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Abstract: The performance of an electronic radiator filled with metal foam with a porosity of 96%
was studied. The effect of the factors including the flow rates, the pores per linear inch (PPI) and the
numbers of fins was analyzed. The results show that the electronic radiator with metal foam reflects a
stronger ability of the heat transfer compared to the electronic radiator without metal foam. With the
increase in the flow rate between 10 L/h and 60 L/h, the heat transfer coefficient of both of the two
electronic radiators will be improved, but it is also dependent on the number of fins. In this study, we
find that the heat transfer coefficient first increases and then decreases with the number of fins. The
optimum number is three. As for the effect of the PPI, the higher the PPI, the larger the heat transfer
coefficient, while the pressure drop always increases with the flow rates’ increase, the pores per linear
inch (PPI) and the numbers of fins.

Keywords: metal foam; electronic radiator; enhancement of heat transfer; pressure drop

1. Introduction

With the rapid development of electronic technology, miniaturization and intelligence
have become important directions in the development of contemporary equipment. The
size of the electronic devices used in industrial production equipment is gradually de-
creasing, and the chip achieves a continuous increase in the operating frequency as well
as integration density. This leads to a rapid increase in the heat flow density of the chip,
and its temperature directly affects the stability of the performance. As a result, higher
demands are placed on the thermal design of electronic chips. To ensure the operational
stability of electronic devices, higher requirements for the reliability of electronic equipment
are required. Through a high standard of thermal design work arrangements, reasonable
cooling methods are chosen to ensure that the heat escaping from the device is removed
from the surface more quickly and that the temperature around the component is always
within the safe operating temperature range.

In recent years, metal porous materials have been used due to their unique properties
and the combination of structural and functional material properties [1–3]. Widely used in
biological, medical [4–6], aerospace [7] and industrial applications [8–12], the high demand
for green materials in various fields has driven the development of metal foam. Porous
metal foam structures with high specific surface area, high permeability properties and
high mechanical strength are being explored as an alternative material to conventional
heat exchangers. In the field of heat transfer [13–16], metal foam holds great promise for
applications in multifunctional heat exchangers [17–19], cooling systems [20–23], high-
power batteries, compact electronic heat sinks [23–28] and so on. Porous metal foam can
significantly reduce the size and mass of equipment when used in heat transfer equipment
due to their light mass and low density. They have great potential for application in
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industrial production as well as in related fields such as high technology, gaining more
attention and importance.

The use of metal foam as a new compact heat exchanger has been investigated by
numerical simulations. Chen et al. [13] presented a three-dimensional numerical simulation
to reveal the flow and heat transfer characteristics of a new tube bundle design covered
with metal foam. The results showed that tube bundles covered with metal foam with low
porosity and low pore density have a strong advantage over bare tube bundles. For example,
Kotresha et al. [16] discussed a numerical simulation of a metal foam heat exchanger system
performed by a commercial software. The aim is to improve the thermal performance of
the heat exchanger by reducing the pressure drop and increasing the heat transfer rate to
the maximum.

Metal foam has also been investigated experimentally. Kim et al. and Shen et al. [14,15]
found that the use of metal foam significantly reduces the overall thermal resistance
compared to a conventional finned heat pipe heat sink. Hsieh et al. [29] experimentally
investigated the effects of porosity, pore density (PPI) and air flow rate on the heat transfer
characteristics of the aluminum foam heat sinks and found that the increase in porosity
and pore density enhanced the non-local thermal equilibrium phenomenon. Liu et al. [30],
based on the Reynolds number range of the equivalent spherical diameter of the foam from
32 to 1289, found that the porosity range was 0.87 to all seven types of the aluminum foams,
and an empirical Equation was developed to relate the unexpected pressure drop to the
unexpected flow rate. Dukhan et al. [31] presented heat transfer measurements within a
rectangular block of commercially available aluminum foam subjected to constant heat
flow on one side. The temperature profile decays in an exponential fashion as the distance
from the heat base increases. Boomsma and Poulikakos [32] experimentally showed that
varying the fluid conductivity has a relatively small effect on increasing the effective heat
transfer rate.

The heat transfer performance of metal foam under forced convection and natural
convection conditions has also been investigated by researchers. Shih et al. [33,34] demon-
strated that under impact jet flow conditions for all values of jet–jet spacing, an increase in
the pore density was accompanied by an increase in the heat transfer. Bhattacharya et al. [35]
investigated forced convection heat transfer in a new finned metal foam heat sink, showing
that when fins were added to the metal foam, the heat transfer was significantly enhanced,
and the heat transfer coefficient increased with the number of fins until the addition of
more fins would lead to the interference with the thermal boundary layer and retard heat
transfer. Shen et al. [15] conducted a systematic study and analysis of the thermal and flow
characteristics at different air speeds and thermal powers through experiments. It was
found that the introduced metal foam significantly reduced the overall thermal resistance
by 25.5% compared to a conventional finned heat pipe heat sink.

This paper focuses on the implementation of enhanced heat transfer analysis for metal-
filled radiator components with 96% porosity and 10 PPI pore density of copper foam,
aluminum foam and 20 PPI pore density of copper foam. The heat transfer performance of
the devices at different flow rates and at certain flow conditions is clarified, and the heat
transfer geometrical parameters of the metal foam-filled radiators and their heat transfer
performance are obtained.

2. Materials and Methods
2.1. Heat Accounting for Radiators

The heat of the hot and cold fluids is exchanged through the solid walls. First, the
hot fluid conducts the heat to the solid walls; next, it is conducted via one side of the solid
walls toward the other side, and then the heat is transferred to the cold fluid via the walls.
Overall, the heat exchange can be distinguished as a heat giving–heat conducting–heat
giving process acting in tandem.

If a hot fluid flows in a metal foam or radiator, a cold fluid passes through the metal
foam or radiator, and convection occurs to dissipate the heat. Based on the heat balance
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principle, it is clear that when the ducts are well insulated, then the amount of heat
discharged per unit time of the hot flow and the amount of heat absorbed per unit time of
the cold flow are equal.

For a radiator with hot and cold fluids flowing against each other, the heat balance
equation reads as follows:

Q = qm,c(Hc,2 − Hc,1) = qm,h(Hh,1 − Hh,2). (1)

Here, qm,c and qmhh indicate the mass flow rate of the cold and hot fluids, respectively;
Hc and Hh correspond to the enthalpy per unit of cold and hot fluid (the subscripts c for
cold and h for hot) and the subscripts “1” and “2” correspond to the inlet and outlet side of
each unit.

If there is no phase change in either the hot or cold fluid inside the radiator, and the
specific heat coefficient at constant pressure.of the fluid, cp, does not change due to a change
in the temperature, then Equation (1) can be expressed as follows:

Q = qm,ccp,c
(
t′′ 1 − t′1

)
= qm,hcp,h

(
t′2 − t′′ 2

)
(2)

For overall heat transfer, the heat transfer equation required is as follows:

Q = kA∆tm. (3)

Here, A is the contact area; ∆tm represents the average temperature difference between
the two ends where the fluid is located, i.e.,

∆tm =
∆th − ∆tc

ln(∆tc∆th)

(
∆tc = t′′ 1 − t′1; ∆th = t′2 − t′′ 2

)
(4)

While K is the heat transfer coefficient, the introduction of Equation (3) into Equation (1)
and the association of Equations (1) and (2) lead to the following:

k =
qm,ccp,c(t′′ c − t′c)

A∆tm
=

qm,hcp,h(t′h − t′′ h)
A∆tm

. (5)

According to this Equation, it is clear that determining the inlet and outlet temper-
atures of the two fluids and the flow rate of the radiator suffices to obtain the total heat
transfer coefficient, K.

During actual operation, the heat dissipation as well as the heat absorption achieved
by the hot and cold fluids are not in an absolutely equal state and need to be based on the
heat balance theory to obtain their relative error in heat balance ∆Q as follows:

∆Q =
(Qh −Qc)

Qc
× 100%. (6)

Here, Qh denotes fluid heat release and Qc denotes fluid heat absorption; in the case
of ∆Q < 5%, it can be assumed that the system is in a state of thermal equilibrium.

Forced convection is applied to the fluid in the radiator. The factors that will have an
effect on the heat transfer coefficient correspond to the internal diameter of the radiator
channel D, the fluid flow rate v, the fluid viscosity µ, the fluid density ρ, the fluid heat
capacity cp, the fluid thermal conductivity k, etc. The expression is as follows:

h = f
(
l, D, ρ, µ, cp, k, v

)
. (7)

Implementing the measure analysis based on Buckingham’s π theorem results in
the following:

h = f
(
l, D, ρ, µ, cp, k, v

)
, (8)
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π2 =
Dvρ

µ
= Re, (9)

π3 =
µcp

k
= Pr. (10)

Therefore, Equation (7) can be related as follows:

Nu = f1(Re, Pr). (11)

From heat transfer and fluid mechanics, the Nusselt and Prandtl numbers for the flow
of a work mass in an electronic heat sink component are known.

Where de is the equivalent diameter of the flow channel or the so-called hydraulic
diameter, h denotes the convection heat transfer coefficient and λ denotes the thermal
conductivity of water. ρ and µ denotes fluid density and viscosity; cp denotes constant
pressure heat capacity.

2.2. Experimental Materials

This paper focuses on the experimental study of copper foam fin radiators with 10 PPI
and 20 PPI (as shown in Figure 1). The experimental components used the following
dimensions: length 75 mm, width 45 mm and height 17 mm of copper foam radiator, with
a base material thickness of 3 mm. The copper foam was cut to the required size using a
cutting machine, cleaned with alcohol to remove oil and dust from the surface and then
welded to the substrate. The porosity of the copper foam was 96% and the pore density
was 10 PPI and 20 PPI, respectively, while the porosity of the aluminum foam was 96% and
the pore density was 10 PPI (as shown in Figure 1). The physical properties are shown in
Table 1.
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Figure 1. Copper foam and aluminum foam. (a) Copper foam of 10 PPI. (b) Copper foam of 20 PPI.
(c) Aluminum foam of 10 PPI.

Table 1. Physical properties of copper foam and aluminum foam.

Materials

Physical
Properties Pore Density

(PPI)
ε

Average Pore
Diameter (mm)

Density
(g/cm3)

Thermal
Conductivity

(W/m·K)

Specific Surface
Area (g/m2)

Copper foam 10
20

0.96
0.96

2.54
1.27

0.26
0.32

46.21
62.56

375
624

Aluminum foam 10 0.96 2.54 0.09 26.74 375

This paper investigates a copper foam fin radiator at 100 W heating power. The water
flow rate was from 10 to 60 L/h and the fins were aligned at 90 degrees to the direction
of the water flow. The purpose of this arrangement is to increase the contact surface. The
materials filled for the experiments had a pore density of 10 PPI copper metal foam, 10 PPI
aluminum metal foam and 20 PPI copper metal foam, as shown in Table 2. The model
diagram of the electronic heat sink is shown in Figure 2.
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Table 2. Type of material used in the experiment.

Radiator Number
Filling Material Number

10 PPI Copper Foam 10 PPI Aluminum Foam 20 PPI Copper Foam Unfilled

Finless 1 2 3 4
Two fins 1 2 3 4

Triple fins 1 2 3 4
Five fins 1 2 3 4
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Figure 2. Model diagram of electronic radiator.

2.3. Experimental Setup

The setup contains instruments such as a miniature water pump, an electronic pressure
regulator, a paperless recorder, an electrical parameter measuring instrument, a differential
pressure transmitter, a constant temperature water bath and a rotameter. A flow chart of
the apparatus is shown in Figure 3.
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The specific parameters of the main instruments and equipment required in the ex-
periment are as follows: armored thermocouples; miniature water pump, Degree New
Weicheng Technology Co., Zhuhai, China; silicon-controlled electronic voltage regulator,
Shanghai Steadyford Electric Co., Shanghai, China; paperless recorder, Yokogawa Corpora-
tion, Japan; electric parameter measuring instrument, Hangzhou Yuanfang Photoelectric
Information Co., Hangzhou, China; differential pressure transmitter, Foshan Yizhong Sens-
ing Instrument Co., Foshan, China; constant temperature water bath, Nanjing Xian’ou



Energies 2023, 16, 4224 6 of 14

Instrument Manufacturing Co., Nanjing, China; glass rotor flowmeter, Leerda Instruments
Co., Portland, OR, USA.

The length of the electronic heat sink was 75 mm and the cross-sectional area was
45 mm × 20 mm. The metal foam of different pore densities were filled into the electronic
heat sink. The experimental process is as follows: Water with a constant temperature (20 ◦C)
is fed into the test section through a rotameter. In the test section and the fins (as shown
in Figure 4), the heating plate transfers its own heat to the electronic heat sink through
thermal conduction and then exchanges heat with the water. Finally, the heat is discharged
from the outlet with the flow of water.
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3. Results and Discussion
3.1. Data Processing Content

This experiment uses the Wilson graphical method to process the data, and thus,
derive the convective heat transfer coefficient. The main data to be measured as well as
processed are as follows:

(1) To investigate the total heat transfer performance of a heat sink with a metal foam filling.
(2) To investigate the heat transfer performance and to obtain the Nu–Re relationship curves.
(3) To investigate the resistance performance, obtaining the relationship curves between

f-Re, ∆p-v.
(4) To evaluate the comprehensive enhanced heat transfer performance of the metal

foam-filled electronic heat sinks.

3.2. Data Processing Steps

The experiment requires that we record the raw data and process them as follows.
The average temperature, feature size and feature velocity are calculated, and the

corresponding physical parameters are obtained.

(1) The average temperature t0 for convective heat transfer flowing in the channels of the
electronic heat sink parts is as follows:

t0 = (t1 + t2 + t3 + · · ·+ tn)/n. (12)

where t0 is the average temperature of the radiator surface; t1, t2 . . . tn are the radiator
surface temperature, ◦C.

(2) Feature dimensions refer to standard-like geometric dimensions. Convective heat
transfer within the electronic heat sink is dimensioned as a microchannel. This
experiment is a rectangular cross section, so the equivalent diameter de is as follows:
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de = 4
S
U

= 2
ab

a + b
. (13)

where de is the equivalent diameter of the flow channel or the so-called hydraulic
diameter; S is the effective cross-sectional area of the flow channel also known as the
cross-flow cross-sectional area, m2; U is the electronic heat sink parts section perimeter,
and fluid contact with the solid wall perimeter, m and a, b are the length and width of
the micro-channel cross-section, m.

(3) The characteristic velocity in a heat exchanger can be obtained by taking the flow rate
and the cross-flow area. The ratio between the two is the characteristic velocity.

In order to obtain the total convective heat transfer Q during the experiment, the
heat transfer coefficient h needs to be determined. The total heat was obtained using
Equation (2) and averaged when the heat absorbed by the cold fluid was in equilibrium
with that of the hot fluid (∆Q < 5%). The log-average temperature difference is calculated
using Equation (3) and the total heat transfer coefficient K is calculated from Equation (4).

Q = qA = h∆TA = ρvcp(tout − tin). (14)

Known from fluid mechanics, the equation for the resistance coefficient of a medium
flowing through a system is as follows:

f =
∆p

1
2 ρv2

·de

l
(15)

where ∆p is the pressure drop in the experimental section measured by the differential
pressure transmitter in the experiment; v is the average flow rate of the tube and l is the
distance between the static pressure measurement in the experimental section (110 mm for
this experiment).

The resistance coefficients for each group of experiments were fitted using the least
squares method as shown in (18) as follows:

f = C f Rex (16)

3.3. Data Processing Results and Performance Curve Analysis
3.3.1. Analytical Comparison of the Total Heat Transfer Coefficient K Versus Flow Rate v

As shown in Figure 5, the heat transfer in the foam-filled electronic heat sink is
significantly higher than that of the unfilled heat sink. In the case of a foam-filled electronic
heat sink, the heat transfer differs for different pore densities of the metal foam. As the
pore density increases, the contact area between the metal foam and the fluid increases, and
the total heat transfer area of the heat sink increases. On the other hand, the heat transfer
of an electronic heat sink is also related to the metal foam it is filled with. The thermal
conductivity of the copper metal foam is higher than that of the aluminum metal foam.
Hence, the heat transfer is higher in the same model for the heat sinks filled with copper
metal foam material at the same speed conditions.

Equation (16) was used to obtain the relation curve of the heat transfer coefficient
K and v of the radiator. As shown in Figure 6, the convective heat transfer coefficient
increases by around 31.57% when the number of electronic radiator fins is increased from
no fins to two fins. When the number of fins is increased from two to three, the convective
heat transfer coefficient increases by about 26.08%. When the number of fins is increased
from three to five, the convective heat transfer coefficient decreases, as shown in Figure 7.
This is due to an increase in the number of fins accompanied by a decrease in fin spacing
and interference in the thermal boundary layer between adjacent fins, resulting in a delay
in heat transfer. As a result, there is a maximum number of fins that allows the radiator to
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achieve optimum heat transfer. As can be seen from the graph, the overall heat transfer
coefficient is best when the number of fins is three.
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On the other hand, the convective heat transfer coefficients with and without metal
foam filling are very different for the same number of finned electronic heat exchangers.
The heat transfer coefficient is significantly higher for the foam-filled type of electronic heat
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sink than for the unfilled type. Moreover, the convective heat transfer coefficient is also
related to the pore density of the filled metal foam, which is related to the length of the
pore diameter. The greater the pore density, the smaller the corresponding pore length,
and the smaller the diameter of the metal foam skeleton. When the porosity of the metal
foam is certain, the contact area between the fluid flowing through the metal foam and
the solid also increases, thus strengthening the heat transfer capacity of the electronic heat
sink. At the same time, the greater the density of the pores, the greater the disruption of
the skeleton within the metal foam and the greater the disturbance caused to the fluid flow,
which, in turn, enhances the convective heat transfer intensity. Based on the experimental
results, it can be concluded that the highest convective heat transfer coefficient is obtained
for copper metal foam with a filled pore density of 20 PPI at a fin number of three.
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Equation (2) was used to obtain the heat transfer rate of the radiator. In Figure 8, the
heat exchange increasing rate decreases with the increasing flow rate. This is due to the fact
that the greater the fluid flow velocity, the greater the degree of turbulence. This results in
a consequent decrease in the heat transfer rate. As can be seen from Figure 8, the greatest
increase in the heat transfer is in the finless radiator. This is due to the specific surface area
of the metal foam itself. The larger the area of contact between the fluid and the solid, the
larger the heat transfer area will be, ultimately increasing the heat transfer effect.
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Electronic heat sink components with different numbers of pieces are filled with
materials of the same porosity and different porosity densities. The rate of increase in
the convective heat transfer coefficient gradually decreases when the fluid flow rate is in
the range from 10 to 30 L/h. The convective heat transfer coefficient improvement rate
gradually increases when the fluid flow rate is in the range of 30–60 L/h. When the fluid
flow rate is in the range of 30–60 L/h, the convective heat transfer coefficient improvement
rate gradually increases. This indicates that after filling the electronic heat sink components
with metal foam, the effect of the enhanced heat transfer is more pronounced at low
turbulence and less effective at high turbulence. This is because the main effect of the
filled metal foam is to create a cyclonic flow in the core part of the flow. At low flow
rates, the metal foam promotes a degree of turbulence and thus enhances heat transfer
more effectively. At high flow rates, however, turbulence is sufficiently developed, and the
enhanced effect of filling with metal foam on the heat transfer in the flow is reduced.

3.3.2. Analytical Comparison of Nusselt Number Nu with Re and Pressure Drop ∆p with v

As shown in Figure 9, the pressure drop across the different models of radiators
increases with increasing inlet flow, and the trend of increase can be seen as approximately
linear. This is due to the fact that at low inlet flow rates, the dominant flow pattern within
the radiator is the laminar flow. As the inlet flow rate increases, the flow pattern within the
radiator gradually changes to turbulent flow. The filling of the metal foam increases the
flow disturbance within the radiator. This ultimately leads to an increase in the resistance
to fluid flow, which, in turn, increases the pressure drop between the inlet and the outlet.
For the same inlet flow rate, the pressure drop in the electronic radiator increases with the
number of fins contained. However, at a certain inlet flow rate, the difference in pressure
drop between different types of electronic heat sink is not significant. This is because the
pressure drop generated by the fluid flowing through the electronic heat sink depends
primarily on the metal foam itself. Moreover, the increase in the number of fins in practice
results in the decrease in the fin spacing, thus, in effect, changing the width of the contact
cross-section of the fluid in the direction of movement. This ultimately leads to an uneven
velocity distribution of the fluid at the inlet. The pressure drop generated by the electronic
heat sink also depends on the pore density of the filled metal foam. The greater the pore
density, the more chaotic the metal foam’s own skeleton structure becomes, which, in turn,
generates greater pressure losses.

Equation (11) was used to obtain the relation curve between the Nu and Re of the
radiator. As shown in Figure 10, the Nusselt number of the electronic heat sink filled with
metal foam is significantly higher than the Nusselt number of the electronic heat sink not
filled with metal foam. This indicates that the heat transfer capability of the heat sink filled
with metal foam is enhanced. The heat transfer strength of each type of heat sink also
differs under different conditions of the Reynolds number. As it can be seen from Figure 10,
the Nusselt number increases with the increasing Reynolds number. Additionally, the
Nusselt number increases with the increasing pore density at different pore densities, while
it increases and then decreases with the number of fins contained in the electronic heat
sink. As can also be concluded from Figure 10 that the Nusselt number reaches a maximum
when the number of fins is three. This trend is consistent with that shown by the convective
heat transfer coefficient.

Equation (16) was used to obtain the radiator resistance coefficient f and Re relation
curve. As shown in Figure 11, the frictional drag coefficient gradually decreases as the
Reynolds number increases. As Re > 3000, the trend of the decreasing frictional drag
coefficient becomes progressively slower. The coefficient of frictional resistance and the
Reynolds number follow the same trend for electronic heat sinks with and without metal
foam filling. The drag coefficient of the electronic heat sink with metal foam filling is
significantly higher than that of the electronic heat sink without metal foam filling, due to
the structure of the filling metal foam itself.
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4. Conclusions 
Our experimental studies of electronic heat sinks filled with and without metal 
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Within the specified flow rate range (10 L/h to 60 L/h), the convective heat transfer 

coefficients of both unfilled and filled electronic heat sinks gradually increase as the flu-
id flow rate increases. However, the convective heat transfer coefficient of the filled elec-
tronic heat sink is significantly higher than that of the unfilled electronic heat sink. As 
the number of fins in an electronic heat sink increase, the convective heat transfer coeffi-
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Reynolds number increases. As Re > 3000, the trend of the decreasing frictional drag co-
efficient becomes progressively slower. The coefficient of frictional resistance and the 
Reynolds number follow the same trend for electronic heat sinks with and without metal 
foam filling. The drag coefficient of the electronic heat sink with metal foam filling is 
significantly higher than that of the electronic heat sink without metal foam filling, due 
to the structure of the filling metal foam itself. 
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Figure 11. Radiator resistance coefficient of f and Re relation curve. 
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4. Conclusions

Our experimental studies of electronic heat sinks filled with and without metal foam
led to the following conclusions.

Within the specified flow rate range (10 L/h to 60 L/h), the convective heat transfer
coefficients of both unfilled and filled electronic heat sinks gradually increase as the fluid
flow rate increases. However, the convective heat transfer coefficient of the filled electronic
heat sink is significantly higher than that of the unfilled electronic heat sink. As the number
of fins in an electronic heat sink increase, the convective heat transfer coefficient tends to
increase and then decrease. Additionally, the convective heat transfer coefficient is the
highest when the number of fins is three.

For metal foam-filled electronic heat sinks, the rate of increase in the heat transfer
coefficient gradually decreases as the flow rate increases. The rate of increase in the
convective heat transfer coefficient decreases when the fluid flow rate is in the range from
10 to 30 L/h. The rate of increase in the convective heat transfer coefficient gradually
increases when the fluid flow rate is between 30 and 60 L/h.

Within the specified range of the fluid flow, the pressure drop of the filled metal
foam radiator gradually increases with the increase in the fluid flow. Under the same fin
conditions, the greater the pore density of the filled metal foam, the greater the pressure
drop. However, the effect on the pressure drop is similar when the metal foam is filled with
different materials under the same fins. As the number of electronic heat sink fins increases,
the pressure drop tends to rise for both the filled and unfilled metal foam.

Within the specified flow range, the Nusselt number gradually increases with the
increasing Reynolds number, considering the effect of Re. The trend is the same for different
pore densities and different radiator fins. The Nusselt number reaches its maximum value
when the number of electronic heat sink fins is three. Therefore, the heat transfer capacity
of the heat sink reaches its maximum when the number of fins of the electronic heat sink
is three.
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Nomenclature

ε Metal foam porosity (vol %)
qm,c Mass flow of cold fluid (kg·s−1)
qm,h Mass flow of hot fluid (kg·s−1)
Hc Enthalpy per unit of cold fluid (J·kg−1)
Hh Enthalpy per unit of thermal fluid (J·kg−1)
cp,c Constant pressure heat capacity of cold fluid (J/(kg·K))
cp,h Constant pressure heat capacity of hot fluid (J/(kg·K))
t”c Temperature of the cold fluid at the outlet (◦C)
t′c Temperature of the cold fluid at the inlet (◦C)
t′h Temperature of the hot fluid at the inlet (◦C)
t”h Temperature of the hot fluid at the outlet (◦C)
A Contact area (cm3)
ρ Fluid density (kg/m3)
µ Fluid viscosity coefficient (Pa·s)
∆tm Logarithmic mean temperature difference (◦C)
Qh Fluid heat release (W)
Qc Fluid heat absorption (W)
S Effective cross-sectional area of the flow channel (m2)
U Cross-sectional circumference of electronic heat sink parts (m)
a.b Length and width of the micro-channel cross-section (m)
∆Q Relative error in thermal equilibrium
Nu Nusselt number
Re Reynolds number
Pr Prandtl number
de Equivalent diameter of the flow channel (m)
λ Thermal conductivity of water W/(m·K)
f Coefficient of frictional resistance
l Experimental section pressure measurement hole spacing (m)
∆p Experimental section pressure drop (Pa)
v Fluid flow velocity (m/s)
k Fluid thermal conductivity (W m−2 K−1)
R2 Correlation coefficient
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