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Abstract

Experiments were conducted to investigate the single phase convective heat transfer in a compact heat sink consisting of
26 rectangular microchannels of 300 lm width and 800 lm depth. The relative roughness is estimated to be 4–6%. Deion-
ized water was used as the working fluid. Tests were performed with the Reynolds number range of 162–1257, the inlet
liquid temperatures of 30, 50 and 70 �C and the heating powers of 140–450 W. The planform area is 5.0 · 1.53 cm2. It
is found that the friction factors and local and average Nusselt numbers significantly depart from those of conventional
theories, possibly attributable to the surface roughness. The hydraulically developed but thermally developing flow results
in decreased Nusselt numbers versus the non-dimensional axial distance. The temperature dependent fluid physical prop-
erties also influence the heat transfer characteristics to some extent. Correlations were provided for the friction factors and
the Nusselt numbers.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays, it is possible to develop various microdevices or systems such as microchannel heat sinks,
micropumps, microreactors, microvalves and microactuators. Understanding the flow and heat transfer in
microscale is useful for the design, fabrication and operation of these microdevices or systems.

Many studies have been conducted for single phase convective heat transfer in microchannels. It is demon-
strated that some results significantly deviate from conventional theory, which is well established for macro-
size. A literature survey shows that the available results are often conflicting, partially due to measurement
errors and fabrication methods. A lot of factors influence the experimental results, including the surface
roughness of the microchannels, temperature dependent physical properties, surface physical effects and so
on. At this stage, it is still uncertain as to the true factors that affect the flow and heat transfer behaviors
in microscale.
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Nomenclature

Ac cross-section area of one microchannel, m2

Cp specific heat, J/kg �C
Dh hydraulic diameter of microchannel, m
f Darcy friction factor
Hw1 thickness of glass cover plate, m
Hw2 height from bottom wall to locations where thermocouple wires are located, m
Hch height of microchannel, m
h heat transfer coefficient, W/m2 K
k channel surface roughness, m
k/Dh surface relative roughness
kc entrance pressure loss coefficient
ke exit pressure loss coefficient
L channel length, m
L+ non-dimensional channel flow length
Lþh non-dimensional channel heating length
LE entrance length, m
lmin shortest distance from point to surface of microchannel, m
M mass flow rate, kg/s
m fin parameter
N total number of microchannels
Nux local Nusselt number
Nu averaged Nusselt number
Dp pressure drop over microchannels, Pa
Pr Prandtl number
q effective heat flux, W/m2

Q effective heating power, W
R thermal resistance, �C/W
Re Reynolds number
Reeff effective Reynolds number
Tc temperature measured by thermocouples, �C
Tf fluid temperature, �C
Tin inlet fluid temperature, �C
DTm mean temperature difference, �C
Tout outlet fluid temperature, �C
Tw bottom wall temperature, �C
u fluid velocity, m/s
Wch width of microchannel, m
Ww half width between neighboring microchannels, m
X axial distance from channel entrance, m
X+ non-dimensional axial distance
c channel aspect ratio
kf liquid thermal conductivity, W/m K
ks solid copper thermal conductivity, W/m K
g fin efficiency
leff effective viscosity, Pa s
lf fluid viscosity, Pa s
lR roughness viscosity, Pa s
q liquid density, kg/m3

sw wall shear stress, Pa
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Using the conventional precision machining method, the surface roughness is an important factor affecting
the flow and heat transfer in microchannels. Wu and Little [1] measured the friction factors for silicon and
glass capillary tubes using gases (N2, H2, Ar) as the working fluids. The measured friction factors were 10–
30% higher than the conventional theory predictions. Furthermore, the critical Reynolds numbers at which
the laminar flow transitions to turbulent flow for such test sections is between 350 and 900, which is attributed
to the channel surface roughness. Later, Wu and Little [2] reported the Nusselt numbers in counter-flow heat
exchangers for which the microchannels were 312–572 lm wide and 89–97 lm deep. For fully developed lam-
inar flow, the Nusselt numbers oscillated greatly with Reynolds numbers. In the turbulent regime, the Nusselt
numbers were higher than the conventional theory predictions. They attributed such deviations to the asym-
metric wall roughness and the uneven wall heating.

Experiments were performed by Kandliker et al. [3] to study the effect of the relative roughness on the pres-
sure drop and heat transfer in two capillary tubes with diameters of 1076 lm and 600 lm with relative rough-
ness ranging from 0.00178 to 0.003. It was observed that the effect of the relative roughness on the pressure
drop can be neglected, and thus, the 1076 lm microtube can be considered smooth. The measured local
Nusselt numbers agreed with conventional theory well, but for the microtube with the diameter of 620 lm,
the higher relative roughness increased the friction factors and the Nusselt numbers. Thus, one can see that
the wall roughness can play a more important role in microchannels than that in macrochannels.

There are a lot of wall roughness definitions, and thus, it is difficult to quantify the effect of wall roughness
on the flow and heat transfer in microchannels at this stage. Such effects could be quantified by experiment and
numerical modeling. Qu et al. [4] measured the water flow in trapezoidal silicon microchannels with hydraulic
diameters ranging from 51 to 169 lm. The measured friction factors were higher than the conventional theory
predictions in the laminar flow regime. In terms of the eddy viscosity concept for turbulent flow, they proposed
a roughness-viscosity model to explain the discrepancy between the measured friction factors and the conven-
tional theory predictions. Qu et al. [5] measured the heat transfer coefficients for water flowing through trap-
ezoidal silicon microchannels with hydraulic diameters ranging from 62 to 169 lm. The measured values were
compared with numerical predictions with coupling the heat transfer in the solid and the fluid regions. They
found that the measured Nusselt numbers are much lower than those of the numerical solutions. The numer-
ical solutions based on their improved numerical model agree with their experimental data well.

The objective of this paper is to study the liquid flow and heat transfer in rough copper microchannels. The
early transition from laminar to turbulent flow reported in previous studies was not observed in the present
study. The hydraulic flow was considered as laminar flow. The effect of surface roughness was highlighted
and evaluated in comparison with the effects predicted by conventional theory. A detailed description of
the friction factors and local and average heat transfer coefficients is presented and discussed, considering
the effects of inlet fluid temperatures and heating powers. Also, the effects of the hydraulic and thermal bound-
ary layer growth on the experimental results are emphasized, which were neglected in previous studies.

2. Experimental setup

Fig. 1 shows the experimental setup. Deionized water was pumped from a liquid reservoir to the test section
through a 15 lm filter, preventing any solid particles from entering the microchannels. An electronic heater
was immersed in the liquid tank with a proportional-integral-derivative (PID) temperature control unit to ob-
tain any desired liquid temperature. The flow rate was obtained by adjusting the valve located in the bypass
line and the throttling valve upstream of the microchannel test section. One of two water flow meters was se-
lected based on the flow rate. The flow meters were calibrated by weighing the outlet liquid over a given period
of time using an electronic balance with an accuracy of 0.01 g.

Jacket thermocouples were used to measure the inlet and outlet fluid temperatures. These thermocouples
have an accuracy of 0.5 �C and a response time of 50 ms. A Setra pressure transducer (Model 206) was used
to measure the inlet fluid pressure. The uncertainty of the pressure transducer was less than 0.1% after
calibration with a known standard. The pressure drop over the microchannel test section was measured by
a Senex differential pressure transducer with an accuracy of 0.1% and a response time of 10 ms. A HP high
speed data acquisition system was used to collect all the temperatures, pressure and differential pressure drop
signals. The data was displayed by a PC monitor and stored in PC memory for further analysis.
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Fig. 1. Experimental test loop.
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Figs. 2 and 3 illustrate the three-dimensional view and the detailed technical drawing of the microchannel
heat sink, respectively. The microchannel heat sink component has an O-ring slot, a glass cover plate and a
O-ring slot 
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Fig. 2. Three-dimensional view of the copper heat sink.
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Fig. 3. Detailed technical drawing of the copper microchannel heat sink.
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cartridge heater. There are 26 microchannels with 300 lm width and 800 lm depth. The microchannels were
made in the copper block using a micromachining technique. The relative wall roughness k/Dh was estimated
to be 4% by microscope. The planform (top) surface of the heat sink was 1.53 cm wide and 5.0 cm long. There
is a hole with the diameter of 8.0 mm in the copper block to accommodate the cartridge heater, and the
heating power was measured by a precision wattmeter with an accuracy of 0.5%. Below the heat sink is the
six K-type thermocouples to measure the axial temperature distribution along the flow direction, whose
locations are shown in Fig. 3.

A cover plate made from transparent plastic (Lexan) was bonded with the copper heat sink. An O-ring slot
was machined in the top surface of the microchannel heat sink, preventing any leakage from the microchannel
slots.

The experiments were performed with inlet liquid temperatures of 30, 50 and 70 �C, mass fluxes of 20–
1200 kg/m2 s and effective heating powers of 140–450 W.
3. Data reduction

Before performing the data reduction, the following assumptions are made: (1) Each parallel microchannel
has exactly the same size and wall roughness. (2) Flow rates in each microchannel are the same. (3) The con-
duction heat transfer in the solid copper block is one-dimensional in the height direction. Heat conduction in
the solid copper block along the flow direction is neglected. (4) The heat flux for each microchannel is the
same.

3.1. Flow friction

The Darcy friction factor f can be deduced from the pressure drop of the fluid flowing through the
microchannels.
f ¼ 8sw

qu2
¼ 2DhDp

qu2L
ð1Þ
where Dp is the pressure drop over the microchannels and q is the fluid density. The mean liquid temperature
in terms of the inlet and outlet values characterize the fluid properties, such as thermal conductivity k, viscosity
l and specific heat Cp. Dh and L are the hydraulic diameter and the length of the microchannels, and u is the
average liquid velocity obtained by
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u ¼ M
NqAc

ð2Þ
where M is the liquid mass flow rate, N is the number of microchannels and Ac is the cross-sectional area of a
single microchannel.

Note that the measured pressure drop includes the entrance and exit pressure losses due to the sharp change
of cross-section area. Therefore, the net friction pressure drop over the microchannels is calculated as
Dp ¼ Dpmeasured � ðkc þ keÞ
qu2

2
ð3Þ
where kc and ke are the entrance and exit pressure loss coefficients, and can be estimated from Kays and
London [6].

The Reynolds number is defined as
Re ¼ quDh

lf

ð4Þ
where lf is the liquid viscosity based on the mean fluid temperature. The Poiseuille number fRe is defined as
the product of the friction factor and the Reynolds number.

3.2. Heat transfer

To compute the heat transfer coefficient for deionized water flowing through the microchannels, a two-
dimensional unit cell consisting of a single microchannel and the surrounding solid is identified along the flow
direction where the thermocouple wires are located. The two-dimensional unit cell is shown in Fig. 4, and the
geometric parameters are listed in Table 1. The heat transfer coefficient can be acquired from the fin analysis
method used by Harms et al. [7].

The energy conservation equation of the unit cell is given by
qW cell ¼ hðT w � T fÞðW ch þ 2gH chÞ ð5Þ
Copper heat sink

glass cover plate

Fig. 4. Two-dimensional microchannel heat sink unit cell.



Table 1
Geometric parameters of unit cell

Ww (lm) Wch (lm) Hw1 (lm) Hch (lm) Hw2 (lm)

150 300 5000 800 6200
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The left hand side of Eq. (5) is the heat input to the unit cell, and the right hand side is the heat dissipated by
the fluid. The fin efficiency g is computed as
g ¼ tanhðmH chÞ
mH ch

ð6Þ
The fin parameter m in Eq. (6) is defined as
m ¼

ffiffiffiffiffiffiffiffiffiffiffi
h

ksW w

s
ð7Þ
where ks is the thermal conductivity of the solid copper block. A linear liquid temperature distribution along
the flow direction is assumed, based on the inlet and outlet liquid temperatures.
T f ¼ T in þ
X
L
ðT out � T inÞ ð8Þ
where X is the axial distance from the channel entrance. The microchannel bottom wall temperature Tw is
evaluated using the one-dimensional heat conduction equation as
T w ¼ T c �
qH w2

ks

ð9Þ
where Tc is the temperature measured by the thermocouples.
The Nusselt number based on the heat transfer coefficient is given by
Nu ¼ hDh

kf

ð10Þ
where kf is the liquid thermal conductivity.
The thermal resistance of the microchannel system is defined as
R ¼ DT m

q
ð11Þ
where DTm is the mean temperature difference evaluated by
DT m ¼ ðT c1 þ T c2 þ T c3 þ T c4 þ T c5 þ T c6Þ=6� ðT in þ T outÞ=2 ð12Þ
where Tc1,Tc2, . . . ,Tc6 are the temperatures measured by the six thermocouples.

3.3. Uncertainty analysis

The errors of the friction factors and Nusselt numbers come from the measurement errors of a set of
parameters. Performing the standard error analysis, the maximum uncertainties in determining these param-
eters are given in Table 2. It is seen that the maximum errors due to the measurements are less than 7.1%
and 5.93% for f and Nu, respectively. Even though all the temperatures measured by the thermocouples are
carefully calibrated, the maximum errors of 0.5 �C are used for the analysis. Normalizing such error with
respect to the minimum inlet liquid temperature yields the maximum possible error of 1.67% for the
temperatures.



Table 2
Measured and deduced parameter errors

Parameters Maximum errors (%)

Dh 4
L 0.12
Lh 0.12
Wch 4
Hch 4
M 1.02
Dp 0.1
T 1.67
DTm 1.67
Re 6.95
f 7.1
Nu 5.93
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4. Results and discussion

4.1. Flow friction

The conventional theory based on the Navier–Stokes equation for fully developed laminar flow through
rectangular microchannels indicates that the Poiseuille number can be calculated as follows,
f Re ¼ CðcÞ ð13Þ

where the constant C only depends on the rectangular aspect ratio c. Morini [8] calculated the values of C for
three different cross-section channels: rectangular, trapezoidal and double trapezoidal. For the microchannels
used in our experiment (c = 0.375), the constant C equals 67, which can be considered as the theoretical pre-
diction to be compared with the experimental results.

To identify the effect of the hydraulic entrance region on the flow resistance, the non-dimensional axial
distance is defined as
Lþ ¼ L
DhRe

ð14Þ
Fig. 5 illustrates the measured fRe versus the non-dimensional channel length L+. Now, we turn to consider
the rough microchannels characterized as k/Dh within the range of 4–6%. Generally, the presence of the sur-
face roughness enhances the momentum transfer near the wall. Such effect is approximately equivalent to an
increase in the fluid viscosity [4,5]. An effective viscosity leff in rough microchannels can be defined as the fluid
L+
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Fig. 5. The Poiseuille number fRe versus the non-dimensional microchannel flow length L+.
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viscosity lf plus the additional roughness-viscosity lR. lR should have higher values near the wall and grad-
ually diminish toward the channel center area. Also, lR should be proportional to Re and k/Dh [9]. The rough-
ness-viscosity lR can be described in terms of lR = f(Re,k/Dh, lmin), where lmin is the shortest distance from the
examined point to the microchannel surface.

Consider the effect of the hydraulic developing laminar flow where the entrance length LE [10] is given by
LE ¼ 0:065Dh

quDh

l
ð15Þ
Eq. (15) shows that the increase of the fluid viscosity leads to a shorter entrance length. Therefore, compared
with smooth microchannels, the entrance effect in rough microchannels is weakened for the given inlet fluid
velocity and geometric parameters. For conventional, smooth microchannels, the entrance effect is found to
be negligible when L+ is higher than about 0.1 [11]. In other words, flow in smooth microchannels is fully
developed for L+ > 0.1. It is interesting to note that all our experimental data drop in the regime of
L+ > 0.1. For the given inlet fluid velocity and channel geometric parameters, the entrance effect in the present
study is negligible compared to that in smooth microchannels when L+ > 0.1. Apparently, the flow in the pres-
ent microchannels should be fully developed. So, the inverse relationship between fRe and L+ in Fig. 5 is not
due to the developing laminar flow.

The inverse relationship between fRe and L+ may be explained by the high surface roughness of the micro-
channels. Assuming that the effect of lmin on the roughness-viscosity lR can be neglected, lR is only a function
of Re and k/Dh. The friction factor for developed flow through smooth microchannels can be calculated by
f Re ¼ 67 ð16Þ
For the given inlet fluid velocity or Re and the surface relative roughness k/Dh, the friction factor in rough
microchannels yields
f Reeff ¼ 67 ð17Þ
where the effective Reynolds number is defined as
Reeff ¼
quDh

leff

¼ quDh

lf þ lR

ð18Þ
Substituting Eq. (18) into Eq. (17) provides
f
quDh

lf þ lR

¼ 67

f
quDh

lf

� lf

lf þ lR

¼ 67

f Re ¼ 67
lf þ lR

lf

¼ 67 1þ lRðRe; k=DhÞ
lf

� � ð19Þ
Eq. (19) clearly indicates that fRe increases with increasing Reynolds number Re and surface relative rough-
ness k/Dh because lR is proportional to Re and k/Dh. In addition, it is shown in Eq. (19) that for very small
Re, the effect of surface roughness may be neglected, and fRe is approximately equal to the theoretical value of
67, which is supported by our experimental data. It can be seen from Fig. 5 that for L+ > 0.45, the experimen-
tal results agree with the theoretical value well, and therefore, the present microchannels can be considered as
smooth. On the other hand, we should note that the simplifying assumption is included in Eq. (19). Thus, it is
not an appropriate equation to compute the friction factors but is useful for qualitative analysis.

Wu and Cheng [12] studied the effect of the surface roughness on the flow and heat transfer in trapezoidal
silicon microchannels with the same geometric parameters. Although the tested microchannels are trapezoidal
in shape, the constant of C(c) is also about 67 according to Morini [8] with the aspect ratios of 0.2532 and
0.2537. Thus, their experimental data can be compared with ours. The friction factors are presented in
Fig. 6 versus Reynolds number. The most striking result seen in Fig. 6 is that the f–Re curves depart gradually
from the conventional theory with increasing surface roughness and Reynolds number. In addition, based on
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Fig. 6. The friction factors f versus the liquid Reynolds number Re.
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the experimental data, the following correlation is proposed to predict the friction factors in rough rectangular
microchannels for laminar flow.
f Re0:4743 ¼ 4:0922 ð20Þ

The correlation of Eq. (20) is obtained using 140 data points. The maximum error is less than 2.84%.

It is known that the surface roughness does not influence the laminar flow in macrochannels. However, as
seen in Figs. 5 and 6, such effect becomes important for laminar flow in microchannels due to the large surface
to volume ratios.

4.2. Heat transfer

To determine the effect of thermally developing laminar flow in the entrance region, the non-dimensional
axial distance for the thermal entrance region is defined as
Xþ ¼ X
DhRePr

ð21Þ

Lþh ¼
L

DhRePr
ð22Þ
where X1,X2, . . . ,X6 correspond to the six thermocouple locations, respectively.
Correlations of the local Nusselt number for laminar flow in ducts are obtained using the solutions by Shah

and London [13].
Nux ¼ 8:24� 16:8cþ 25:4c2 � 20:4c3 þ 8:70c4; Xþ P 0:1 ð23aÞ
Nux ¼ 3:35ðXþÞ�0:130c�0:120Pr�0:38; 0:013 6 Xþ < 0:1 ð23bÞ
Nux ¼ 1:87ðXþÞ�0:300c�0:056Pr�0:036; 0:005 < Xþ < 0:013; ð23cÞ
The local Nusselt number Nux is plotted in Fig. 7 versus X+ and compared with that of the conventional the-
ory to identify the entrance effects on the local heat transfer. Fig. 7 corresponds to three different runs of
Tin = 30 �C, Q = 150 W; Tin = 70 �C, Q = 150 W; and Tin = 70 �C, Q = 350 W. These curves clearly demon-
strate that the Nux decreases with increasing X+ at the locations of X2/L = 0.26 and X3/L = 0.38 due to the
thermally developing flow. Furthermore, the Nux varies versus X+ more rapidly for the run of Tin = 30 �C,
Q = 150 W than those for the other two runs due to the higher Prandtl number at the lower heating power.
However, the slope of the Nux against X+ is quite gentle at the locations of X4/L = 0.62 and X5/L = 0.74, indi-
cating that the thermally developed flow is approached at these locations. The higher Nusselt numbers at the
location of X5/L = 0.74 is due to the solid heat conduction effect because such location is quite close to the exit
of the microchannels. Under such condition, the solid heat conduction causes the lower solid temperatures,
and thus, higher Nusselt numbers can be obtained.
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Fig. 7. The local Nusselt numbers Nux versus the non-dimensional thermal length X+.
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Fig. 8 shows the typical wall temperature Tw, fluid temperature Tf and heat transfer coefficient h distribu-
tions along the flow direction. The wall temperatures are computed from the measured temperatures. As seen
from this figure, the locations at X1 and X2 in the entrance region have smaller temperature differences be-
tween the wall and the fluid, and thus, higher heat transfer coefficients are obtained, which are attributed
to the thermally developing flow. From the locations X2 to X4, the linear distribution of the wall temperatures
can be found, which is parallel to the linear liquid temperature distribution, causing the small heat transfer
coefficient variation, as shown in Fig. 8b, indicating the thermally developed flow. Comparing the location
at X5 with other locations, a sudden increase of the heat transfer coefficients is found in Fig. 8b. This increas-
ing trend is due to the heat conduction effects, which may slightly overestimate the heat transfer coefficients at
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Fig. 8. The fluid temperature Tf, wall temperature Tw and heat transfer coefficient h along the flow direction.
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the fifth location, X5. From the above discussion, it is concluded that the measurements at X1,X2,X3 and X4

are nearly not affected by the heat conduction effects and can be used to determine the average heat transfer
coefficients in the microchannels. The average Nusselt number Nu is given by the average of Nux at the first
four locations of the microchannels.
Nu ¼ ðNuxðX 1Þ þ NuxðX 2Þ þ NuxðX 3Þ þ NuxðX 4ÞÞ=4 ð24Þ

The average Nusselt number Nu versus the non-dimensional channel heating length Lþh is plotted in Fig. 9. The
Nu� Lþh curves exhibit two distinct regions. For small Lþh , the average Nusselt numbers decrease rapidly with
increasing Lþh , indicating thermally developing flow in the microchannels for small Lþh . The average Nusselt
numbers become independent of Lþh when Lþh > 0:14, indicating thermally developed laminar flow in
microchannels.

Considering the thermally developing flow in microchannels, the Nusselt numbers are correlated as follows:
Nu ¼ 0:5046ðPr ReÞ0:2221
; 0:0375 < Lþh < 0:14 ð25aÞ

Nu ¼ 2:181; Lþh > 0:14 ð25bÞ
The correlation of Eq. (25a) uses 133 data points. The maximum error is less than 3.37%. The correlation of
Eq. (25b) uses 7 data points, whose maximum error is less than 2.24%.

For the hydraulically developed but thermally developing flow in channels, the average Nusselt numbers for
constant wall heat fluxes can be computed by Shah [14].
Nu ¼ 1:953ðRePrDh=LÞ1=3
; Re PrDh=L P 33:3 ð26aÞ

Nu ¼ 4:364þ 0:0722RePrDh=L; RePrDh=L 6 33:3 ð26bÞ
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In Fig. 9b, the measured average Nusselt numbers are compared with the predictions using Eq. (26). The
experimental data are found to be significantly lower than the conventional theory predictions. Similar re-
sults can also be seen in Fig. 7. The significant departure from conventional theory may be attributed to
two main factors: the cross-sectional aspect ratio c and the surface roughness k. Other factors such as the
electrical double layer effect and the surface hydrophilic property are of secondary importance in the present
study.

The previous studies show that the cross-sectional aspect ratio has a great influence on the heat transfer in
microchannels [15,16]. It is found that even if the length to diameter ratio L/Dh and other parameters are iden-
tical, the Nusselt numbers in microchannels are quite different for different cross-sectional aspect ratios.
Clearly, Eq. (26) neglect the effect of the aspect ratio. Therefore, conventional theory, such as Eq. (26),
may not be applicable for heat transfer estimations in microchannels.

Qu et al. [5] studied the effect of surface roughness on the heat transfer coefficient in microchannels. They
proposed a roughness-viscosity model to interpret their experimental data. On the basis of Merkle et al.�s [17]
modified-viscosity model, Mala and Li [9] recommended a roughness-viscosity model that accounts for this
additional momentum transfer by introducing a roughness viscosity lR. The apparent viscosity of the fluid
lapp is the sum of the fluid viscosity lf and the roughness viscosity lR. The velocity gradient near the wall
surface is decreased due to the surface roughness effect. The fluid temperature gradient near the wall surface
follows the same trend as the velocity, leading to decreased heat transfer coefficients. This may be another
reason why the measured Nusselt numbers are significantly lower than the conventional theory predictions.
They found that the predictions by the modified model agree with the experimental data well.
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Fig. 10. The pressure drops Dp versus the thermal resistance R.
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The pressure drops are plotted versus the thermal resistances in Fig. 10 for different inlet fluid temperatures
and heating powers. Plotting pressure drop against thermal resistance is the best way to evaluate and compare
thermal systems because they are competing factors considered in any practical thermo-hydraulic design. As
seen in Fig. 10, the pressure drops in the microchannels decrease with increasing thermal resistance. In
addition, the inlet fluid temperatures and the heating powers have a great effect on the R–Dp curves. For fixed
thermal resistance, the pressure drop is smaller when the inlet fluid temperature or the heating power is higher,
which may be attributed to the reduced fluid viscosities. Moreover, the combination of higher inlet fluid
temperatures and heating powers yields lower pressure drops and thermal resistances.
5. Conclusion

The single phase convective heat transfer in rough copper rectangular microchannels is studied in this
paper. The following conclusions can be obtained:

• The surface roughness has a great effect on the laminar flow in rough microchannels. For developed flow,
the Poiseuille number in the regime of high Reynolds numbers is higher than the conventional theory pre-
dictions and increases with increasing Reynolds number, rather than remaining constant. However, such
effect can be neglected for low Reynolds numbers.

• The average Nusselt number increases with increasing Reynolds number and Prandtl number. The trend is
true for local Nusselt numbers also. The heat transfer enhancement is due to the thermally developing lam-
inar flow. It is found that both the local and the average Nusselt numbers are significantly lower than the
conventional theory predictions for all flow rates. This is attributed to two main factors: the cross-sectional
aspect ratio and the surface roughness.

• Based on the present experimental data, correlations for friction factors and Nusselt numbers are obtained
for deionized water flowing in rough rectangular microchannels with the surface relative roughness of 4–
6%.

• The analysis shows that higher inlet fluid temperatures and heating powers can provide better overall flow
and thermal performance.
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