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Microchannels have many thermal management applications due to their high heat transfer perfor-
mance. In this paper, sintered Cu microchannels with well controlled channel diameters of 450 mm,
390 mm and 290 mm, and volume fractions of channels of 0.1, 0.2, 0.3 and 0.4, were manufactured by a
new method and their pressure drops and heat transfer coefficients were compared with conventional
machined Cu microchannel and porous Cu manufactured by Lost Carbonate Sintering (LCS). The pressure
drops of the sintered Cu microchannels were higher than a conventional machined microchannel, but sig-
nificantly lower than LCS porous Cu samples. The sintered Cu microchannels achieved a similar range of
heat transfer coefficients as the LCS porous Cu, with much lower volume fractions of channels. They had
higher heat transfer coefficients than the conventional machined microchannel, mainly due to the intro-
duction of multilayers of channels in the metal matrix. Darcy-Weisbach and Sieder-Tate equations with
the introduction of appropriate correcting factors can be used to estimate the pressure drop and heat
transfer coefficient of the sintered Cu microchannels. There exists a strong correlation between heat
transfer coefficient and pumping power.
� 2019 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Thermal management has increasingly become a key issue in
many industrial sectors in recent years. This is especially the case
in electronic devices, where miniaturization of electronic compo-
nents and increasing current density require more rapid and effi-
cient heat dissipation [1,2]. There are constant needs for
improvement in cooling techniques to maintain these components
within the required temperature limits [3]. Among the common
cooling techniques, forced convection cooling is one of the most
effective processes commonly found in a variety of consumer and
industrial products ranging from personal computers to avionics
control systems. Heat is removed from a component and dissipated
into a fluid that can be blown or pumped away to maintain favor-
able working temperatures in the electronic systems [3].

Micro-flow heat exchange devices have become an important
thermal management solution in many applications where space
is constrained [4–9]. Two micro convection flow cooling systems,
namely microchannels [4,7,9] and porous metals [10–13], in par-
ticular, have recently attracted many interests in both industry
and academia. Microchannel heat exchangers exhibit high heat
transfer coefficients and low pressure drops [4–6,9]. However,
the relatively high costs involved in manufacturing microchannels,
e.g., by micro-mechanical cutting [14–16], wet and dry etching
[17–21] and laser cutting [22–24], have limited their applications
to more critical components. Furthermore, the channels are usually
confined to the top surface due to the constraints of the manufac-
turing technologies, which limits the heat dissipation area avail-
able in microchannels. Porous metals, such as porous Cu
manufactured by the lost carbonate sintering (LCS) process, on
the other hand, have lower costs and often higher heat transfer
coefficients than microchannels due to their high internal surface
areas, improved conduction and convection, and turbulence-
induced fluid mixing [10–13,25–28]. However, the fluid pathways
in LCS porous Cu samples (Fig. 1) are formed by randomly dis-
tributed interconnected pores and are highly tortuous, posing a
high resistance to fluid flow. High pumping power is required to
move the working fluid through them, hindering their wider appli-
cations in thermal management [12,13,29].

Porous metals with directional pores are potentially cost-
effective heat exchangers because they combine the main benefits
and circumvent some of the serious drawbacks of microchannels
and porous metals. Directional porous metals have unidirectional
and independent channels in the metal matrix. The metal matrix
gives a high thermal conductivity, the porous structure offers a
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Nomenclature

A area of the sample in contact with heat source (m2)
AS total area of the channels in contact with the fluid (m2)
D diameter of the channels (m)
f volume fraction of channels
fD Darcy friction factor
h heat transfer coefficient of sample (W/m2 K)
hs heat transfer coefficient of a single channel (W/m2 K)
k thermal conductivity of the fluid
L length of sample (m)
N number of channels
Nu Nusselt number of sample
Nus Nusselt number of a single channel
P pumping power (W)
Pr Prandtl number
Re Reynolds number

U Volume flow rate of the fluid (m3/s)
V volume of sample (m3)
VA areal volume of channels (m)
VC total volume of channels (m3)
v flow velocity (m/s)
x width of sample (m)
y height of sample (m)

Greek symbols
Dp pressure drop (Pa)
m dynamic viscosity (Ns/m2)
ms dynamic viscosity of the fluid evaluated at the channel

wall temperature (Ns/m2)
q density of fluid (kg/m3)
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large specific surface area, and the directional pores or channels
provide lower flow resistance than conventional porous metals
[2,30–32]. One such example is the lotus-type porous metals pro-
duced by unidirectional solidification of metals utilizing metal-gas
eutectic systems [33,34]. However, the lengths of the directional
pores in lotus-type porous metals by this method are short and
not uniform [2,10,33]. They have to be cut into thin sections and
then re-assembled in order to form continuous open channels.
Another example is an array of directional micro-holes in an alu-
minum alloy fabricated by inserting carbon fibers into molten alu-
minum and pulling them out after the solidification of the melt
[35]. This method produces directionally porous Al with a rela-
tively low volume fraction of channels. Hokamoto et al. [36] man-
ufactured cylindrical directional channels by welding together
many copper pipes using an explosive compaction method. This
is an expensive method and is only suitable for fabricating chan-
nels of large diameters.

This paper introduces a new low-cost method to manufacture
copper microchannels with controlled diameter and quantity of
well aligned open channels. The key parameters characterizing
the overall heat transfer performance of the material, including
heat transfer coefficient, pressure drop and the required pumping
power, are measured and analyzed.
Fig. 1. Microstructure of LCS porous Cu (porosity: 0.75, pore size: 250–425 mm),
illustrating typical tortuous fluid pathways.
2. Experimental

2.1. Preparation of sintered Cu microchannels

The raw materials used in fabricating the sintered Cu
microchannels were a commercially pure Cu powder with a mean
particle size of 20 mm and polylactic acid (PLA) fibers with three
different diameters of 290 mm, 390 mm and 450 mm. The PLA fibers
were first coated with a thin layer of the Cu powder using a poly-
vinyl alcohol (PVA) glue. At the same time, a Cu particle slurry was
prepared by mixing a portion of the Cu powder with ethanol,
which served as a binder. The coated PLA fibers were then embed-
ded in the Cu particle slurry contained in a mould with dimensions
of 20 mm � 35 mm � 5 mm, with the fibers placed along the longi-
tudinal direction, equally interspaced and parallel to each other.
The slurry-fibre mixture was heated in a furnace in atmosphere
at 650 �C for 30 min, where the Cu particles were partly oxidized
and sintered together while the PVA binder was evaporated and
the PLA fibers were decomposed. The resultant CuO microchannel
body was finally heated in vacuum (<4 � 10�2 mBar) at 1000 �C for
6 h to be reduced to Cu, forming a Cu microchannel. The Cu
microchannel sample was cut by an EDM machine into 30 mm
long, ensuring completely open channels. Fig. 2 shows the typical
transverse cross sections of the sintered Cu microchannels, with
channel diameters of 450 mm (a), 390 mm (b) and 290 mm (c), and
a typical longitudinal cross section of the Cu microchannel with a
channel diameter of 290 mm (d). The porosity of the sintered Cu
matrix, measured by the quantitative stereology method, is
approximately 15%, i.e., the density of the sintered Cu matrix is
about 85% of dense Cu.

To facilitate comparison between different porous materials,
two parameters, namely volume fraction of channels and areal vol-
ume of channels, are used to characterise the capacities of the sin-
tered Cu microchannels for the transportations of fluids and heat.
Volume fraction of channels, f, is the ratio of the total volume of
the channels to the volume of the sample, or the ratio of the total
cross-sectional area of the channels to the cross-sectional area of
the sample perpendicular to the channel direction:

f ¼ Vc

V
¼ N p

4D
2

xy
ð1Þ

where Vc is the total volume of the channels, V is the volume of the
sample, N is the number of channels in the sample, D is the diame-
ter of the channels, x is the width of the sample and y is the height



Fig. 2. Typical microstructure of the sintered Cu microchannels. Transverse cross sections with channel diameters of (a) 450 mm, (b) 390 mm and (c) 290 mm and (d)
longitudinal cross section with a channel diameter of 290 mm.

Table 1
Number of channels to achieve a volume fraction f for each channel diameter D.

Channel diameter Volume fraction f

D (lm) 0.1 0.2 0.3 0.4

290 151 303 454 606
390 84 168 251 335
450 63 126 189 252
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of the sample, with xy being the cross-sectional area of the sample
perpendicular to the channel direction. f is also the porosity of the
porous material, if the channels are treated as pores.

Areal volume of channels, VA, is the total volume of the channels
divided by the surface area of the sample in contact with the heat
source, i.e., the cross-sectional area of the sample perpendicular to
the heat flow. It is also equal to the total cross-sectional area of the
channels divided by the width of the sample perpendicular to the
channel direction and can be determined by:

VA ¼ Vc

A
¼ N p

4D
2

x
ð2Þ

where A is the area of the sample in contact with the heat source,
i.e., xL, with L being the length of the microchannel sample in the
channel direction.

While volume fraction of channels is sufficient to quantify the
capacity of the sintered Cu microchannels for passage of fluids, it
is not suitable for describing the heat transfer capability, because
heat dissipation is also dependent on the arrangement of the chan-
nels in relation to the heat flux. Areal volume of channels needs to
be used as a basis for comparing heat transfer performance
between different porous media.

For each channel diameter, four sintered Cu microchannel sam-
ples with f = 0.1, 0.2, 0.3 and 0.4 (VA = 0.5, 1.0, 1.5 and 2.0 mm,
respectively) were manufactured. The different volume fractions
were achieved by adjusting the number of channels in the samples.
Table 1 shows the number of channels for each combination of vol-
ume fraction, f, and diameter, D, of channels.

2.2. Measurements of pressure drop and heat transfer coefficient

The experimental apparatus (Fig. 3) and the procedures used to
measure the pressure drop and heat transfer coefficient of the sin-
tered Cu microchannel samples were nearly the same as that
described in [13]. The only difference is that a new copper heating
block was used, with the distance between the two temperature
measurement spots increased to 80 mm so that the heat flow to
the sample, and accordingly the heat transfer coefficient, could
be determined with a much improved accuracy. The sintered Cu
microchannel samples were machined to 30 mm in length (L),
20 mm in width (x) and 5 mm in height (y), as shown in Fig. 4.

The heat block was machined by a precision milling machine
and the sintered Cu microchannel samples were cut by an EDM
machine. Their geometrical parameters were measured by a caliper
for ten times, giving an error less than 0.05 mm. The accuracies of
the pressure gauges and the thermocouples are 0.01 bar and 1 �C,
respectively. The maximum errors of the pressure drop per unit
length and the heat transfer coefficient, obtained by uncertain
analysis, were 0.47 bar/m and 1.1 kW/m2 K, respectively.
3. Results and discussion

3.1. Pressure drop

Fig. 5 shows the variations of pressure drop per unit length with
flow rate for the sintered Cu microchannels with different volume
fractions of channels (0.1, 0.2, 0.3 and 0.4) and different channel
diameters (450 mm, 390 mm and 290 mm). It shows that the pres-
sure drop increases linearly with flow rate and decreases with vol-
ume fraction of channels. For the volume fraction of channels and



Fig. 3. Schematic of experimental apparatus used for pressure drop and heat transfer coefficient measurements.
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Fig. 4. Schematic diagram of a sintered Cu microchannel sample showing heat flow
and water flow directions relative to the direction of the channels.
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flow rate, the smaller the channel diameter, the higher the pres-
sure drop.

Fig. 6 compares the pressure drops of the sintered Cu
microchannels with those of the LCS porous Cu [37] and a conven-
tionally machined Cu microchannel [38], as a function of flow
velocity. The flow velocity is determined by dividing the volume
flow rate of the fluid by the total cross-sectional area of the chan-
nels. The LCS porous Cu samples [37] had a pore size of 250–
425 mm and different porosities of 57%, 65% and 78%. The pressure
drop of the LCS porous Cu samples was measured in the same
device, following the same procedure as used in the present study,
so direct comparison can be made between LCS porous metals and
microchannels. The conventional Cu microchannel [38] had a
hydraulic diameter of 300 mm and sample length of 55 mm. It is
shown that the pressure drops of the sintered Cu microchannels
are higher than the conventional machined microchannel, but sig-
nificantly lower than the LCS porous metals.

The machined microchannel has the lowest pressure drop
because of the smooth internal surface of the microchannel and
consequently low friction to the fluid flow. The LCS porous Cu
has very high pressure drops because of the tortuous flow paths
[29] and very rough surfaces along the flow paths (the maximum
height of the profile would be 10 mm for the Cu powder used).
The pressure drop in LCS porous metals is sensitive to porosity
and decreases rapidly with porosity. At a low porosity, the pores
are interlinked by fewer windows and the fluid pathways in the
porous metal become restricted [39,40], leading to higher pressure
drops. A high porosity means more inter-pore windows, less flow
restrictions and therefore lower tortuosity [29], resulting in lower
resistance to fluid flow. Although the sintered Cu microchannels
have rough internal surface, the channels are straight and thicker
than the effective channels in LCS porous metals. Overall, the flow
resistance in the sintered microchannels is higher than the
machined microchannels but is reduced considerably compared
to LCS porous metals.

In an ideal condition, the pressure drop in microchannels can be
described by the Darcy-Weisbach equation [41,42]:

Dp
L

¼ f D � q
2
� v

2

D
ð3Þ

where Dp is the pressure drop across the microchannel, L is the
length of the microchannel, fD is the Darcy friction factor, q is the
density of the fluid, v is the flow velocity in the microchannel,
and D is diameter of the channel. For laminar flows (Re < 2300),
fD = 64/Re [42] and the Darcy-Weisbach equation becomes:

Dp
L

¼ 32l2Re

qD3 ð4Þ

where m is the dynamic viscosity of the fluid and the Reynolds num-
ber is defined by [43,44]:

Re ¼ qvD
l

ð5Þ

Fig. 7 shows the relationships between pressure drop and Rey-
nolds number for the sintered Cu microchannels with different vol-
ume fractions of channels (0.1, 0.2, 0.3 and 0.4) and different
channel diameters (450 mm, 390 mm and 290 mm). The Reynolds
number values as calculated by Eq. (5), with q = 1000 kg/m3 and
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Fig. 5. Variations of pressure drop per unit length with flow rate for the sintered Cu microchannels with different volume fractions of channels (a) 0.1, (b) 0.2, (c) 0.3 and (d)
0.4. Channel diameters (r 450 mm, h 390 mm, N 290 mm).

Fig. 6. Comparisons of pressure drops as a function of flow velocity between the
sintered Cu microchannels (shaded area), the LCS porous Cu [37] and a machined Cu
microchannel [38].

K. Diao, Y. Zhao / International Journal of Heat and Mass Transfer 139 (2019) 537–547 541
m = 0.001136 Ns/m2 for water, are less than 1320, so the fluid flow
in the sintered microchannels can be considered as fully laminar.
The theoretical predictions based on Eq. (4) are also presented in
Fig. 7 for comparison purposes.

Fig. 7 shows that the pressure drop has a good linear relation
with Re for all the samples and increases with decreasing channel
diameter, qualitatively in agreement with the theoretical predic-
tions. However, the experimental pressure drop values are consid-
erably (50%�100%) higher than the theoretical values. This can be
explained by the fact that the microchannels, formed by sintering
Cu particles, have rough channel walls and therefore much higher
flow resistance values than the theoretical values assumed for
smooth surfaces.

It should be noticed that, for any given channel diameter, the
experimental pressure drop at any fixed Re value increases with
increasing volume fraction of channels, while theoretically pres-
sure drop should not be affected by volume fraction of channels
(see Eq. (4)). This anomaly is due to the entrance effect experienced
in the tests. The fluid initially flows across the whole cross section
of the sample and is then forced to enter the channels with a much
reduced cross sectional area. A higher pressure is required to over-
come the resistance presented by the entrance region, which is
expected to be proportional to the circumference of the channel
for each channel. For a fixed channel diameter, the higher the vol-
ume fraction of channels, the larger the circumferences of the
channels and thus the higher the extra resistance due to the
entrance effect.

In addition to the surface roughness and entrance effects, two
more factors may also have contributed to the deviations in pres-
sure drop from ideal microchannels. First, the flow in the sintered
microchannels is in the developing regime rather than fully devel-
oped. Second, there are numerous small pores in the metal matrix,
formed between the metal particles due to incomplete sintering, as
shown in Fig. 2. Although flow resistance in the porous Cu matrix
(approximately 15% porosity) is much higher than the channels,
some water can still flow through these small pores.
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Fig. 7. Variations of pressure drop with Reynold number for the sintered Cu microchannels with volume fraction of channels: (a) 0.1, (b) 0.2, (c) 0.3 and (d) 0.4, in comparison
to Darcy-Weisbach predictions, for different channel diameters.
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3.2. Heat transfer coefficient

Fig. 8 shows the variations of heat transfer coefficient with flow
rate for the sintered Cu microchannels with different volume frac-
tions of channels (0.1, 0.2, 0.3 and 0.4) and different channel diam-
eters (450 mm, 390 mm and 290 mm). It shows that the heat transfer
coefficient increases with flow rate, increases with volume fraction
of channels and decreases with channel diameter. Increasing fluid
flow rate and/or volume fraction of channels increases the convec-
tive heat transfer through the fluid. With fixed fluid flow rate and
volume fraction of channels, a smaller channel diameter means
that the microchannels have a higher total internal surface area,
promoting heat transfer between the metal matrix and the fluid.
However, it should be noted that the effects of volume fraction of
channels and channel diameter on heat transfer coefficient are less
pronounced than those on pressure drop. This is because heat
transfer depends not only on convection by the flow in the chan-
nels but also on conduction in the metal matrix. Increasing volume
fraction of channels increases convection but decreases conduc-
tion. Given a fixed volume fraction of channels, varying channel
diameter does not affect both conduction and convection, although
it changes the interfacial area between the metal matrix and the
liquid flow and therefore affects the heat transfer at the interface
to some extent.

Fig. 9 compares heat transfer coefficients of the sintered Cu
microchannels with those of the LCS porous Cu [37] and a conven-
tionally machined Cu microchannel [45], as a function of flow
velocity. The areal volumes of channels of the sintered Cu
microchannels are 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm, corre-
sponding to volume fractions of 0.1, 0.2, 0.3 and 0.4, respectively.
The equivalent areal volumes of channels of the LCS porous Cu
are 2.85 mm, 3.25 mm and 3.9 mm, corresponding to the porosities
of 57%, 65% and 78%, respectively. The heat transfer coefficient of
the LCS porous Cu samples was measured in the same device, fol-
lowing the same procedure as used in the present study, so direct
comparison can be made between LCS porous metals and
microchannels. The conventional Cu microchannel [45] had a
hydraulic diameter of 281 mm and an areal volume of channels of
0.2 mm.

Fig. 9 shows that the heat transfer coefficients of the sintered Cu
microchannels vary in a wide range, with the lower bound compa-
rable to that of the conventional machined microchannel and the
upper bound comparable to the highest heat transfer coefficient
achieved in the LCS porous metals. The main advantage of the sin-
tered microchannels over the conventional microchannels is that
multilayers of channels can be embedded in the metal matrix,
while the conventional microchannels only have one layer of chan-
nels. This results in a considerably higher areal volumes of chan-
nels in the sintered microchannels (0.5–2 mm vs 0.2 mm), which
is main reason for the better heat transfer performance of the sin-
tered Cu microchannels than their conventional counterparts. The
high areal volume of channels of sintered microchannels can easily
compensate the reduced thermal conductivity in the porous metal
matrix.

The sintered Cu microchannels achieved a similar range of heat
transfer coefficients as the LCS porous Cu with much lower areal
volumes of channels (0.5–2 mm vs 2.85–3.9 mm). The LCS porous
Cu has a microstructure (Fig. 1) very different from microchannels.
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Fig. 8. Variations of heat transfer coefficient with flow rate for the sintered Cu microchannels with different volume fractions of channels (a) 0.1, (b) 0.2, (c) 0.3 and (d) 0.4.
Channel diameters (r 450 mm, h 390 mm and N 290 mm).

Fig. 9. Comparisons of heat transfer coefficients as a function of flow velocity
between the sintered Cu microchannels (shaded area), the LCS porous Cu [37] and a
machined Cu microchannel [45].
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In conventional microchannels, the metal matrix is fully dense. The
heat transfer is usually limited by convection in the fluid flow in
the channels and is therefore sensitive to the areal volume of chan-
nels. The LCS porous Cu not only contains large, interconnected pri-
mary pores (primary porosity) that serve as flow channels, but also
has numerous voids in the metal matrix (secondary porosity) that
reduce the thermal conduction in the metal matrix. The heat trans-
fer coefficient is very sensitive to porosity. At a low porosity, ther-
mal conduction in the matrix is high, but convection by the fluid
flow is reduced due to less flow channels. At a high porosity, on
the other hand, there are many flow channels for convection, while
the poor conduction of the matrix becomes the bottleneck for over-
all heat transfer. The best heat transfer performance is achieved at
an intermediate porosity of 65%, at which the conduction in the
metal matrix matches the convection in the fluid flow and an opti-
mum overall heat transfer is resulted [46]. The sintered Cu
microchannels can be seen as an intermediate structure between
conventional Cu microchannels and LCS porous Cu. For the same
heat transfer coefficient, their pressure drop is much lower than
the LCS metals as shown previously in Fig. 6. For a similar pressure
drop, their heat transfer coefficient can be significantly higher than
the conventional microchannels.

For laminar flow (Re < 2300), Nusselt number of a single chan-
nel, Nus, can be expressed by the Sieder-Tate equation [47]:

Nus ¼ 1:86Re
1
3Pr

1
3

D
L

� �1
3 l
ls

� �0:14

ð6Þ

where Pr is the Prandtl number, ms is the dynamic viscosity of the
fluid evaluated at the channel wall temperature, and the Nusselt
number of a single channel is defined as [48]:

Nus ¼ hsD
k

ð7Þ

where hs is the heat transfer coefficient between the channel wall
and the fluid, and k is the thermal conductivity of the fluid.

The heat transfer coefficient of the sintered Cu microchannels,
h, however, is defined differently from that of a single channel,
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hs. In the experiments, the area used to calculate the heat transfer
coefficient is the area of the sample in contact with the heating
block (A = xL), instead of the total area of the channel in contact
with the fluid (As = NpDL). Appreciating that the ratio between
the volume and surface area of cylindrical channels is D/4, the heat
transfer coefficient of the sintered Cu microchannels is therefore
related to the heat transfer coefficient of a single channel by:

h ¼ As

A
hs ¼ 4VA

D
hs ð8Þ

In other words, the heat transfer coefficient of the sintered Cu
microchannels is dependent not only on the heat transfer coeffi-
cient of individual channels, but also on the areal volume of the
channels and the channel diameter.

As a consequence, the Nusselt number of the sintered Cu
microchannels, Nu, is also defined differently from that of a single
channel, Nus, and they are related by:

Nu ¼ 4VA

D
Nus ð9Þ

The Sieder-Tate equation, Eq. (6), can therefore be expressed in
terms of Nu and re-arranged to give:

Nu ¼ 7:44VAD
�2

3L�
1
3
l
ls

� �0:14

Pr
1
3Re

1
3 ð10Þ

Fig. 10 shows the relationships between Nusselt number and
Reynolds number for the sintered Cu microchannels with different
volume fractions of channels (0.1, 0.2, 0.3 and 0.4) and different
channel diameters (450 mm, 390 mm and 290 mm). The theoretical
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Fig. 10. Variations of Nuselt number (Nu) with Reynold number (Re) for the sintered Cu
(areal volume of channels: (a) 0.5 mm, (b) 1.0 mm, (c) 1.5 mm and (d) 2.0 mm), in com
predictions based on Eq. (10) are also presented in Fig. 10 for com-
parison purposes. The physical properties of water used in the cal-
culations are: Pr = 7.56, m = 0.001136 Ns/m2 (15 �C at water inlet)
and ms = 0.000955 Ns/m2 (22 �C at channel wall).

Fig. 10 shows that the Nusselt number is nearly proportional to
the areal volume of channels, in good agreement with Eq. (10). The
relationships between the Nusselt number and Re are also qualita-
tively in agreement with the theoretical predictions. However, the
Nusselt number is proportional to Re0.33, Re0.38, Re0.45 and Re0.53

(according to the fitted lines in Fig. 10), for volume fractions of
channels of 0.1, 0.2, 0.3 and 0.4, or areal volumes of channels of
0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm, respectively. The exponent
on Re increased with areal volumes of channels, instead of a con-
stant value of 1/3 as predicted in an ideal microchannel. In other
words, the heat transfer coefficient of the sintered Cu microchan-
nel with a higher areal volume increased with flow velocity more
rapidly. The effect of channel diameter on the Nusselt number is
hardly discernible, although the Sieder-Tate equation, Eq. (6), pre-
dicts that reducing channel diameter from 450 lm to 390 lm and
to 290 lm could result in reductions in the Nusselt number by 5%
and 16%, respectively.

Quantitatively, however, the experimental values of the Nusselt
number are one order of magnitude lower than the theoretical pre-
dictions, being approximately 28%, 18%, 15% and 13% of the pre-
dicted values corresponding to the areal volumes of channels of
0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm, respectively. The large dif-
ferences between the experimental and theoretical values can be
attributed to several factors. Firstly, the metal matrix in the sin-
tered Cu microchannels is porous instead of solid. With a porosity
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of 15%, its thermal conductivity is approximately 70% of that of
solid Cu [49]. Secondly, the microchannels have rough and porous
walls, so the convectional heat transfer coefficient at the channel
wall/fluid interface may be considerably different from that in a
conventional channel with smooth solid surfaces. Thirdly, the the-
oretical expression of the Nusselt number, Eq. (10), was developed
based on the relation between the heat transfer coefficient of the
sintered Cu microchannels and the heat transfer coefficient of a
single channel, Eq. (8), which is valid only if no temperature gradi-
ent exists in the metal matrix and the temperature difference
between the channel wall and the fluid remains the same in all
the channels. This is not true in sintered Cu microchannels,
because there is a temperature gradient along the direction of heat
flow (y direction in Fig. 4) due to the finite thermal conductivity of
the porous Cu matrix. The temperature difference between the
channel wall and the fluid depends on the location of the channel,
decreasing as the channel is located further away from the heat
source. The channels far away from the heat sources remove less
heat than those close to the heat sources, leading to an over-
prediction by Eq. (10).
3.3. Relationship between heat transfer coefficient and pumping power

Pumping power is another important consideration for active
cooling. In the assessment of the overall heat transfer performance
of any heat exchangers, both heat transfer coefficient and pumping
requirement need to be taken into account.

For microchannels, the pumping power required for moving the
fluid through the channels, P, is the product of the pressure drop,
Dp, and the volume flow rate of the fluid, U. Appreciating that
the total cross sectional area of the channels for the fluid to pass
through is related to the areal volume of the channels by AVA/L,
the pumping power can be expressed in terms of flow velocity by:

P ¼ Dp� U ¼ Dp
AVA

L
v ð11Þ

As the pressure drop in microchannels is calculated by the
Darcy-Weisbach equation, Eq. (4), the pumping power can be
expressed in terms of the flow velocity by:

P ¼ 32qlAVA

D2 v2 ð12Þ

The heat transfer coefficient of the sintered Cu microchannels
can be directly obtained from the Nusselt number, which is calcu-
lated by the Sieder-Tate equation, Eq. (10). Therefore, the heat
transfer coefficient can also be expressed in terms of the flow
velocity by:

h ¼ kNu
D

¼ 7:44VAD
�4

3L�
1
3k

l
ls

� �0:14 qPr
l

� �1
3

v1
3 ð13Þ

Combining Eqs. (12) and (13) and eliminating the flow velocity
term, the theoretical relationship between the heat transfer coeffi-
cient and pumping power can be obtained as:

h ¼ 2:34k
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The relationship is clearly affected by the fluid properties and
the test specimen geometries. Given a fixed geometry and fluid,
the heat transfer coefficient can be improved efficiently by increas-
ing the areal volume of the channels, VA. Increasing flow rate is not
particularly effective for improving heat transfer performance
because of the accompanied increase in pumping power. To double
the heat transfer coefficient will result in an increase of 64 times in
pumping power.

Fig. 11 shows the experimental and predicted relationships
between heat transfer coefficient (h) and pumping power (P) for
the sintered Cu microchannels with different volume fractions, or
areal volumes, of channels and channel diameters. The relation-
ships between h and P are qualitatively in good agreement with
the theoretical predictions, with h being proportional to P0.165,
P0.19, P0.225 and P0.265 (according to the fitted lines in Fig. 11), for
volume fractions of channels of 0.1, 0.2, 0.3 and 0.4, or areal vol-
umes of channels of 0.5 mm, 1.0 mm, 1.5 mm and 2.0 mm, respec-
tively, instead of P1/6 as predicted. Quantitatively, however, there is
a large difference between the experimental and predicted values,
mainly due to the large difference in the pressure drops between
the sintered and conventionally machined microchannels. A cor-
recting factor needs to be introduced to accounting for the differ-
ence, if Eq. (14) is to be used in any predictions. It is worth
noting that the relationship between h and P is insensitive to chan-
nel diameter.
4. Conclusions

(1) Cu microchannels with well controlled channel diameters
(450 mm, 390 mm and 290 mm) and volume fractions of chan-
nels (0.1, 0.2, 0.3 and 0.4), corresponding to different areal
volumes of channels (0.5 mm, 1.0 mm, 1.5 mm and
2.0 mm), have been manufactured by a new sintering
method. Their pressure drops and heat transfer coefficients
under a range of water flow rate have been measured.

(2) The pressure drops of the sintered Cu microchannels are
higher than the conventional machined microchannel, but
significantly lower than the LCS porous metals. The pressure
drops are higher than the theoretical values predicted for an
ideal microchannel, due to strong frictions at rough channel
walls and the entrance effect.

(3) The sintered Cu microchannels achieved a similar range of
heat transfer coefficients as the LCS porous Cu, with much
lower volume fractions of channels. The heat transfer coeffi-
cients of the sintered Cu microchannels are higher than the
conventional machined microchannel mainly due to the
introduction of multilayers of channels in the metal matrix.

(4) The pressure drop and heat transfer coefficient of the sin-
tered Cu microchannels can be described by the Darcy-
Weisbach and Sieder-Tate equations with the introduction
of appropriate correcting factors. There is a strong correla-
tion between heat transfer coefficient and pumping power.
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