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ABSTRACT

Thermal management has become a major issue in the latest high performance computing
machines because high CPU temperatures result in inefficient performance and decreased
hardware life span. In this work, the cooling performance of a finned metal foam heat sink
(FMFHS) was examined. The pore density values of tested copper metal foam (CMF) samples
with different values of PPI 5, 10 and 20, with a constant porosity of 90%. For reference,
these samples were measured by a conventional Aluminum plate-fin heat sink (CHS). The
work was performed under experimental conditions in which air directed over the heat sink
surface at air velocities (2.5, 3.0 and 3.5 m/s). The environmental temperature was fixed at
27 °C. Findings indicated that pore density strongly affected on the cooling behavior. The 5-
PPI foam showed an improved thermal performance better than CHS, due to the open pores
and increased surface area, which enhance convective heat transfer. By contrast, the 10-PPI
demonstrated moderate copper foam performance, placed between PPI 5 and CHS. The 20
PPI foam showed the lowest heat removal rates. Under these conditions, the 5 PPI design
presented a 21.6 % increase in Nusselt number and a 16.9 % decrease in total thermal
resistance at 3.5 m/s and 120 W compared to CHS. This confirms that using low PPI copper
foams, such as 5-PPI in finned geometries, provides a considerable gain in cooling efficiency
for high-power electronic components. Therefore, in high-power CPU cooling systems
requiring high efficiency and compact size, it is recommended to use low PPI finned CMF
heat sinks.

Keywords: Finned metal foam heat sink, Metal foam, Pore density, Forced convection,
Thermal resistance.

1. INTRODUCTION

The ongoing evaluation of modern-day technology, the need for higher processing power in
electronic devices has been continuously growing. In addition, constantly miniaturizing
electronic components greatly increases heat generation in such a system. High thermal
intensity impairs a device’s efficiency, reliability, and lifespan, stressing the significance of
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the successful application of heat management in advanced electronics (Giiler et al., 2024;
Moayad and Sarsam, 2025).

An experimental investigation carried out by (Nawaz et al., 2010) using open-cell
aluminum foam as a compact alternative to traditional brazed aluminum fin structures in
heat exchangers. Their assessment employed a closed-loop wind tunnel setup to measure
the characteristics of pressure drop and heat transfer, measured through. In doing so, the
study emphasized how the importance of foam porosity above 0.90 and how metal foams
improve heat transfer. Therefore, thermal management systems to be effective, flow control
and refined design are essential. A numerical investigation of FMFHS subjected to uniform
impinging airflow was conducted by (Feng et al., 2015). Their study examined how changes
in fin configuration, such as, including width, height, and length affected the heat transfer,
and revealed that the finned metal foam system outperformed the conventional plate fin
heat sink (CHS), achieving up to 26% higher heat transfer. However, this enhancement was
accompanied by a significant increase in pressure drop. It also identified empirical
relationships, which will pave the way for additional design optimization. (Bayomy et al.,
2016) studied porous aluminium fins in comparison to CHS for Intel processors and found
that aluminium foam pin fins outperformed solid copper pin fins regarding thermal
performance. (De Schampheleire et al., 2016) conducted a combined experiment/
simulation to develop the thermal behavior of open-cell metal foams. To increase
consistency in the results, they proposed a process that can closely monitor the foam
structure with very fine features of the voxel profile. Their findings were different from their
previous years’ models; when they compared them to old models, they saw very evident
differences and proposed improved CFD closure terms. These enhancements helped
produce more accurate thermal predictions. (Nima and Hajeej, 2016) studied convective
heat transfer using a horizontal fluid channel with aluminium metal foam blocks (100 x
50x10 mm) with PPI values between (10 - 30) under forced flow at Reynolds numbers
between 500 and 2000. Their analysis revealed an improvement in heat transfer of up to 35
% relative to an unfilled channel. (Shadlaghani et al., 2016) studied the thermal
effectiveness of the triangular fin design, both with and without longitudinal openings, and
evaluated the resulting performance through graphical analysis by modifying the shape and
dimensions of the fins with the fixed volume. The experimental results showed the
correlation between the heat transfer rate in the triangular fins and the height-to-thickness
ratio. It also showed that the thermal performance improvement was significantly higher
with square and circular shape holes as compared with triangular holes. In their analysis,
(Andreozzi et al., 2017) examined how different PPI configurations influence the thermal
performance of impinging FMFHS when operated under the same pumping power
conditions. Results presented 26% reduction in thermal resistance compared to the CHS and
2.5% decrease compared to fully optimized microchannel plate-fin heat sinks. (Ali et al,,
2018) experimentally demonstrated that CMF with phase change materials (PCM)
dramatically reduces thermal resistance compared to traditional heat sinks and therefore
improves cooling efficiency. (Welsford et al., 2018) reported that high-porosity open-cell
aluminum foams with a pore density of 10 PPI offer strong thermal efficiency and can serve
as effective heat sinks for electronic applications such as CPU cooling. (Hao and Zhang,
2019) performed that the metal foam heat sink had a significantly superior thermal
behavior, as it had a heat transfer coefficient that was 3.6 times higher than the finned heat
sink, and all this without the heat building up, so it was more suitable for cooling CPUs with
a continuously constant heat flux. (Hoi et al., 2019) examined how incorporating a fractal
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insert into a fin-plate heat sink influences forced-convection heat transfer. Their findings
showed that integrating the fractal network enhanced the heat sink’s overall thermal
performance under forced-flow conditions. (Li et al., 2020) performed a numerical
investigation on a hybrid heat sink that combines metal foam with pin fins under local
thermal non-equilibrium conditions. Their work showed that it improves the heat transfer
by combination, and in this way contributes to the uniformity and a good temperature field.
Impacted by porosity of the foam, pore density and the thermal contact resistance,
researcher obtained that the contact resistance reduced the Nusselt number by almost 36%.
This study observed that metal foam pin-fin material had suitable performance in all four
domains with the thermal properties approximately 1.6 times thermal performance
superiority compared to pin-fin heat sinks, demonstrating its potential for the advanced
cooling applications pin-fin heat sinks. (Qiu et al., 2020) performed a porous copper micro-
channel heat sink defined by high thermal conductivity and structural robustness. Results
highlighted the importance of improving porosity and pore size, as these parameters
significantly influence heat transfer performance and contribute to more energy-efficient
CPU cooling. Numerical analysis was examined by (Uglah and Jubear, 2020) for natural
convection in metal foam heat sinks designed with two fin profiles geometries curved and
sharp edge. Results pointing to that rounding the fin edges enhanced the thermal
performance, resulting in a 5.6% enhancement in the heat transfer coefficient and a 4 °C
decrease in the base temperature compared with the sharp-edged fin design. (Bianco et al.,
2021) performed the performance of finned and non-finned metal foam heat sinks on
cooling and energy consumption. Results reveling that the capacity to successfully remove
heat was significantly increased with fins, which resulted in a 3.3-3.5fold better heat
removal than that of foam without fins at the same power. (Li et al., 2021) examined the
MFPFHS design to improve electronic cooling under non-uniform heat flux conditions. Their
configuration enhanced airflow distribution and increased the effective thermal
conductivity of the heat sink. Under forced convection heat transfer. (Singh et al., 2021)
studied the thermal performance of 25 different heat sinks including a micro-pin vanes
square heat sink. Results showed that the micro-pin heat sink was the most efficient fin
geometry. (Kanate et al., 2022) studied a numerical investigation on a conventional heat
sink (CHS) for identifying the best fin pattern and simulated the airflow and heat transfer of
extruded and cross-cut designs at a base temperature of 80°C with ambient air at 32°C, then
compared the temperature drop, heat flux, and heat transfer coefficient. Their comparisons
disclosed which geometry presented the best thermal performance. (Liaw et al., 2022)
investigated a numerical study on hybrid heat sinks that utilize pin fins, metal foam, and a
dielectric coolant during forced convection, conducted a single-step analysis using a copper
foam with 10-PPI. For Reynolds number calculation from 100 to 1500 at a heat flux of 100
kW/m?, measured various pin shapes, square, triangular, circular and also a configuration
without pins. The triangular pins appeared best when foam was fully filled, whereas square
pins were more effective in partially filled cases. In a general sense, the hybrid configuration
achieved better for enhanced cooling for electronics applications. (Ali and Ghashim, 2023)
conducted numerical analyses on forced convection in metal foam heat sinks and found that
partial filling near the pipe wall with 10 PPI foam provided the best heat transfer
enhancement with a Nusselt number ratio of 5.5 and better performance and more efficient
thermal performance than 20 PPI and 40 PPI foams. (Yudanto et al., 2023) evaluated the
performance of CPU heat sinks made from different materials, steel, aluminum, and copper,
under various cooling orientations (horizontal, vertical, and mixed) and with multiple fan
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configurations (2, 4, and 8 fans). Their experiments were carried out at an air velocity of 5
m/s for a 65 W CPU. (Radmanesh et al., 2023) performed numerical simulations of metal-
foam heat sinks for air cooling of electronic devices, various foam porosities from 90 % to
60% was used, and founded that the optimal porosity was about 75 % corresponding to a
geometry with good heat transfer as well as without an excessive loss. (Mirshekar et al.,
2023) investigated the enhancement of cooling performance by partially filling a heat sink
with a combination of metal foam and phase change material (PCM). Their experimental
results showed that this approach improved both melting and solidification behavior,
providing an effective balance between heat storage and thermal conduction. The metal
foam increased the overall thermal conductivity, enabling faster heat transport through the
PCM. (Pires-Fonseca and Carrasco-Altemani, 2024) provided a summary of the
experimental and numerical research on CPU cooling with straight-fin and inline strip-fin
heat sinks. These systems were tested at airflow speeds ranging (4-20 m/s), corresponding
to Reynolds numbers between 810 and 3800. Despite the lower area of a strip-fin, its design
results in better convective heat transfer and reduced thermal resistance. The numerical
performance was well supported by experimental data. Their research showed the profound
effect of fin geometry and flow condition on CPU temperature control.

(Haghighi et al., 2024) experimentally tested twelve heat sink designs (plate and pin-fin
designs with rectangular, circular, and conical pins) under forced convection in fin counts of
5,7,and 9, fin designs considering different air velocities. Using a 7-fin configuration has led
to a 4-20% reduction of thermal resistance and a doubling of heat transfer coefficients
compared to 5-fin and 9-fin configurations. Conical pin-fins with 7 or 9 fins facilitated
convective heat transfer by up to 81% higher than plate fins, whereas 5-fin plate fins
produced the least thermal resistance since they possessed a larger exposed surface area.
(Xiong et al., 2024) studied heat transfer and flow behavior of open-cell copper foam of
high porosity experimentally and numerically. In which cooling-induced porosity and
airflow speed in the context of the porosity, as well as airflow speed and cooling performance
comparison, then founded that higher air velocities significantly enhanced heat transfer, as
did the internal porous structure, with a heavy impact on temperature distribution within
the foam.

(Theeb and Hussain, 2024) described the integration of PCM with metal foams to further
improve electronic cooling efficiency. The study demonstrated that the addition of metal
foam to PCM materials increases their thermal conduction and assists in the melting and
solidification processes faster. It also provided recent developments in the field of design
enhancements and materials. It was determined that PCMs working in combination with
metal foams can result in the improvement of temperature uniformity in electronic devices
and an increase of heat absorbing ability. In particular, presented an overview of combining
PCMs with metal foams to enhance electronic cooling efficiency. (Wang et al., 2025)
investigated metal foam heat sinks with graded pore density to improve thermal
performance under forced convection conditions. CFD simulations were used to examine
eight composite foam geometries with variable pore density and constant porosity. The
findings demonstrated that, in comparison to uniform foams, gradient pore structures have
significantly lower flow resistance, particularly when high-porosity foam takes up a greater
percentage of the channel. The best arrangement involved a negative pore gradient
combining low and high PPI foams, supplying improved airflow characteristics and heat
transfer efficiency. Copper foam heat sinks partially combined with phase change material
(PCM) under forced air cooling were studied by (Younus and Abedalh, 2025). A heated
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copper plate was used to test various foam geometries and porosity levels under various
airflow and power conditions. Results showed that hybrid foam-PCM arrangements
significantly enhanced temperature control compared to conventional cooling systems.
Higher porosity foam geometry and composite foam geometries achieved the best thermal
performance. A review of heat sink for cooling laptop processors was given by (Mangate et
al,, 2025). The thermal performance of several heat sink materials was studied and assessed
in relation to compared copper and CHS heat sinks. Alternative materials were assessed
based on their heat dissipation capability in electronic cooling applications. The research
identified suitable material candidates that may replace CHS.

From the reviewed literature, it is evident that metal foam materials offer significant
potential for enhancing heat dissipation in electronic cooling systems. However, most
previous investigations have focused on aluminium foams or simple block-type geometries,
with limited attention given to finned copper foams operating under forced convection and
high thermal loads representative of CPU conditions. The influence of pore density on the
thermal behavior of copper foam heat sinks has not been sufficiently addressed under
identical airflow and heating conditions. Accordingly, this work sets out to perform
experimental work to compare the heat dissipation behavior of finned copper foam heat
sinks with 5, 10, and 20 PPI at different air velocities of 2.5, 3.0, and 3.5 m/s under a constant
heat load of 120 W. The main objective is to find the most effective heat sink that will be able
to obtain the least thermal resistance as well as the highest heat transfer efficiency when
compared to CHS.

2. EXPERIMENTAL APPARATUS AND PROCEDURE

This section provides a detailed explanation of the main topics covered in this research,
including the types of heat sinks employed, the experimental setup designed to evaluate
their performance under forced convection, and the theoretical calculations based on the
collected experimental results.

2.1 Heat Sinks Used in the Present Research

In this study, the CHS with dimensions of (100 x 100 x 20 mm) was used as the reference
case to compare the performance of the proposed FMFHS. The CHS was made of aluminium
alloy material featuring thermal conductivity of 167 W/m-K, and consisted of 16 straight fins
with uniform geometry, and FMFHS configuration as shown in Figs. 1 and 2.

Fig. 3 represents the experimental apparatus schematically, and Fig. 4, photographically.
The setup was designed to simulate a typical cooling configuration for a CPU model. It
consisted of an electric heater and different heat sinks, i.e., CHS and FMFHSs. The FMFHS
was tested using three pore density levels (PPI 5, 10, and 20) to examine the influence of
foam structure on heat dissipation performance. The heater was powered through a 220-V
supply and connected to a variable voltage transformer (Variac) to adjust the input power.
A 220-V CPU fan was used to generate forced airflow over the heat sink, with air velocities
of 2.5, 3.0, and 3.5 m/s controlled by a speed regulator. The air velocity inside the channel is
not uniform, therefore, the velocity was measured at five different locations: four points near
the channel walls and one point at the center, as shown in Fig. 5. The airflow was guided
through an open-ended duct with a height of 250 mm to make sure uniform air distribution
across the heat sink surface. In this experiment, a single heating power of 120 W was
enforced to the heater to maintain steady heat input. The heater and fan were turned on
simultaneously to initiate the heat transfer process.
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Figure 1. Picture and schematic geometry of (a & b) the CHS, and (c & d) the FMFHS used
in the present work.

Figure 2. CMF with different PPI values of 5, 10, and 20 PPI before and after the cutting
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Figure 3. Schematic of the experimental system for forced convection heat transfer

measurements

Temperature measurements were executed using six K-type thermocouples: five were
joined to the base of the heat sink near the heated surface, and one was positioned to record
the ambient air temperature, which was fixed directly into the heat sinks. The thermocouple
junctions were inserted in to the base using small holes drilled at specific locations, ensuring
tight contact with the metal surface and reduce measurement error. These locations
included four points near the edges of the base and one point at the center, as shown in Fig.
6. This method provided precise monitoring of the heat sink temperature during operation
and ensured reliable data for evaluating the thermal performance under different test
conditions.
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Figure 6. Distribution of Thermocouples on the base of heat sink.
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2.2 Theoretical Calculations

The following quantities were calculated in the present work. The equivalent hydraulic
diameter of the fin channel was expressed in Eq. (1) (Adhikari et al., 2020):

D, =4A/P (D

Where:

P =2 X (S + H): p is the wetted perimeter of the base heat sink.

A =S X H: Ais the cross-sectional area.

The heat transfer coefficient (Heydari et al.,, 2020) and Nusselt number (Rashid et al.,,
2022) were calculated as shown below:

h = Q/[Ap (Tp — To)] (2)

h: Convective heat transfer coefficient
A,: Base area of the heat sink

T,: Base temperature of the heat sink
T,: Ambient air temperature

Nu=(hDy/K) (3)
K: thermal conductivity of air

Where: the air properties were evaluated at the mean air temperature (T¢) (Zografos et al.,
1987)

where,
Tr= (Tp, +T4)/2 (4)
T,: Base temperature of the heat sink

The power supplied to the heater comes from an electrical source. (Mokhiamar et al.,
2022)

Po=V.I=Q (5)
Po: electric heat input

V: Input voltage

I: Input current

Q: The heat transfer from the heated wall

Thermal resistance can be defined as follows (Kim et al., 2003)
(6)

R;y: Thermal resistance
T,: Base temperature of the heat sink
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3. THERMOCOUPLE CALIBRATION

The thermocouples used in this experiment have been calibrated using three different
liquids, as shown in Fig. 7. First, distilled water was used as a reference medium for
measurement, and the calibration was performed at atmospheric pressure through
measuring the ice temperature at 0 °C, and then boiling water at 100 °C. Subsequently, two
different liquids, i.e., acetone and ethanol, were used to measure their boiling points at
atmospheric pressure.
110
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Figure 7. Thermocouple calibration curve.

4. UNCERTAINTY ANALYSIS

To make sure the experimental results are accurate, the uncertainties of the measuring
instruments used in this study must be considered. All instruments were used according to
the manufacturer’s instructions to reduce errors and obtain reliable data. Table 1 shows the
main measuring devices and their related uncertainties.

Table 1. Measurement instruments and their corresponding uncertainties

Device Type/Model No. Measured Parameter Uncertainty

Thermocouple Type K Base Temperature +0.1°C

Data Logger BTM-4208SD Temperature +0.8°C
Hot Wire Anemomete YK-2005AH Air Velocity +5%

Clamp Meter RMS MT-3202 ACV +0.8%

ACA *1.2%

Uninterruptible On-line UPS, 1 Input voltage regulator +0.5%

power supply (UPS) | kVA-single phase

The main sources of uncertainty in this experiment arise from errors in measuring power,
thermocouple readings, and physical dimensions. The overall uncertainty of the parameters
was determined through equation analysis suggested by (Holman, 2012), and expressed
as:

6R = (53)8xt + (55)8x% + ... + (5.0) 6 7)

Ug = \/(%* le)z + (;’TRZ* UXZ)Z +o (‘;—in * an)z (8)
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An error can be classified as systematic or random based on whether it is constant or varies
throughout the duration of a single experiment. The maximum uncertainty in Nusselt
number Ru is calculated as 5.2 % and 5.1 %, respectively.

5. RESULTS AND DISCUSSION

The effect of PPI on the base temperature of the FMFHS at different air velocities is
illustrated in Fig. 8. An increase in PPI from 5 to 20 leads to a rise in base temperature, as
the higher foam density and reduced permeability obstruct air flow and diminish convective
heat transfer. All heat sinks record higher temperatures at an air velocity of 2.5 m/s,
indicating that the low air velocity is sufficient to produce forced convection. When the
velocity increases to 3 m/s, the base temperature of heat sink drops due to greater
convective efficiency at higher air movement. At 3.5 m/s, the cooling performance further
improves, and the temperature difference between PPI 5 and 10 becomes smaller. In another
case, PPI 20 still has the highest temperature because of a higher flow resistance and reduced
air penetration. Physically, increasing PPI enhances the solid matrix area and conductive
heat transfer; however, under forced convection conditions, the reduction in airflow
permeability becomes the dominant factor affecting thermal performance. Accordingly,
MFHS with PPI 5 provides the best thermal performance by maintaining an effective balance
between heat transfer surface area and airflow passage.

90
85 | €25m/s A3m/s @35m/s
© g0 - ¢
L
B 75 N A
(9]
S 70 A ¢
Q.
F
2 60 A ¢
3 A
55 - °
50 T T T T
0 5 10 15 20 25
PPI values
Figure 8. Effect of pore density (PPI) on the base temperature of the MFHS at different air
velocities.

The variation of base temperature with air velocity for different pore densities (PPI 5, 10,
and 20) of MFHS compared with CHS is shown in Fig. 9, As air velocity increases from 2.5 to
3.5 m/s, the base temperature decreases for all configurations due to enhanced convective
heat transfer. The 5-PPI foam showed the lowest base temperature, demonstrating superior
cooling performance among the tested samples. This demonstrates that pore density is
mostly controlled by permeability effects and airflow velocity dominant role in heat removal.
Despite the increased surface area in higher PPI configurations, the 10-PPI foam showed
reduced performance due to airflow restriction, whereas the 20-PPI sample recorded the
highest temperatures because of increased flow resistance. Consequently, the MFHS with 5-
PPI provides the most superior thermal performance among the tested due to its larger
pores which allow for greater surface area that enable higher airflow penetration and best

117



S. Sh. Ismail and W. S. Sarsam Journal of Engineering, 2026, 32(3)

effective heat removal. Despite offering enhanced surface area, the 10 PPI foam geometry
shows slightly lesser impact because the pore structure facilities air circulation. The 10PPI
foam performs slightly weaker since its smaller pores start to restrict airflow despite a
higher surface area. The CHS exhibits better performance than 20-PPI because its solid
channels allow weaker airflow. However, its total heat transfer area is smaller than that of
the metal foams. At PPI 20, the fine pores restrict airflow circulation, causing higher flow
resistance and reduced thermal performance.

90

85 1 EmPPI5  APPI10 PPI20  @CHS
80

75 A

0 - 2
65 | x

_ ]
60 - 2
55 A ]

Base Temperature (°C)

50 T T T T T
2.25 2.5 2.75 3 3.25 3.5 3.75
Air velocity (m/s)
Figure 9. Effect of air velocity on the base temperature for different pore densities (PPI) of
the MFHS and CHS.

The variation of the Nusselt number with pore density (PPI 5, 10, and 20) for FMFHS under
different air velocities is illustrated in Fig. 10, Nusselt number increases with greater air
velocity for every pore density, indicating more powerful convective heat transfer. Among
all samples, 5-PPI shows the greatest Nusselt number, particularly at 3.5 m/s, the
improvement in the Nusselt number achieved 21.6% due to larger pores that enhance air
movement and turbulence. This leads to better mixing between the solid and fluid phases,
enhancing heat removal from the foam surface. At 10-PPI, the Nusselt number slightly
decreases because smaller pores increase flow resistance and limit air penetration. For 20-
PPI, the structure restricts airflow significantly, causing poorer convective results in general.

2000
®2.5m/s A3m/s ®3.5m/s
1800 -
1600 - o
_ 1400 A )
“ 1200 - ¢
4 °
1000 A * A
800 - *
600 . . .
0 5 10 15 20 25
PPI values
Figure 10. Variation of Nusselt number with pore density (PPI) of the MFHS at different air
velocities.
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Overall, this figure demonstrates that pore density represents an important parameter in
how well heat moves. At higher air velocities, increased Reynolds numbers enhance
convective heat transfer. Metal foam with lower pore density therefore showed superior
performance, with the 5-PPI heat sink achieving the highest thermal efficiency.

Fig. 11, shows Nusselt number response to metal foam heat sinks in varying air velocities
with three pore densities of 5, 10, 20 PPI and a conventional heat sink (CHS). In each case,
Nusselt values increase as air speed rises from 2.5 to 3.5 m/s, indicating that faster airflow
improves convective cooling. The 5-PPI foam consistently performed the greatest Nusselt
number, supporting its superior thermal performance. This outcome stems from the pore
size, which facilitates airflow penetration and turbulence, leading to enhanced heat removal.
The 10-PPI foam shows moderate performance due to reduced air velocity through smaller
pores, while the 20-PPI foam gives lower Nusselt numbers because of airflow restriction and
increased flow resistance. While the CHS performs better than the 20-PPI foam, it remains
less effective than foams with larger pore sizes. This behavior indicates that forced
convection dominates heat transfer at higher velocities. Overall, the 5-PPI structure achieved
the most efficient convective heat transfer among the tested designs.

2000
BPPIS APPI10 PPI 20 ®CHS
1800 A
1600 1
2 1400 1
]
1200 1
1000 A ‘
800 -
600 T T T T T
2.25 2.5 2.75 3 3.25 3.5 3.75

Air velocity (m/s)

Figure 11. Effect of air velocity on Nusselt number for different pore densities (PPI) of the
MFHS and CHS.

As shown in Fig. 12, the influence of air velocity on Rth of MFHS with distinct PPI values (5,
10, and 20). The analysis indicates that thermal resistance is significantly decreased with
increasing air velocity from 2.5 to 3.5 m/s for all foam types, owing to higher forced
convection. The lowest Rth values and a reduction of 16.9% for the PPI 5 heat sink are
reported for each of the configurations confirming the stronger performance across the
thermal transfer. Because its larger pores facilitate airflow penetration and enhance
convective heat removal. The resistance of the PPI 10 sample is slightly higher since smaller
pores start to block the passage of air. The highest Rth is caused by its dense structure at PPI
20 due to the high flow restriction and poor air circulation. The reduced temperature
difference between the base and outlet at higher flow rates reflects enhanced heat
dissipation. Consequently, low-density foams (PPI 5) combined with increased air velocity
lead to lower thermal resistance under forced convection.
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Figure 12. Effect of air velocity on thermal resistance (Rw) for different pore densities
(PPI) of the MFHS.

Fig. 13 illustrates the impact of air velocity on the Rth for 3 different pore densities (PPI 5,
10, and 20), with MFHS versus CHS. The findings also indicate that for all configurations, the
Rth decreases at 2.5-3.5 m/s of air velocity because of the increased forced convection. From
a physical standpoint, the reduction in thermal resistance is associated with the enhanced
convective heat transfer coefficient and the improved heat exchange between the solid
matrix and the airflow as velocity increases. The 5-PPI metal foam, among all tested, had the
lowest thermal resistance and therefore displays superior heat removal. This trend is
primarily attributed to its high permeability, which facilitates weaker airflow penetration
and ensures more uniform heat dissipation across the foam structure.
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Figure 13. Effect of air velocity on thermal resistance (Rt) for different pore densities
(PPI) of the MFHS and CHS.

o
w
1

o
N
1

o
=
1

The resistance of the metal foam 10-PPI presents some moderate resistance, while small
pores slightly restrict airflow and reduce the cooling rate. The highest Rth value is for the
PPI 20 foam, which possesses a highly packed structure that causes a resistance to flow and
areduction in the capacity of convective transport. CHS does better than 20-PPI metal foam,
but worse than open-cell foams with low pore densities. In increasing air velocity, the slope
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in temperature gradient of the heat sink also diminishes, and the overall thermal resistance
is lower. These results confirm that thermal resistance accurately reflects the combined
influence of airflow and pore morphology on overall heat sink performance.

6. CONCLUSIONS

The experimental work conducted to evaluate the influence of pore density and air velocity
on the thermal performance of FMFHS was specifically designed for high-power CPU cooling.
The study was carried out under a constant heat input of 120 W and forced convection
conditions, copper foams with different values of 5, 10, and 20 PPI with 90% porosity to
determine the most efficient configuration that minimizes thermal resistance and enhances
heat dissipation compared with the CHS.

1. The tests demonstrated that reducing the pore density from 20 to 5 PPI leads to a
significant enhancement in thermal performance. Among all tested samples, the 5-PPI
metal foam consistently achieved the lowest base temperature under all airflow
conditions.

2. Thermal resistance analysis confirms that the 5-PPI configuration delivers the most
efficient heat transfer performance, owing to its higher permeability, which permits
deeper airflow penetration and more effective convective heat removal compared with
higher PPI foams.

3. The 10-PPI foam performed at a moderate rate, whereas the 20-PPI foam had the poorest
results because its fine pores increased flow resistance and restricted air movement.

4. At an input power of 120 W and an air velocity of 3.5 m/s, the 5-PPI configuration enhanced
heat dissipation by 21.6% and reduced thermal resistance by 16.9% compared with the
CHS. Highlighting its superior cooling capability.

5.Itis therefore recommended to use low-PPI finned copper foam in high-power CPU cooling
applications to present a compact design and superior thermal management.

NOMENCLATURE
Symbol | Description Symbol | Description
A area of the base heat sink (m2) Po electric power input (W)
Dy, hydraulic diameter (m) Q heat transfer rate from the heated wall (W)
H height of the heat sink (m) Re Reynolds number (-)
h heat transfer coefficient (W/m2K) | Ru thermal resistance (°C/W)
| input current (A) S width of the heat sink (m)
K thermal conductivity (W/m.K) T temperature (°C or K)
P wetted diameter of fin channel (m) | V input voltage (V)
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