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ARTICLE INFO ABSTRACT
Keywords: Foam-like materials have a large specific surface area and complex structure that promotes flow turbulence,
Polyurethane foam which makes them useful for heat transfer. In the literature, heat transfer in metal foams (MF) with high thermal

Open-cell foam
Heat transfer
Pressure drop

conductivity is mainly considered. In the present paper, an experimental study of the hydraulic and heat transfer
characteristics of a rectangular channel filled with polyurethane foam (PUF) inserts with a thermal conductivity
of 0.2 W-m 1K~ in the air flow was carried out. The open-cell PUF samples had 20 and 80 pores per inch (PPI),
0.97 and 0.98 porosity, 269 um and 60 pm fiber diameter, respectively. The Reynolds number, based on the fiber
diameter ranged from 0.04 to 50. From the results of hydraulic tests, friction coefficients were determined based
on the fiber diameter and permeability. The Forchheimer coefficient was 0.198 and 0.318 for 20 and 80 PPI
samples, respectively. The permeability was 1.889 10”7 -m? and 7.535 10~° -m? for 20 and 80 PPI samples,
respectively. The Nusselt number for both tested PUF samples was correlated with the Reynolds number based on
the fiber diameter in a power law with the Reynolds number exponent and constant equal to 0.61 and 0.037
respectively. The intensity of heat transfer in the PUF samples was 7-12 times lower than that in MF. However, a
significant heat transfer enhancement is still possible compared to the empty channel up to 7 times. The heat
transfer performance of PUF was higher compared to the empty channel, but the thermal performance factor was
lower than one. Nevertheless, in practical situations where the mass or cost of the heat exchanger is preferable,
PUF can be considered as a heat transfer intensifier.

the heat transfer of aluminum foam with different (PPI) and heights,

1. Introduction using air as the working fluid. The results showed that samples with a
height of 20 mm had a higher HTC than those with a height of 40 mm. In

The use of efficient compact heat exchangers is essential in many ~ another study, Mancin et al. [12] studied twenty-one aluminum and
engineering applications. Highly porous open-cell foams are widely used copper foam samples with different PPI and porosities. It was shown that
in various engineering applications such as heat sinks [1], heat ex- the overall HTC of the copper foam at the same mass velocities was
changers [2], fuel-cell stacks [3], heat pipe systems [4], heat storage [5], superior to that of aluminum. Durmus et al. [13] studied open-cell
catalytic reactors [6] and thermoelectric generators [7]. The porous aluminum foams with different ratios of large and small pores. Foams
structures of open-cell foams increase heat transfer because of a high ~ With 67% large pores and 33% fine pores exhibited the most attractive
specific surface area and a complex three-dimensional structure. Porous heat characteristics at the lowest pressure drop. Sun et al. [14] experi-
open-cell foams are made from materials with high thermal conductiv- mentally investigated heat transfer properties of different NiCr foams
ity, which allows for a further increase in the heat transfer [8]. and one Kevin cells manufactured with additive technology. The results
Mancin et al. [9] presented the results of an experimental study of of the study showed that overall HTC of Kelvin cells can be higher than
heat transfer in seven aluminum foam samples with different pore per NiCr foams up to 64.4%. Calmidi and Mahajan [15] the presented results
inch (PPI) and porosity. As a result, they developed a scheme for overall of an experimental and numerical study of forced air convection through
heat transfer coefficient (HTC) calculations. Additionally, an empirical MF with porosity ranged from 0.89 to 0.97 and PPI varied from 5 to 40.
correlation was proposed to predict the interstitial heat transfer coeffi- The Nusselt number data were presented as a function of the perme-
cient in the foam as a function of the Reynolds number based on the fiber ability based Reynolds number. An empirical correlation was also pro-
diameter. Furthermore, Mancin et al. [10,11] experimentally studied posed for predicting the interstitial heat transfer coefficient obtained
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Abbreviations

A coefficient in Eq. (5) [-]

Avyall area of the aluminum heated wall

B coefficient in Eq. (5) [-]

b, coefficient in Eq. (1) [-]

by coefficient in Eq. (1) [-]

[ air heat capacity J kg™* K!

ds fiber diameter [m]

E emissivity [-]

Eo emissivity configured in the thermal imager [-]

F Forchheimer coefficient [-]

G air mass velocity [kg m~2 s71]

fdf friction factor based on the fiber diameter [-]

fo friction factor based on the hydraulic diameter with PUF
inserts [—]

fg friction factor of the empty channel [-]

fx friction factor based on the permeability [-]

HTC overall heat transfer coefficient [W m2 K]

j Colburn factor [-]

K permeability [m?]

ks flow thermal conductivity [W m K]

ks solid thermal conductivity [W m K]

m air mass flow rate [m s ']

Nup Nusselt number Nup based on a channel hydraulic
diameter with PUF inserts

Nug Nusselt number of the empty channel [-]

Nug, Nusselt number based on the fiber diameter [-]

Nuk Nusselt number based on the permeability [-]
PPI Pores number per linear inch [pores in1]

Pr Prandtl number [-]

Q heat flow rate [W]

Rey, Reynolds number based on the fiber diameter [-]
Rex Reynolds number based on the permeability [-]
St Stanton number [-]

Thow flow temperature [ °C]

Tintet inlet temperature [ °C]

Toutlet outlet temperature [ °C]

trr temperature measured by the thermal imager [ °C]
tre temperature measured by the thermocouple [ °C]
Twal wall temperature [ °C]

u average velocity in the PUF [m s

U, average velocity in the channel [m s

Greek symbols

AP/L pressure gradient [Pa m!]

AT mean temperature difference [K]

€ porosity [-]

u dynamic viscosity [Pa s]

p air density [kg m®]

Abbreviation

MF metal foam

PUF polyurethane foam

TPF thermal performance factor

from numerical and experimental studies. Kouidri and Madani [16]
experimentally studied forced convection through MF with different
effective thermal conductivity. Based on the results of an experimental
study, an empirical correlation was proposed that, in addition to the
Reynolds and Prandtl numbers, also includes the effective thermal
conductivity ratio. The results showed that, at the same mass velocities,
the material with the highest effective thermal conductivity had the
highest overall HTC.

Hamadouche et al. [17] investigated the heat transfer of open-cell
aluminum foam with an air velocity from 1 to 5 m s *. The results
showed a 300% increase in heat transfer compared with an empty
channel. The heat transfer characteristics of flow through an aluminum
foam channel have been investigated by Hwang et al. [18]. The Rey-
nolds number was based on the pore diameter. It was shown that at a
fixed Reynolds number, the heat transfer of the aluminum foam
decreased with increasing porosity. Noh et al. [19] experimentally
investigated the heat transfer during flow in an annulus with a highly
porous aluminum foam insert. The results showed that aluminum foam
increased the heat transfer from the surface compared with laminar flow
in an empty annulus. A correlation for the Nusselt number is proposed.
The intensification of the heat transfer during forced convection in a
channel with foam metal inserts was studied experimentally by Hutter
et al. [20]. Compared with an empty tube, foam metal inserts resulted in
up to 10 times more heat transfer. It is shown that with fully sintered
foam with a tube wall, the heat transfer is higher on average by 30%
compared to foam without a connection to the wall. Huang et al. [21]
studied the thermal performance of tube with porous media inserts
made by copper screens. The heat transfer enhancement of the tube with
copper screens inserts increased by a factor of 5.5 compare with the
empty tube in laminar flow. The experimental results showed that the
heat transfer rate under constant pumping power with porous media
inserts exceeded that of the empty tube by a factor of 1.44. Arbak and
Dukhan [22] experimentally studied the thermal performance of MF

filled rectangular channel, with 20 PPI aluminum foam. It is shown that
the Colburn j factor for MF was higher than an empty channel by 407%.

Dietrich [23] presented experimental results of the ceramic sponges
heat transfer with different porosity and pore size. The overall HTC of
the ceramic sponges increased from

40 to 500 W m~2 K~ ! with an increase in the superficial air velocity
from 0.5 to 5 m s 1. Xu et al. [24] investigated the convective heat
transfer for ceramic foam. It is shown that the thickness of sample had a
significant effect on the volumetric heat transfer. Based on the experi-
mental results, a new correlation was proposed that includes the
porosity, thickness of the sample, superficial velocity and fluid
properties.

Dukhan and Patel [25] investigated the pressure drops in MF with
different porosities and PPI. They proposed an empirical model for the
pressure drop in MF using easily measurable parameters. It concluded
that the reciprocal of the surface area density can be used as the length
scale for pressure drop prediction using a new definition of the kinetic
friction factor. Dietrich et al. [26] experimentally measured the pressure
drop in ceramic sponges with different PPI and porosity. The authors
concluded that the pressure drop of sponges can be predicted using an
Ergun-type equation, with two predefined constants of the Ergun
equation from the experimental data. Paek et al. [27] presented the
results of experimental measurements of the permeability and pressure
drop of aluminum-based MF. It has been shown that at a fixed porosity,
with an increase in the cell size, the permeability increases. According to
the results of experimental studies, an empirical correlation for the
friction fraction prediction was developed. Wang and Guo [28] studied
the pressure drop through stainless steel foam at a porosity of 0.93, PPI
of 10, 30 and 70 and with relatively high air flow velocities ranged from
7.0 to 26.0 m s~ 1. According to experimental studies, a new correlation
for the pressure drop through MF was presented.

The overall HTC in a porous medium is transferred by the thermal
conductivity of the solid material and the interfacial convective heat
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Table 1
Characteristics of the tested foams.
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Sample Porosity  Fiber diameter, d; ~ PPI ~ Thermal conductivity of solid phase at room Specific heat of solid phase Density of solid phase,
code (um) temperature, kg (W~m’1~K’1) [34,35] (J-kg’1~K’1) [36] (kg-m’3) [36]

PUF-20 0.97 269+8(0.95) 20 0.2 2000 800-1025

PUF-80 0.98 60+3(0.95) 80 0.2 2000 1917-2000

transfer coefficient between the solid material and flow. For better heat
transfer in solid materials, foams are often made of materials with high
thermal conductivities aluminum and copper. When air is used as the
working fluid, the solid thermal conductivity of the MF can exceed the
thermal conductivity of the fluid by three to four orders of magnitude.
Because air has low thermal conductivity, heat transfer in a porous
medium is determined by the thermal conductivity of a solid material.
The higher the thermal conductivity of the material, the higher the
overall HTC of the porous medium. Wang and Guo [29] investigated
heat transfer in MF using the local thermal non-equilibrium model. They
demonstrated that with an increase in the thermal conductivity coeffi-
cient of the material k; to 150 W-m1-K™!, a significant increase in the
volumetric convective heat transfer coefficient of the MF occurred.
When the thermal conductivity of the material was higher than 150
W-m 1K1, the volumetric convective heat transfer coefficient had a
small change. Lu et al. [30] studied the overall HTC in MF filled pipes
analytically using the two-equation heat transfer model and
Brinkman-extended Darcy momentum model. It showed that the overall
HTC of the MF increased significantly with increasing solid thermal
conductivity of MF. The overall HTC increased with increasing PPI and
decreased with increasing porosity, which was more pronounced at a
higher solid thermal conductivity of MF. Xu et al. [31] presented the
results of numerically investigation of the overall HTC in MF using the
local thermal equilibrium model and the local thermal non-equilibrium
model. The thermal conductivity ratios of the fluid and solid ranged
from 107 to 1. For the local thermal equilibrium model and the local
thermal non-equilibrium model, when the thermal conductivity ratio
changed from 107 to 1, the overall HTC changed by four orders and two
orders, respectively. Edouard et al. [32] experimentally studied the
overall HTC in polyurethane foam PUF. The results showed that
although the flow rate varied from 0.018 to 0.32 m s}, the overall HTC
averaged 110 W m 2 K~ & 15%, so correlation for overall HTC was
impossible. Kaviany and Mittal [33] studied the pressure drop in the
PUF for different PPI and the porosity of 0.98 with natural convection
from a vertical plate placed next to the PUF. For all studied PUF, the
permeability and Forchheimer coefficients were obtained.

In most studies, the heat transfer characteristics of open-cell foams
with high thermal conductivities, such as copper and aluminum foams,
have been investigated. There is a lack of experimental data on forced
convective heat transfer in foams with low thermal conductivity. The
thermal conductivity of MF solid phase is essential for the overall HTC,
especially for air flow. The main aim of this study was to present the

results of the overall HTC and friction factor of two PUF with a thermal
conductivity of the solid phase k; of 0.2 W-m 1K™, and porosity of 0.97
and 0.98. Nevertheless, it is evident that the HTC of foams with low
thermal conductivity is lower than that of MF. However, it cannot be
simply evaluated from the HTC of MF. In addition, the heat transfer and
hydraulic characteristics of PUF have been poorly studied. The ther-
modynamic characteristics of the PUF are different from those of MF, not
only because of the low thermal conductivity, but also because of higher
porosity, ligament surface, etc. Additionally, the aim of this study was to
investigate which characteristic length is more suitable for the Nusselt
number and friction factor correlation. Furthermore, considering the
mass and cost of PUF, it can be used for heat transfer enhancement.

2. Experimental setup and measurement procedure

The heat transfer characteristics and pressure drop were studied for
the two PUF. The characteristics of the tested foams are presented in
Table 1. The numbers of PPI and fiber diameter were determined using
an analog microscope. In six different places on each foam sample, five
fiber diameters were measured using a microscope and an optical
micrometer with a resolution of 10 ym. The magnifying power of the
microscope was 8, thus the overall uncertainty of the fiber diameter
measurement was no more than 10/8 um. After measuring at least 30
separate fibers, the final uncertainties in the fiber diameters were
defined as 2.96% for PUF-20 and 4.5% for PUF-80. Fig. 1 shows the
structure of tested foams and an 8x magnified image of fibers. The di-
mensions of all the tested samples were 105 x 55 x 200 mm (width,
height and length).

For the convective heat transfer analysis, the tested samples were
placed in an air test channel (Fig. 2). The test channel was a rectangular
plastic tube with dimensions of 107 x 52 mm and 20-mm-thick insu-
lated polystyrene foam shells, and the total length of the channel was
920 mm. An aluminum plate (120 mm by 80 mm) was inserted for the
heat source in the top wall, and a cut in the insulation (heated window)
was made. Without any air gaps, the foam test sample was firmly
inserted into the channel beneath the heated plate. To obtain a uniform
velocity field in the heat transfer zone, stabilization sections were pro-
vided before (length: 340 mm) and after (length: 190 mm) the sample. In
order to measure the mass-flow-averaged temperature of the heated air,
a mixer was installed at the outlet section of the channel, and a 25 mm
diameter round perforation was used for the outlet.

A diagram of the test rig is shown in Fig. 3. Air was supplied with a

Fig. 1. Tested foam’s photos taken by the analog microscope.
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Fig. 2. Test section (lengths are in mm): (a) side view (section view); (b) front view (section A-A).
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Fig. 3. The diagram of the experimental setup.

centrifugal blower (the maximum flow rate was 100 m? h™! and the
maximum pressure was 10 kPa). The flow rate is regulated using an
automatic transformer. To measure it, an orifice plate and the differ-
ential pressure transducer Proma-IDM-DD-6 with a range of 0-6 kPa and
an accuracy of +0.5% were used. To heat the aluminum plate, a hot air
jet from a heat gun (whose maximum power was 1.5 kWt and whose
maximum temperature was 300 °C) was used. To achieve the necessary
temperature of the plate, a distance between it and the heat gun should
be adjusted. The air temperatures before the test sample and at the
channel outlet were measured with the temperature transducers Relsib
DWT-02, which had a range of —40 to +85 °C and an accuracy of 1.0 °C.

To increase reliability, a K-type thermocouple with an accuracy of 1.0 °C
was recessed in the middle of the plate’s back side.

Before the experiment, the temperature transducers and thermo-
couple were calibrated for a temperature range of +25 to +85 °C using a
heat bath and a precise platinum RTD with an accuracy of 0.01 °C [37,
38]. The calibration decreased the uncertainty of DWT transducers to
+0.03 °C and for the thermocouple to +0.2 °C.

The pressure drop was also measured using the differential pressure
sensor PROMA-IDM-DD-6 connected to the channel at the inlet and
outlet of the tested foam. Data from transducers was recorded with a
data acquisition system on a laptop (not shown in the Fig. 3).
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Fig. 5. The thermograms of the plate with different paint layer numbers.

The temperature pattern of the heated aluminum plate surface was
captured using a thermo imager [39]. To correctly measure the tem-
perature with the thermal imager, Testo 882 (accuracy +2 °C) was
necessary to set the emissivity E of the examined surface [40]. The
emissivity depends on the material and surface treatment; for example,
it was 0.1 for polished aluminum and 0.3 for matte [41]. To eliminate
the emissivity variation over the surface, the upper surface of the plate
was uniformly coated with a black matte paint Bosny flat black No. 4.
Depending on the number of coated layers, the emissivity of the black
paint ranges from 0.9 to 1.0. Therefore, the required number of coating
layers and emissivity of the resulting coating must be determined
experimentally (Fig. 4). The aluminum plate with a painted top was set
on a heat-insulating material base. A thermocouple was attached to the
lower side in the center of the plate, and thermocouple’s junction (bead)
was 0.5 mm deep inside the plate. The center plate temperature was
recorded over time using the data acquisition system. Before each
measurement, one layer of the spray paint was added and dried for 3 h.
The prepared plate was installed on the test rig and heated by a vertical
air flow at 150 °C. When the steady state was reached, the temperature
trend was recorded in a log file. In this state, thermograms of the surface
were recorded up to five times with an interval of 5-10 s. The time of
measurement was saved in the thermogram file properties. The plate
temperature was determined on the thermogram and from the log file at
the same moment. In the thermogram, the local temperature of the plate
was averaged over the area around the junction of thermocouple
(Fig. 4b). Temperature data were averaged over five measurements. The
corrected emissivity is calculated based on the Stefan-Boltzmann law:

tr +273.15\"
E=FE, (22—
0<t1c+273.15> '

0.95 «
0.94 o a
o (m]

2 093 -
7 o
E
= 092 4

091 o

a
0.9 . v . . v .
0 1 2 3 4 5 6
Layers

Fig. 6. The plate emissivity various with paint layer numbers.

where Ej is the emissivity configured in the thermal imager, ty is the
temperature measured by the thermal imager, ty¢ is the temperature
measured by the thermocouple.

Fig. 5 shows the change in the temperature patterns with an increase
in the number of coated layers. It can be seen that in the measurement
area, the temperature field stabilized after four paint cost. The calcula-
tion results (Fig. 6) show that the emissivity stabilizes after four layers as
well. As a result, the emissivity of the thermo imager was configured to
0.94+0.01(0.95) in the following experiments, using the five-layer
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Fig. 7. The example of the thermogram, saved as a jpg file.

Table 2
The ranges of relative uncertainty of measured values.

Calculated quantity Uncertainty range,%

PUF-20 PUF-80
Fiber diameter 2.92 4.58
Flow rate 0.40-2.47 0.61-9.48
Inlet temperature 0.17-0.34 0.11-0.21
Outlet temperature 0.10-0.14 0.18-0.21
Wall temperature 2.23-2.23 2.56-3.90
Pressure drop 1.17-8.94 0.58-11.01

coating of the plate.

The following procedure was used to study heat transfer from the
heated wall. With the autotransformer, the required air flow was set and
maintained in the range from 5 to 60 m3 h™l. The aluminum plate’s
surface temperature was set at 60-75 °C after the heat gun’s height was
adapted. The sensor data were continuously recorded using the data
acquisition system. The temperatures of the air and the plates stabilized
after 10-30 min, and the thermogram of the latter was taken with the
thermal imager five times with an interval of 10-30 s. In both the lon-
gitudinal and cross directions, an imager’s objective could be pointed at
the plate’s normal at an angle between 10 and 20°. To maximize
coverage of the "heated window" area, the distance between the objec-
tive and the measurement area was adjusted. The shooting moments
were saved in the thermogram file properties. The recorded data from
the acquisition system and the data from the thermal imager were time-
synchronized during the subsequent calculations.

To determine the average surface temperature of the plate, the
thermogram’s data were exported to a spreadsheet program. Each
thermogram consisted of an array of 320 by 240 points (the resolution of
the thermal imager matrix in pixels). In this case, the thermogram
included both the target heating area of the plate and a small "parasitic"
space surrounding it (Fig. 7). Using a procedure (macro) specially
developed for the spreadsheet processor, the cells containing the tem-
perature of the target area were selected (the dashed polygon). The area-
average temperature is calculated as the arithmetic mean of the selected
cells.

When measuring the pressure drop, no heating was used and the air
temperature at the inlet was 25-30 °C. The air flow rate was smoothly
increased by 2 m® h~! increments from 2 to 80 m® h~!, and the pressure
drop at the inlet and outlet of the sample was measured.

Uncertainty analysis of the measured and calculated quantities was
performed according to well-known procedures [38,42]. The ranges of
relative uncertainty for the measured values are shown in Table 2, and
those for the calculated values are given in Table 6.
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Fig. 8. The pressure gradient as a function of velocity.
Table 3
The experimentally determined b, and b, coefficients in Eq. (1).
Tested samples by bsy
PUF-20 99 533
PUF-80 2443 4315

3. Results and discussion
3.1. Pressure drop and friction factor

The pressure drop is plotted against flow velocity in Fig. 8. The data
from authors are provided for the metal and PUF for comparison. The
pressure drop of the PUF-20 sample was compared with the experi-
mental data obtained by Dukhan and Patel [25], Dietrich et al. [26] and
Kaviani and Mittal [33] for PPIs of 20, 20 and 10 respectively. The
experimental data of Kaviani and Mittal [33] at PPI 100 were used for
comparison with the PUF-80 sample.

Fig. 8 demonstrates that an increase in PPI causes an increase in the
pressure drop of PUF, similar to MF. The increase in the pressure drop
was associated with an increase in the specific surface area of the foam.
For the PUF-20 sample, the pressure drop was in better agreement with
Kaviani and Mittal [33] because they tested PUF with a porosity of 0.98,
similar to our study. When PUF-20 was compared with the MF at PPI 20,
our data were in better agreement with the data obtained by Dukhan and
Patel [25] at a lower velocity, and with increasing velocity, the pressure
drop of PUF increased faster than that of the MF. When comparing a
sample of PUF-20 with Dietrich et al. [26], the pressure drop was higher,
since the pressure drop had been obtained for the porosity of 0.85, which
was lower than that in our study. The pressure drop of the PUF-80
sample was also in better agreement with the experimental data of
Kaviani and Mittal [33] at PPI 100 obtained for PUF.

The measured pressure drop of each sample can be described with
the polynomial as follows:

g:blqubzuz, (1)
L
where by and b, are fitting curve coefficients (coefficients of determi-
nation are no less than 0.99) given in table 3, u = up ¢! is the velocity in
the PUF, ¢ is the foam porosity, uy is the average velocity in the channel,

AP L7 is the pressure gradient.

To predict the pressure drop in MF, many authors derive a correla-
tion for the friction factor f as a function of the Reynolds number Re
[28], similar to the pressure drop in a pipe. In the present study, the
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Table 4 Table 5
The experimentally determined A and B coefficients by equations (5). The experimentally determined permeability K and Forchheimer F coefficients.
Tested samples A B Tested samples K F
PUF-20 0.766 0.246 PUF-20 1.889 x 1077 0.198
PUF-80 0.955 0.439 PUF-80 7.535 x 107 0.318
2 1 Table 6

f;d/= 0.955/Re df+0'439

1.5 1
O  PUF-20
O PUF-80
) Fit curve of PUF-20
11 —— Fit curve of PUF-80
jr;f 0.766/Red/+0.246
0.5 -+
0 T v T v ¥
0 10 20 30 40 50
Redf

Fig. 9. The friction factor as a function of the fiber diameter based Rey-
nolds number.

friction factor based on the fiber diameter is defined as:

Ty +B, )

o Redf

where A and B are experimental coefficients.
The based on the fiber diameter Reynolds number is:

d,
R, L4t

3)

where dy is the fiber diameter, y is air viscosity.
The pressure drop is defined according to the Darcy-Weisbach
equation:

S oi (AN i @
Red/ 2"

L ~Map=

a2 @ty
n"
Combining Egs. (1) and (4), the A and B coefficients (table 4) are
calculated as follows:
b12d/2.

dy
A . B=—_.
JZ pb2

)

Fig. 9 shows good agreement between the friction coefficient cor-
relation (2) and the experimental values; the maximum deviations for
PUF-20 and PUF-80 were 15% and 18%, respectively, and the average
deviations were 4% and 5%, respectively. The based on the fiber
diameter friction factor for the PUF-80 sample is higher than the PUF-20
sample due to the greater pressure drop.

The Darcy-Forchheimer equation is also widely used to describe the
pressure drop in open cell foams [28]:

AP

=—u-+p

TK ©

F 2
2,
VK
where K is the permeability of the porous medium and F is Forchheimer
coefficient are calculated as follows:

The ranges of relative uncertainty of calculated values.

Calculated quantity Uncertainty range,%

PUF-20 PUF-80
Reg, 2.96-3.83 4.62-10.53
f 3.57-10.63 4.78-19.86
K 1.85-9.28 0.84-10.19
F 2.05-10.22 1.35-19.33
Reg 1.05-5.26 0.74-10.76
Overall HTC 6.58-8.47 9.23-12.34
Nug, 7.20-8.96 10.30-13.16
Nug 6.65-9.66 9.24-13.35
Colburn j factor 6.73-11.00 9.26-17.15
TPF 7.17-9.19 9.36-14.00
U
P @)
b]’
b,VK
F=="= ®

The experimental friction factor based on the permeability is calcu-
lated as follows:

. APVK
The friction factor correlation based on the permeability is defined as

follows:

1

=—+F 10
Jx Rek+ ) (10)

where the Reynolds number based on the permeability is defined as
follows:

Rey =2 v an
u

The permeability and Forchheimer coefficient values for each foam
are listed in table 5. Fig. 10 compares the correlations obtained in this
study and other researchers. The friction factor predicted by the corre-
lation (10) agrees well with the experimental data, the maximum and
average deviation was 18% and 5% respectively, that similar to corre-
lation (2). The friction factor at the same Reynolds number varies only
slightly between authors. The friction factor was in better agreement
with Kaviany and Mittal [33] as they also tested PUF. From minimum to
maximum Reg the friction factor predicted by Paek et al. [27] for
aluminum foam was 1.26 to 1.75 times lower than the friction factor of
the current work. The friction factor predicted by Wang and Guo [28] for
stainless steel foams was lower than the current study by a factor of 5.
The significant differences from Wang and Guo [28] can be explained by
the fact that in their work, the pressure drop was determined at velocity
ranging from 7 to 26 m s~ The current work was performed at veloc-
ities ranging from 0.1 to 3 m s L Wang and Guo [28] pointed out that
the permeability and Forchheimer coefficient are dependent on the ve-
locity range. On the other hand, the difference in ligament structures of
metal and PUF can lead to differences in pressure drop and friction
factor, and it should be noted that the friction factor of MF can also differ
significantly depending on the manufacturing process.
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Fig. 10. The friction factor as a function of the permeability based Reynolds number.
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Fig. 11. The Nusselt number as a function of Reynolds number, reference
dimension is the fiber diameter.

3.2. Heat transfer

The overall HTC of the channel with foam inserts is defined as fol-
lows:

Q

HTC =——
Ayarr AT

(12)

where AT is the difference between the mean wall temperature Ty,q; and
the mean flow temperature Tpqy in the foam, Ayqy is the area of the
aluminum heated wall. The mean flow temperature Tg,y, is calculated by
the following equation:

To = Tinter + Toutter 13)

2

where Tinter, Toutle: are the inlet and outlet temperature of the test section.
The heat flow rate Q is defined as:

0= I’f’l'C,;'(Tnm/er - in[er) a

where m, ¢, are the mass flow rate and the heat capacity of the air
respectively.

For the channel with foam insert the Nusselt number based on fiber
diameter is defined by:

(15)

where k; the thermal conductivity of the air.

As the Reynolds number based on the fiber diameter increases, the
Nusselt number also increases (Fig. 11). The differences in the Reynolds
number of the studied samples are associated with differences in the
fiber diameters (table 1). Since the PUF-20 sample had a larger fiber
diameter, the maximum Nusselt number was observed for the PUF-20
sample. The minimum Nusselt number with foam inserts was 0.04,
and the maximum was 0.4. The following correlation was obtained for
the Nusselt number as a function of the Reynolds number based on fiber
the diameter:

Nuy, = 0.037Rey"! (16)

0.772

0.75 1 Nug=0.034Rey

y
= r
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Fig. 12. The Nusselt number as a function of Reynolds number, reference
dimension is the permeability.
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Fig. 14. The overall HTC as function of the permeability based Rey-
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Fig. 15. The Colburn j factor as function of the Reynolds number, reference
dimension is the permeability.
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From Fig. 11 is clear that the Nusselt number based on the fiber
diameter is independent from PUF pore density. The Nusselt number as a
function of the Reynolds number for PUF-20 and PUF-80 was well
described by a single correlation. Also, it suggests that the fiber diameter
is suitable as a characteristic length for PUF. The power law with the
Reynolds number exponent is 0.61, which coincides with the obtained
Arbach and Doohan [22] exponent in the power law equation for the
MEF. Therefore, the effect of the Reynolds number on the heat transfer in
the PUF was similar with the MF. However, the constant in the power
law equation obtained by Arbach and Doohan [22] is equal to 0.36,
because of much higher overall HTC in the MF.

The Nusselt number based on permeability is defined by:

Nug

HTC-vK
-— a7

f

Fig. 12 shows the Nusselt number as a function of permeability
Reynolds number. The following correlation is obtained for the Nusselt
number as a function of Reynolds number based on the fiber diameter:

Nug = 0.034Re" (18)

The Nusselt number based on the permeability Reynolds number for
PUF-20 and PUF-80 can be described by a single correlation similar to
the fiber diameter based Reynolds number Eq. (16)). However, the
correlation based on the fiber diameter was in better agreement with
experimental data, the average deviations for Eqs. (16) and ((18) were
5% and 16%, respectively. On the other hand, advantage of Eq. (18) is
that it does not require the measurement of the fiber diameter.

In Fig. 13, the overall HTC obtained in the present study is compared
with the results of Mancin et al. [12] for aluminum and copper foam
with PPI 20. For minimal and maximal mass velocities, the HTC of PUF
was 20 and 64 W m 2 K1, respectively. As seen, the overall HTC of PUF
was much lower than that of MF. The overall HTC of aluminum and
copper foams exceeds the overall HTC of PUF by factors of 9.5 and 12,
respectively. For comparison with the data of Calmidi et al. [15], in
Fig. 14, the overall HTC is presented in relation to the based on
permeability Reynolds number. The aluminum foam with a PPI of 20
had an overall HTC seven times greater than that of PUF. Although the
Reynolds number for the PUF-80 sample was less than that of PUF-20,
the HTC of the two PUF samples at the same mass velocities were
almost identical. Edouard et al. [32] also investigated the overall HTC of
PUF in an air flow. According to their study, the overall HTC varied from
100 to 120 W m~2 K for air velocities in the range from 0.018 to 0.32
m s, i.e. almost independent of velocity. The overall HTC obtained in
our study differed from the data of Edouard et al. [32] by two and five
times for the maximum and minimum flow rates, respectively. The
greater difference at the minimal velocity was associated with large
uncertainties, which can be confirmed by the fact that in Edouard et al.
[32], the flow velocity did not affect the HTC.

The difference between PUF and MF for the overall HTC was greater
for the copper foam, since copper has a higher thermal conductivity. The
ratio of thermal conductivity of fluid and solid ks/ks was 1.37 x 1071,
1.1 x 107*and 6.7 x 107° for PUF, aluminum and copper foam,
respectively. The thermal conductivity of the copper foam was higher
than that of PUF foam by two to three orders of magnitude. The low
value of the thermal conductivity of the PUF foam material leads to a
significant decrease in the HTC in the channel with PUF inserts
compared with MF. The low thermal conductivity of foams increases the
thermal resistance of the solid phase, which limits the heat transfer
along the foam ligaments from the heated wall to the flow. It should be
noted that the data obtained in the present study are not consistent with
those of the analytical studies by Lu et al. [30] and Xu et al. [31]. The
results of the analytical study showed that with an increase in ky/k; from
1 x 10°to1 x 107}, the Nusselt number decreased by two orders of
magnitude, but in the present study, the HTC decreased by one order of
magnitude (by a factor of 12) when comparing PUF with MF Mancin
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Fig. 16. The Nusselt number as a function of Reynolds number, reference
dimension is the hydraulic diameter of the channel.

et al. [12]. However, an experimental study by Kouidr and Madani [16]
demonstrated that the Nusselt number decreased by a factor of 1.6 as
k¢/ks increased by one order of magnitude. In their case, MF with
different thermal conductivities and water as the working medium was
used. The analytical models presented by Lu et al. [30] and Xu et al. [31]
were verified on MF, which is possibly the reason why their data are not
consistent with our data.

Representing the Colburn j factor as a function of the Reynolds
number is one way to calculate the performance of heat transfer [22].
The Colburn factor is defined as follows:

j = StPr?/3, 19)

where Pr is the Prandtl number. The Stanton number St is defined as:

Nug

St = X
RegPr

(20)

The Colburn factor j as a function of the permeability Reynolds
number for the PUF and MF is shown in Fig. 15. With an increase in the
Reynolds number, the Colburn factor decreased, similar to Calmidi et al.
and Abrak et al., while its values for PUF were significantly lower than
those for MF. However, the values are closer to the data of Abrak et al.,
since they studied the heat exchange in aluminum foam with water at a
ratio kg/ks of 2.5 x 1073, Fig. 15 also shows that the j factor is higher for
the PUF-80 sample due to the lower values of the permeability based
Reynolds number. The maximum values for the PUF-20 and PUF-80
samples were 0.06 and 0.024, respectively.

Fig. 16 shows the Nusselt number Nup based on the channel hy-
draulic diameter with a PUF and an empty channel for comparison. The
Nusselt number of the empty channel Nug is calculated using the
empirical correlation for the Reynolds number Rep based on the channel
hydraulic diameter Rep > 3000 using the Gnielinski equation [43]:

N — (f5/8)RepPr
Tonor+127(13/8)" (PP - 1)

(21)

where f} is the friction factor of the empty channel calculated using the

Blasius equation for Reynolds number (3000 < Rep < 20,000) [21]:
fo =0.3164Re%>. (22)

The Reynolds number based on the channel hydraulic diameter is
defined as:
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Fig. 17. The TPF as a function of the Reynolds number, reference dimension is
the hydraulic diameter of the channel.

puD

Rep =—, (23)
u

where D is the hydraulic diameter of the channel.

The Nusselt number of PUF based on the channel hydraulic diameter
is defined as:

HTC-D

Nup =
up kf

; (24

The Nup, for the channel with PUF was noticeably higher than that of
the empty channel (Fig. 16), despite the fact that the HTC of PUF was
significantly lower than that of MF (Figs. 13 and 14). The heat transfer
intensification in the channel with all tested PUF can be explained by the
intensive mixing of the flow passing through the complex structure of
the foams. At the same Rep, the heat transfer intensity was slightly
higher for foams with lower PPL

To estimate the heat transfer enhancement at equal pumping power,
the following equation of the thermal performance factor TPF is
employed [21]:

(25)

where fp is the frication factor of PUF based on the hydraulic diameter is
defined as:

AP 2D
Fig. 17 shows TPF of the PUF for various Reynolds numbers. As can
be seen for both tested PUF, the TPF value is less than 1, which means
that at equal pumping power, the HTC of PUF is less than that of the
empty channel. Although both PUF have similar HTC values, the TPF
was higher for the PUF-20 foam because PUF-80 foam had a higher
friction factor. This indicates that PUF with a lower PPI is more suitable
as a heat transfer enhancer. The maximum value of the TPF is 0.37 and
0.24 for PUF-20 and PUF-80, respectively, at the lowest Reynolds
number. As the Reynolds number increased, the TPF decreased. Huang
et al. [21] also showed a decrease in TPF with an increasing Reynolds
number for MF. However, the TPF was above 1 for Reynolds number of
less than 3000. The best TPF of the MF is due to the high thermal con-
ductivity of the metal. Although the pressure drop in MF is close to that
in PUF, the HTC of MF can be higher by a factor of 12 due to the high
thermal conductivity.
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Fig. 18 shows the diagram divided into two regions for the Nusselt
number and friction factor ratios. The first region is on the left with
respect to the diagonal, corresponding to the value of the TPF > 1, and
the second region is on the right, corresponding to TPF < 1. Thermo
hydraulically efficient heat transfer intensifiers must fall into the first
region. As can be seen, the PUF is in the second region, that is, the
pumping costs exceed the effect of heat transfer intensification. Despite
the increases in friction factors of 17 and 30 times for PUF-20 and PUF-
80, respectively, the use of the above foams intensified the heat transfer
by six and seven times, respectively.

Although the heat transfer of PUF is an order of magnitude less than
that of MF, the results of the experimental analysis show that inserts
with PUF also significantly intensify the heat transfer compared to an
empty channel. However, due to the additional pressure drop due to
turbulence, the increase in the friction factor exceeded the increase in
heat transfer enhancement. Despite this, PUF can still be used when the
compactness or mass of the heat exchanger is more important than
pumping costs. When comparing MF and PUF, it is important to note
that MF will require less volume to achieve the same heat rate due to its
higher HTC, based on its thermo physical properties. On the other hand,
PUF are lighter and less expensive than MF.

4. Conclusion

The experimental study of the hydraulic and heat transfer charac-
teristics of a rectangular channel filled with polyurethane foam (PUF)
inserts with a thermal conductivity of 0.2 W-m1-K ! in the air flow was
carried out. The pressure drop through PUF is similar to that of MF at the
same pore density and porosity. The correlation coefficients for the
friction factor based on the permeability Reynolds number are closer at
different pore densities tested for PUF, compared to correlations ob-
tained for fiber diameter based Reynolds number. This shows that
permeability based Reynolds number is less dependent on the pore
density; therefore, it is better to use as a characteristic length to deter-
mine the friction factor in the foam. The Nusselt number as a function of
the Reynolds number based on the fiber diameter is independent of the
PUF pore density and can be described by the correlation for different
pore densities. The intensity of the heat transfer from the wall of the
channel filled with PUF was 6-7 times higher than that of the empty
channel. In this case, the thermal performance factor was in the range of
0.3 to 0.4. Mainly due to the lower thermal conductivity of poly-
urethane, PUF foams have a 7-12 times lower overall HTC compared to
MF. It should be noted that some differences between PUF and MF can
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also be caused by the higher porosity, strut surface, etc. However PUF
are lighter and less expensive than MF. Therefore the mass and cost of
the heat exchanger is important, PUF can be used instead of MF.
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