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Experiments are conducted for laminar forced convection of water in a microchannel under partially-
heated and fully-heated conditions on one wall with negligible axial heat conduction. The microchannel
had a trapezoidal cross-sectional shape, with a hydraulic diameter of 155 lm and a heating length of
30 mm. Three-dimensional numerical simulations, based on the Navier–Stokes equations and energy
equation, are obtained for forced convection of water in this microchannel under the same experimental
conditions. It is found that the numerical predictions of wall temperatures and local Nusselt numbers are
in good agreement with experimental data. This confirms that classical Navier–Stokes and energy equa-
tions are valid for the modeling of convection in a microchannel having a hydraulic diameter as small as
155 lm. For a microchannel with the same cross-sectional shape with one-wall heated and a heating
length of 100 mm, numerical results show that the thermal entrance length is given by z = 0.15RePrDh,
with the fully-developed Nusselt number approaching a constant value of 4.00.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In early 1980 s, Tuckerman and Pease [1] performed an experi-
ment showing that extraordinarily high convective heat transfer
coefficient could be achieved in forced convection of water in
microchannels. Since that time, many experimental and numerical
studies [2–8] have been carried out to study forced convection in
microchannel heat sinks because of its potential applications for
cooling of high-performance microprocessors, laser diode arrays,
and high-energy-laser mirrors.

However, the Nusslet numbers, determined from previous
experimental studies [2–4] on forced convection in silicon micro-
channels under constant heat flux, were not comparable with each
other. Numerical studies [5–8] showed that axial heat conduction
on the wall was important in forced convection in silicon micro-
channels. In particular, Li et al. [8] conducted a numerical simula-
tion for forced convection of water in silicon-based microchannel
heat sinks, and found that approximately 40–60% of the heat flux
(at Re = 40) supplied to the heat sink was conducted from down-
stream part into the upstream part of the highly conducting silicon
substrate. Thus, it appears that the non-uniform heat flux distribu-
tion from the wall to the coolant along the microchannels may be
one of the reasons why different investigators obtained different
Nusselt numbers in their experimental studies of forced convection
in silicon/copper based microchannels.
ll rights reserved.
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In this paper, we have performed an experimental study on
forced convection of water in a microchannel having a hydraulic
diameter of 155 lm with a heating length of 30 mm with
negligible axial heat conduction on the wall for the cases of par-
tially-heated and fully-heated conditions. Numerical solutions cor-
responding to experimental conditions were obtained, and results
of wall temperature distribution and local Nusselt number are
compared with experimental data. The good agreement of numer-
ical predictions and experimental data confirms that Navier–
Stokes equations are applicable for modeling of forced convection
in a microchannel with a hydraulic diameter as small as 155 lm.
Numerical simulation for a fictitious microchannel with the same
cross-sectional shape but with a heating length extended to
100 mm was also performed to obtain the Nusselt number of a
thermally fully-developed forced convective flow in a
microchannel.

2. Description of the experiment and numerical simulation

2.1. Experimental setup

Fig. 1 shows the experimental apparatus and the flow circuit of
the present experiment, which was used in our previous paper for
flow boiling in microchannels [9]. It consisted of a working fluid
loop, a test section integrated with microheaters, and a data acqui-
sition system. The deionized water flowed successively through a
degassing unit, a constant temperature bath, a filter, a needle valve
and finally the test section. Fifteen microheaters, serving also as
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Fig. 1. Experimental test loop.

G. Wang et al. / International Journal of Heat and Mass Transfer 52 (2009) 1070–1074 1071
temperature sensors, were connected with fifteen DC power sup-
plies separately. The average temperature of the microheater was
determined from Rh according to the relationship between resis-
tance and temperature of platinum. All signals of pressure, temper-
ature and voltage of the microheaters were collected by a NI high-
speed data acquisition system.

The microchannel was etched in a h100i silicon substrate
bonded from the top and bottom by two Pyrex glass plates. The
microchannel, 427 lm in the top width, 276 lm in bottom width
and 107 lm in depth, had a hydraulic diameter of 155 lm with a
heating length of 30 mm (see Fig. 2). Fifteen identical platinum
microheaters (numbered from #1 to #15 in the flow direction)
were sputtered on the bottom Pyrex glass wall. Since the Pyrex
glass substrate had a very low thermal conductivity (0.66
W/m K) compared with silicon (148 W/m K) or copper (398 W/
m K), it ensured that axial heat conduction in the bottom wall
was negligibly small.

The total heat flux supplied to the microheater q and the effec-
tive heat flux absorbed by the fluid qeff were calculated according
to:

q ¼ VhI=A and qeff ¼ q� qloss ð1a;bÞ

where Vh and I are the voltage and current of the microheater, and A
is the area of the microheater. The conduction heat loss qloss from
the test section was determined from a heat conduction experiment
at stationary fluid condition prior to convection experiments. In the
forced convection experiment, the maximum heat loss was less
than 10% of the total heat supplied. The Nusselt number on each
microheater determined from the experiment is calculated from

NuðzÞ ¼ qeff � Dh

k � DTðzÞ ð2Þ
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Fig. 2. Sketch of numerical simulation domain fo
where Dh is hydraulic diameter of the microchannel, k the thermal
conductivity of water, qeff the effective heat flux given by Eq. (1b),
and DT(z) = Tw(z)-Tl with Tw being the microheater temperature
and Tl the bulk temperature of water which was calculated from
Tl = (Tout + Tin)/2 where Tin and Tout being the inlet and outlet
temperatures of water, respectively. The measurement errors of
Dh, qeff, DTb and k(T) were estimated to be 1.8%, 2.6%, .2.9%, and
1.0%, respectively, and the maximum uncertainty in determining
Nu was 8.3%.

2.2. Description of numerical simulation

The Navier–Stokes and energy equations are used to model the
convective heat transfer process with the following assumptions:
(i) steady 3D fluid flow and heat transfer; (ii) laminar flow and
incompressible fluid; (iii) physical properties of water, such as
thermal conductivity, density, and specific heat are temperature
dependent; and (iv) negligible radiation heat transfer. According
to the above assumptions, the 3D governing equations are:

Continuity : r � ðql
~UÞ ¼ 0 ð3Þ

Momentum : r � ðql
~UUÞ ¼ �rP þr � ðllrUÞ ð4Þ

Energy : r � ðql
~UTÞ ¼ r � kl

Cp;l
rT

� �
ð5Þ

No-slip boundary conditions are imposed on the walls of the micro-
channels. At the inlet, mass flux and temperature are specified. At
the outlet, pressure is specified and temperature gradient is as-
sumed to be zero. A uniform heat flux condition qeff is imposed over
the microheater on the Pyrex wall, and the heat flux is zero at all
other walls. After numerical solutions for Eqs. (3)–(5) with the
aforementioned boundary conditions have been carried out, the
5 mm

30 mm

r a microchannel with one wall fully-heated.
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local Nusselt number is computed according to Eq. (2) where
DT(z) = Tw,C(z)-Tl(z). Here, Tw,C(z) is the local averaged inner heat-
ing wall temperature and Tl(z) is the cross-sectional averaged bulk
temperature, which can be calculated, respectively, from

Tw;CðzÞ ¼
P

CTw;Cði; j; kÞ
NC

ð6Þ

where NC is the total number of node along the perimeter of the
heating wall, and

T lðzÞ ¼
PP

qlði; j; kÞ �wði; jÞ � Cp � T lði; j; kÞDxDyPP
qlði; j; kÞ �wði; jÞ � DxDy � Cpði; j; kÞ

ð7Þ
3. Results and discussion

Three-dimensional numerical simulations of forced convection
in the microchannel under the same experimental conditions were
carried out using the commercial software package ‘‘FLUENT”. The
sketch of the computational domain is shown in Fig. 2, where fif-
teen microheaters, occuping a heating area of 200 lm
(width) � 30 mm (length) in size, were located between 5 and
35 mm from the entrance of the bottom wall in the microchannel.
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Fig. 3. Comparison of numerical predictions and experimental data for forced convectio
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3.1. Comparison of numerical results with experimental data

Numerical solutions were first carried out in the microchannel
with 30 mm in length with partially-heated (with heating from
microheater #1 only) and fully-heated (with heating from micro-
heaters #1 to #15) Pyrex walls and the results are presented in
Figs. 3 and 4, respectively. Fig. 3a and b show the wall temperature
distribution and the Nusselt number for the partially heated case
(with heating from microheater #1) at three effective heat fluxes
of qeff = 986.3 kW/m2, 1481.6 kW/m2, and 1974.9 kW/m2 with
Tin = 20 �C at various mass fluxes. Fig. 3a shows that the wall tem-
perature decreased with increasing mass flux and decreasing heat
flux as expected. Fig. 3b shows that the heat flux had a small effect
on the Nusselt number because fluid properties (thermal conduc-
tivity and viscosity) were varied with temperature, which was
associated with heat flux. It is noted that the Nusselt number in-
creased with the mass flux without approaching a limit. Fig. 3c
and d are comparisons of microheater temperature and the Nusselt
number between numerical predication and experimental data,
Tw,pred/Tw,exp t, Nupred/Nuexp t, and the mean average errors (MAE)
of temperature and Nusselt number measurements which are de-
fined as:
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Fig. 4. Comparison of numerical predictions and experimental data for forced convection of water in a microchannel (Dh = 155 lm and L = 30 mm) with a fully-heated wall.
(a) Comparison of wall temperature (b) Numerical predictions of local Nusselt number (c) Wall temperature ratio vs. distance (d) Local Nusselt number ratio vs. distance.
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MAEðTwÞ ¼
1
M

X jTw; exp t � Tw;predj
Tw; exp t

� 100% and

MAEðNuÞ ¼ 1
M

X jNuexp t � Nupredj
Nuexp t

� 100%; ð8Þ

where M is the number of data points. It can be seen from Fig. 3c
and d that the numerical simulations of microheater temperature
agreed well with those of experimental results with the MAE(Tw)
and MAE(Nu) being 3.8% and 4.1%, respectively, for this case of a
partially-heated wall. The good agreement of numerical predictions
and experimental data for wall temperatures and Nusselt numbers
confirmed that Navier–Stokes and energy equations are valid to
model forced convection in a microchannel having a hydraulic
diameter as small as 155 lm.

Numerical results for forced convection in the same microchan-
nel with fully-heated wall (with heating from microheaters #1 to
#15) at qeff = 300 kW/m2 are presented in Fig. 4. Fig. 4a and b show
comparisons of numerical results and experimental data for wall
temperatures and local Nusselt numbers at selected microheaters
at different mass fluxes with Reynolds number ranging from 33
to 565. Fig. 4a shows that the wall temperature increased along
the streamwise direction, indicating that heat was conducted from
downstream part of the microheater to the front part of the micro-
heater. Fig. 4b shows that the local Nusselt number decreased
sharply from the entrance. At low mass flux, the local Nusselt num-
ber gradually approached a constant value. At high mass fluxes,
however, the local Nusselt number did not approach a constant va-
lue at the channel outlet (z = 30 mm), implying that the thermal
entrance length was larger than the channel heating length of
30 mm. Fig. 4c and d show that the MAE(Tw) and MAE(Nu) were
5.4% and 7.3% showing excellent agreement between numerical re-
sults and experimental data once again.

3.2. Nearly thermally fully-developed forced convection in a
microchannel

As mentioned in Section 3.1, the entrance thermal length was
larger than the heating length of 30 mm at high mass fluxes. In or-
der to obtain the Nusselt number for a thermally fully-developed
flow, a numerical simulation of forced convection in a fictitious
microchannel with the same cross-section (as shown in Fig. 2)
but with the heating length of the microchannel extended to
100 mm at qeff = 100 kW/m2 was carried out. The numerical results
for the local Nusselt number versus dimensionless distance Z+ with
Z+ = z/(DhRePr) is presented in Fig. 5a. It is seen that local Nusselt
numbers for different mass fluxes collapsed into one curve and ap-
proached an asymptote vale of 4.00 at large values of dimension-
less distance. Fig. 5b is the enlarged plot of Fig. 5a showing the
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thermal developing region as well as the fully-developed region.
Here, the thermal entrance length was defined as the axial distance
required to achieve a value of the local Nusselt number, which was
1.05 times the fully-developed Nusselt number value. According to
the numerical results, the thermal entrance length Z+ for this case
is given by Z+ = 0.15, i.e., z = 0.15RePrDh.
4. Concluding remarks

In this paper, an experiment has been carried out to study
forced convection of water in a microchannel having a hydraulic
diameter of 155 lm with one-wall partially and fully-heated with
a length of 30 mm. Numerical simulations of wall temperature dis-
tributions and local Nusselt number corresponding to the same
experimental conditions were carried out and compared with
experimental data. In addition, numerical simulation was also car-
ried out for a microchannel with the same cross-section but with
the heating length extended to 100 mm. The following conclusions
can be drawn from the present study: (i) The good agreement be-
tween the numerical predictions and experimental data of wall
temperature distribution and the local Nusselt number confirms
that classical Navier–Stokes and energy equations are still valid
to model convection in microchannels having a hydraulic diameter
as small as 155 lm. (ii) For forced convection in a microchannel
having a trapezoidal cross-section with bottom wall heated, the
numerical results show that the thermal entrance length is given
by z = 0.15RePrDh, and the fully-developed Nusselt number is
approximately equal to 4.00.
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