Air Flow through Copper Foam
Filter of 40PPI for Different Dust
Concentrations and Temperature 53°C &
Velocity 8m/s
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Figure (10): Effect of PPl of Numerical
Results at Different Openings Ratio for

29.7°C
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Figure (11): Effect of PPl of Numerical

Results at Different Openings Ratio for 65°C

Experimental Results

In the experimental part of the present
work, a total of 58 test runs were
carried out to cover all the possible
investigated parameters. For the
pressure drop distribution, figure (12)
represents the copper foams filter
(10PPI) of clean air with constant inlet
air temperature for five values of the
openings. It is clear that the full
openings (100%) for all temperatures
gives the higher absolute pressures
except at (60°C), and generally, the
absolute pressure increases with
increasing the openings and increasing
the inlet air temperatures, the increase
in absolute pressure is because of the
increasing in Reynolds Number and as
a result of the presence of the solid
matrix in the path of the air flow. The
flow absolute pressure depends on the
size and shape of pores and cells,
length and cross section of ligaments
and all of these are connected to form a
network of cells inside metal foams.
Figure (13) represents the results of
copper foams filter (40PPI) of clean air
with constant inlet air temperature for
different values of openings. The
absolute pressure with x-axis in all
cases are higher at the full openings
(100%), and 65°C represents the higher
absolute pressure and the differences
between the curves became clear.
Generally the absolute pressure curves
are decreasing by small values in the

flow direction with increased Inlet air
temperature and increased values of the
openings, this behavior of foams filter
Is because of the low permeability and
chocked of the air flow by solid matrix
of the foams (ligaments) and the
change of the cross section of the
ligament caused this rise in the
absolute pressure. The figures (14) and
(15) show the results for the copper
foam filter (10PPI & 40PPI) of dusty
air with different dust concentrations
and constant inlet air temperature 53°C
and velocity 8m/s, the figures show
that the increase in the dust
concentration causes an increase in the
absolute pressure, where the higher
pressure obtained at higher dust
concentration especially in  40PPI
because the particles of dust blocks the
pores in copper foam filter gradually
causing high absolute pressure. For the
temperature distribution, figures (16) to
(19), the temperatures of the (10PPI &
40PPI1) with openings (20% & 100%)
and constant inlet air temperature
(Too=40°C, Too=65°C) in clean air are
approximately constant or close in all
cases because there is no source or sink
of heat in the flow, the temperature
curves are increased at 100% with
65°C & 40°C, this increase caused by
non-uniform size and shape of pores
and ligaments and these caused good
mixing for the flow. For dusty air with
constant inlet air temperature 53°C and
two dust concentrations (N=4 & N=8),
see figures (20) and (21), the
temperature distributions in copper
foam filter are close in all the cases
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with two dust concentrations, but the
temperature in the metal foam filter
decreased in 40PPI more than the
10PPI because of the presence of the
dust particles in air caused reduction in
the temperature. It is noted that as the
pore density increases (increases the
surface to volume ratio, which
increases the flow resistance by
lowering the permeability). For
the effect of PPl on the experimental
results, figures (22) to (25) represent a
comparison between copper foam filter
behavior for clean air of (10PPI &
40PPI), the values of the absolute
pressures for (40PPI) are higher than
that for the (10PPI) with increasing
values of the Reynolds Number
because of the low resistance to airflow
in 10PPI compared to high resistance
for 40PPI. It is noted that as the pore
density increases (increases the surface
to volume ratio, which increases the
flow resistance by lowering the
permeability), the pressure drop
increases with increasing air velocity.
This is given by an increase in the
tortuosity or obstruction of air flow
through the sample. Further, in the
filter with dusty air, see figure (26), the
absolute pressure of the (10PPI
&40PPI) increased with increasing (N)
and the absolute pressure in copper
foam dusty air filter of 40PPI is higher
than that for 10PPI because of the
presence of particles of dust in air
caused to high absolute pressure
especially in 40PPI. For the effect of
dust on the experimental results, The
figures (27) and (28) represent the

pressure distribution of dusty air with
(low concentration N=2&high
concentration N=8) at 53°C & 8m/s,
and with clean air at 50°C & 6.71m/s
for 10PPI and 40PPI respectively. It is
clear from the curves of dusty air with
N=8 that the absolute pressure is higher
at all points, and the curves of dusty air
at N=2 & N=8 at 40PPI are steeper
than that for 10PPI, this is because of
the presence of dust particles with air
that enters the copper foam filter, and
choking, accumulating the dusty air in
40PPI because of the presence of the
high number of pores.
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Different Openings Ratio for (10PPI)

Figure (13):

Pressure Distribution at
Constant Inlet Clean Air Temperature
with Different Openings Ratio for (40PPI)
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Figure (26): Effect of PPl of Experimental
Results of Dusty Air at Different Dust
Concentrations and (N) for Velocity (8 m/s)

101.12

e=@=—Dust N=2

E 1011 A Dust N=8
X N == Clean Air
© 101.08 LN
L -
2 #
9 101.06 -
[¢)]
| -
0. 101.04
= .\
]
S 10102
o \
0
o) 101
<
100.98 T T T T T T T X ( Cm )

02 46 8101214

Figure (27): Pressure Distribution of Dusty
Air with Different Dust Concentrations at
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Figure (28): Pressure Distribution of Dusty
Air with Different Dust Concentrations at
(53°C & 8 m/s) and Clean Air at (50°C &
6.71 m/s) for (40PPI)

Verification:

Figures (29) and (30) represent a
comparison of the pressure distribution
between the  experimental and
numerical results for 10PPI and 40PPI
at Openings ratio (20% & 100%) and
different inlet air temperature (29.7°C
& 65°C) for clean and dusty air, where
the experimental data has been used to
run the program and obtain numerical
results for test case of the experiment.
Figures reveal that the numerical
surface contours map of pressure
follows the same behavior as the
present experimental results but is
approximately with a mean of
difference 1-5%.

To verify the results obtained from the
present study, a comparison was made
with the results achieved by
previous studies. The present results
for the pressure distribution for clean
air shown in figures (31) and (32)
experimentally and numerically agrees
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with results of Andrea et al. [4] for

numerical study shown in figure. (33).

101 ==10ppi
. --40PPI
& 100.9
< I
€ 1008 I
-
SN
@ 100.7
>
d
& 100.6 J
100.5 T T T T 1
100.5 100.6 100.7 100.8 100.9 101
(a): Openings (20%) Pressure /Exp.
=o—10ppi
101.5 —-40ppi
© 101 n—
<
<1005
g 100
£
g 99.5
>
A 99
2
& 985
98 T T T T r r :
98 98.5 99 99.5 100 100.5 101 101.5
Pressure/Exp.
(b): Openings (100%)

Figure (29): Comparison between 10PPI
and 40PPI (Experimental & Numerical) for

29.7°C (Clean Air)

Ay T al)
101 —10ppi
T 1009 ——40PP|
=
g 1008
>
2 1007
SN
o
S 100.6
(7]
o
100.5
& a
100.4 ; ; : ; ; .
100.4 100.5 100.6 100.7 100.8 100.9 101
Pressure /Exp.
(a): Openings (20%)
102 =4=—"10ppi
101.5 W—40ppi
g
g 101 T
: 100.5
£
=]
2 100
SN
g
5 995
(7]
(7]
o 99
o
98.5
98 —
98 985 99 99.5 100 100.5 101 101.5 102
Pressure /Exp.
(b): Openings (100%)

el 23 alaae 1 22l

Asigh & sadl 5 il Hall Ay yal) Claalall slad) dlas

O s s
DSUE iy dene
2016



137

)
., alas i

A al)

Figure (30): Comparison between 10PPI and Figure (32): Pressure Gradiant Numerical
40PPI (Experimental & Numerical) for 65°C Comparison between 10PPI and 40PPI at

(Clean Air)
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Figure (33): Numerical Pressure Gradiant
with pore velocity of Metal Foams for
Different Pore Densities (Andrea et al.
2014)

Conclusions:

1. The temperature of convective air
flow and copper foams in the axial
direction decreases (slightly) at all
temperatures in clean and dusty air
for (LOPPI & 40PPI).

2. The pressure of the copper foam

filter with 40PPI is higher than the
copper foam filter with 10PPI at all
values of Reynolds Number and all
temperatures, the pressure increases
with increasing dust concentration
(C) or dust density (N=2, 4, 6 & 8).
3. The pressure through copper foam
filter with 40PPI is higher than the
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10PPI, and the pressure for dusty air
at dust density (N= 2 & 4) is higher
than the clean air at same conditions.

4. The pressure drop for the copper
foam filter with 40PPI is higher than
the copper foam filter with 10PPI.

5. In the present work, the numerical
pressure drop in copper foam filter is
higher than that obtained
experimentally for clean and dusty
air.

6. The permeability increases almost
linearly with increasing the pore
diameter at  fixed  porosity.
Comparison gave a good agreement
between the present and previous
works.

Nomenclature:

Cp Specific Heat Capacity

C Dust particle concentration

do  Average Diameter of pores for
copper foam filter (Hydraulic
Diameter) or characteristic Length

K Permeability

Kess  Effective thermal conductivity of
copper foams

N Density Number (Dust Ratio)

P Pressure

PPI Pore per inch for Copper Foams

X, Y,z Cartesian coordinate system

e Porosity

Cr The Forchheimer’s Coefficient
(formdrag)
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