UNIVERSITY

of
GREENWICH

Greenwich Academic Literature Archive (GALA)
- the University of Greenwich open access repository
http://gala.gre.ac.uk

Citation for published version:

Yao, Jun, Yao, Yufeng, Patel, Mayur and Mason, Peter J. (2007) On Reynolds nhumber and scaling
effects in microchannel flows. The European Physical Journal Applied Physics, 37 (2). pp. 229-235.
ISSN 1286-0042

Publisher’s version available at:
http://publications.edpsciences.org/index.php?
option=com_article&access=doi&doi=10.1051/epjap:2007010&Itemid=129

Please note that where the full text version provided on GALA is not the final published
version, the version made available will be the most up-to-date full-text (post-print) version as
provided by the author(s). Where possible, or if citing, it is recommended that the publisher’s
(definitive) version be consulted to ensure any subsequent changes to the text are noted.

Citation for this version held on GALA:

Yao, Jun, Yao, Yufeng, Patel, Mayur and Mason, Peter J. (2007) On Reynolds humber and scaling
effects in microchannel flows. London: Greenwich Academic Literature Archive.
Available at: http://gala.gre.ac.uk/1077/

Contact: gala@gre.ac.uk


http://gala.gre.ac.uk/
mailto:gala@gre.ac.uk

Eur. Phys. J. Appl. Phys. 37, 229-235 (2007)
DOI: 10.1051/epjap:2007010

{)%//%

THE EUROPEAN
PHYSICAL JOURNAL
APPLIED PHYSICS

On Reynolds number and scaling effects in microchannel flows

J. Yao!, Y.F. Yao' 2, M.K. Patel?, and P.J. Mason!

! Faculty of Engineering, Kingston University, Roehampton Vale, Friars Avenue, London SW15 3DW, UK
2 School of Computing & Mathematical Sciences, University of Greenwich, 30 Park Row, London SE10 9LS, UK

Received: 27 March 2006 / Received in final form: 3 October 2006 / Accepted: 8 November 2006

Published online: 17 January 2007 — © EDP Sciences

Abstract. This paper presents a numerical study of the Reynolds number and scaling effects in microchan-
nel flows. The configuration includes a rectangular, high-aspect ratio microchannel with heat sinks, similar
to an experimental setup. Water at ambient temperature is used as a coolant fluid and the source of heating
is introduced via electronic cartridges in the solids. Two channel heights, measuring 0.3 mm and 1 mm are
considered at first. The Reynolds number varies in a range of 500-2200, based on the hydraulic diameter.
Simulations are focused on the Reynolds number and channel height effects on the Nusselt number. It is
found that the Reynolds number has noticeable influences on the local Nusselt number distributions, which
are in agreement with other studies. The numerical predictions of the dimensionless temperature of the
fluid agree fairly well with experimental measurements; however the dimensionless temperature of the solid
does exhibit a significant discrepancy near the channel exit, similar to those reported by other researchers.
The present study demonstrates that there is a significant scaling effect at small channel height, typically
<0.3 mm, in agreement with experimental observations. This scaling effect has been confirmed by three
additional simulations being carried out at channel heights of 0.24 mm, 0.14 mm and 0.1 mm, respectively.
A correlation between the channel height and the normalized Nusselt number is thus proposed, which

agrees well with results presented.

PACS. 47.61-k Micro- and nano- scale flow phenomena — 47.61.Fg Flows in micro-electromechanical
systems (MEMS) and nano-electromechanical systems (NEMS)

1 Introduction

Advance in micromachining technology in recent years has
enabled the design and development of miniaturized sys-
tems [1], which opens a promising field of applications,
particularly in the medical science and electronic-/bio-
engineering [2,3]. Such systems often contain small scale
fluid channels embedded in the surrounding solids with
heating sources. Depending on the channel height, it can
be described as a minichannel (at a characteristic dimen-
sion of about 1 mm) or a microchannel (at a characteristic
dimension of several microns to several hundred microns).
Because of its undeniable advantages of smaller physical
dimensions and higher heat transfer efficiency, the study
of microchannel flows has become an attractive research
topic with a fast-growing number of publications, for ex-
ample the experimental study by Gao et al. [4] on the fun-
damental fluid dynamics in relation to the in-depth small
scale physical phenomena.

Tuckerman and Pease [5] performed the first experi-
mental study of the heat transfer in the microchannels
with heat sinks some twenty years ago. Since then, nu-
merous studies have been carried out both experimentally
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and numerically, to address the fundamentally important
but practically difficult issues. One such theme was the en-
hancement of the heat transfer coefficient by varying the
Reynolds number and decreasing the channel height to
micron scale. Cobhan and Garimella [6] published a com-
prehensive review summarizing the research work carried
out in this field.

To date, the experimental data reported in the open
literatures show a significant scattering of results [6] which
on occasions disagree with the conventional theories for
transport phenomena, that have been well verified for
macroscale flows. Previous experiments of microchannel
often exhibited some controversial findings and some-
times even opposite trends, when compared to conven-
tional channels, most notably the Reynolds number (Re)
and the scaled channel height effects on the Nusselt num-
ber (Nu). As an example, Peng et al. [7] observed these
two effects from a study of the heat transfer in a rectan-
gular microchannel with hydraulic diameter ranging from
0.133 mm to 0.343 mm and Celata et al. [8] observed sim-
ilar trends when studying a laminar flow in a capillary
tube of 0.130 mm in diameter.

While the conventional theory indicates that for fully-
developed laminar channel low the Nusselt number should



230

remain constant and is independent of the Reynolds num-
ber, this is not always correct for microchannel flows. In
fact, a number of controversial findings have been reported
by some researchers, who observed the Re-dependence of
Nu variations, but others did not have the same conclu-
sions. Here, a few typical cases are listed for comparisons.

e In a trapezoidal silicon microchannel experiment
study, Qu et al. [9] confirmed that the conventional
theory was still applicable even at a small microchan-
nel height ranging from 62 microns to 169 microns
of hydraulic diameter, where they have observed the
Re-independent Nusselt number variations at very low
value (Nu ~ 1-2).

e On the contrary, Wang and Peng [10] found that
in laminar flow region the Nusselt number increased
along with the Reynolds number, but were only 35%
of those predicted by theory.

e The most trivial conclusion comes from Wu and
Little [11], who revealed that the Nusselt number was
lower for Re < 600, but became higher for 600 < Re <
1000, when compared to the predictions by the con-
ventional correlations.

The reasons leading to such diverse experimental obser-
vations are still not clear. It is quite likely that this phe-
nomenon might be partly related to the entrance effects.
Gao et al. [4] has recently carried out a carefully designed
experimental study with a convergence channel inlet, in
which entrance effects have been revealed.

The channel height effect in microchannels is also an
arguable theme with contradictory conclusions. In the
laminar regime, Qu et al. [9] observed the significant scal-
ing effects on hydraulics in a trapezoidal channel at height
of around 111 microns. On the contrary, Flockhart and
Dhariwal [12] did not find the scaling effects for the same
type of channel even at a lower channel height of around
63 microns. For rectangular shape microchannels, Gao
et al. [4] reported an experimental study of the scaling ef-
fects on the hydrodynamics in both mini- and microchan-
nel with similar findings as Qu et al. [9]. Guo and Li [13]
also noted the significant scaling effects and suggested that
the effects from the heat conduction, in the solid walls and
the entrance of the microchannel, might be two possible
sources of errors that might contribute to the deviation
from conventional laws. Surprisingly, a recent comprehen-
sive numerical study by Gamrat et al. [14] revealed that
the scaling effects have not been observed even at a small
channel height of 0.1 mm. Although the reason for this
has not been clearly understood, it must be emphasized
that adequate experimental measurements in microchan-
nels are extremely difficult due to the small scale of the
test sections. This is especially true for the heat trans-
fer data acquisition as there is no direct measurement of
the heat fluxes at the fluid-solid interface reported in pub-
lished studies.

As discussed in [4], there are a few other factors which
may also influence these controversial findings, particu-
larly the electronic double layers (EDL) and the wall
roughness effects. However, the EDL theory only gives
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about 5-10% reduction in the Nusselt number [4], which
is exceptionally lower compared to a factor of 3 observed
by Wang and Peng [10]. Furthermore the EDL effect can
often be negligible when the channel height is greater than
40 microns [15]. The wall roughness effect was consid-
ered by Sabry [16] as a most possible factor to explain
the observed results. A recent study by Qu et al. [9] has
confirmed that good agreement between predictions and
measurements can be achieved while taking this factor
into account. Other effects like gas rarefaction [13] would
only appear when the continuity assumption breaks down,
but this might never be happened, because for majority of
microchannels the hydraulic diameter will be larger than
0.1 mm. Based on these facts, the most common technique
used to study microchannel flows is generally via the use
of the conventional Navier-Stokes solutions, although this
methodology may be arguable when the low limit of mi-
croscale of about 0.1 mm hydraulic diameter approaches.
All simulations in this study have the scale larger than this
limit; hence the Navier-Stokes solution is still applicable.
Following the experimental investigation of Gao
et al. [4] and the numerical study of Gamrat et al. [14],
the present study is devoted to a numerical study of mi-
crochannel flow combined with a conjugate heat trans-
fer, which couples the fluid convection in a rectangular
microchannel and the heat conduction in the solids. The
numerical setup is chosen as close as possible to the con-
figuration reported by Gao et al. [4]. The wall heat flux
is assumed to be uniformly distributed over the fluid-solid
interfaces. Two main objectives of the present study are
(1) to compare the present predictions against the experi-
mental data [4] and other numerical results [14], and (2) to
verify the Reynolds number and the channel height effects
on the deviation of the heat transfer from the classical cor-
rections, which usually valid for macroscale flows.

2 Computational approach
2.1 Problem description

The physical problem considered here comes from a recent
experimental investigation of the heat transfer in mini-
and microchannels by Gao et al. [4]. Figure 1 illustrates
the configuration used in the experimental setup. The ac-
tive channel walls are two plane bronze blocks, separated
by a stainless plate (at a thickness of ‘e’ which is the chan-
nel height) and a hollow section (at a width of ‘w’ and a
length of ‘L’ in size) at the centre. Two rectangular cham-
bers are machined in the solid blocks with inlets and out-
lets. The chambers are also linked to the entrance and the
exit of the channel.

The main advantage of this setup is that the channel
height can be easily adjusted by varying the steel plate
thickness in a range of 0.1-1 mm in steps of 0.1 mm each
time. The heat sinks are introduced with the aid of four
square shaped electric cartridges, which are embedded
symmetrically inside the two solid blocks and surrounded
with insulating materials. The length of electric cartridges
is slightly shorter than the microchannel length L. It is
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Fig. 1. Sketch of configuration with views at the middle cross-
section plane.

worth noting that there are a few differences in the current
setup comparing to that by Gao et al. [4]. The geometry of
the entrance in the upstream direction, i.e. the joint plane
between the chamber and the microchannel entrance has
a rectangular shape and has not been rounded off as did
in [4]. The main reason for this is to achieve a uniform in-
let velocity profile and minimise any possible distortions
at the channel entrance, two square inlets are used also to
ensure the flow remains symmetric. Heat losses from such
a design are mainly concentrated at the channel exit as the
heat sinks are about 25% shorter than the channel length.
The mass flow rate at two inlets is set to be equal and the
sum matches the experiment data of Gao et al. [4]. The
solid blocks are assumed to be made of similar material as
that in the experiment. Details of the experimental setup
can be found in reference [4].

2.2 Computational domain and meshing procedure

Based on the configuration described in above, a com-
putational domain was prescribed, which combined two
components; the fluid flow part consisting of two cham-
bers each having own inlet and outlet and linked with a
flow channel, and the solid part surrounding the flow chan-
nel and chambers embedded with four square shaped heat
sinks. Because of the topology of this geometry, a multi-
block structured mesh was generated and at each rectan-
gular shaped sub-domain, a good quality structured mesh
was prescribed to achieve “good” numerical accuracy and
efficiency for the solution. Across the sub-domains (i.e. the
fluid and solid domains), mesh lines were joined together
without introducing any numerical errors due to the in-
terpolation. A number of grids were used to obtain grid-
independent results. Details of domain setup and meshing
process can be found in [17].

2.3 Numerical method and boundary conditions

Numerical simulations of this typical combined conju-
gate heat transfer and fluid flow problem were carried
out using the commercial CFD package PHOENICS ver-
sion 3.4 [18]. The governing equations for fluid flow were
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solved by means of the commonly adopted finite volume
methodology and the pressure-velocity coupling technique
of SIMPLE algorithm for satisfying the continuity of flow
field. The algorithm allows that the convective fluxes per
unit mass through cell faces could be evaluated from the
guessed velocity, whilst the momentum equations and a
pressure correction equation were solved via a pressure
field. The process has been iterated and progressed un-
til the converged velocity and pressure fields have been
achieved. Due to the low Reynolds number, the fluid (wa-
ter) in the domain was assumed to be incompressible,
which exhibited laminar flow characteristics with constant
flow properties. Furthermore the buoyancy forces and ra-
diation effects were neglected. Heat transfer in the solid
blocks was solved by the heat conduction equation, pro-
viding the constraints in terms of boundary conditions for
the flow solution.

By using water at ambient temperature as the coolant,
the Navier-Stokes equations were solved under the hy-
draulic boundary condition of uniform flow velocity at the
two inlets. The thermal boundary conditions used for solv-
ing the energy equation and the heat conduction were:

e The heat flux supplied by four electric cartridges was
defined as 180 W, and was kept constant during the
solution process. The heat source appears to be uni-
formly distributed over the electric cartridges and the
heat flux distributions over the solid-fluid interface is
determined by the solution of temperature field in the
solid.

o There existed free convective heat transfer with the
surrounding air on the outside walls of domain. An am-
bient temperature of 300 K was defined as a reference
value and a heat transfer coefficient of 10 Wm—2K~1
was chosen.

o Adiabatic wall conditions were prescribed for the re-
maining surfaces.

2.4 Solution procedure

Simulations on a series of grids at various densities were
carried out in order to identify a baseline mesh, which
would provide grid-independent solutions. For each com-
putation, the convergence criteria for the streamwise,
spanwise and wall-normal velocity components were set
to achieve the residual of 107°, and in most cases, the
residual of spanwise velocity component could achieve
1075 after 500 iterations. The final baseline mesh uti-
lized 98400 cells for all simulations (with varying channel
height of 0.3—1 mm), that was 164 x 30 x 20, in streamwise,
spanwise and wall-normal respectively. This grid resolu-
tion was comparable to that used by Gamrat et al. [14]
in their numerical study, in which they found that the
computed channel velocity profile has very little differ-
ence between the grids of 20, 30 and 40 along the channel
height. However, there did appear to be some differences
between 80 and 164 nodes in the channel streamwise di-
rection. Thus, the higher limit of 164 nodes was used in
the present study. As the problem was “basically” two-
dimensional, there were no significant influences from a
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spanwise resolution. For validation purpose, a trial simu-
lation of the laminar flow at a Reynolds number of 2166
was performed and the results were compared with that by
Gamrat et al. [14]. In general, the predicted temperature
distributions agree reasonably well with those reported
by Gamrat et al., e.g. a predicted value of 295.8 K at the
channel entrance, exactly the same as that given in [14],
and a predicted value of 296.7 K at the channel exit, about
0.4 K lower than that obtained by Gamrat et al.

3 Results and discussions

Previous study by Gamrat et al. [14] found that the char-
acteristics of the fluid flow and the heat transfer in the
microchannel had significant dependency on the Reynolds
number and the Prandt! number. In this study, we con-
centrate on two key issues. These are (1) the variations
of the Nusselt number along the channels axial direction
and (2) the effect of microchannel height when it reduces
down to 0.3 mm. As a uniform inlet profile is prescribed,
the entrance effect as studied by Gamrat et al. [14] will
not be investigated here. The Reynolds number applying
the averaged velocity (Vaye) as the characteristics veloc-
ity and the hydraulic diameter (D) as the characteristics
length, which can be evaluated via the formula

__4><CA

D
h W,

(1)

where C4 is the cross-sectional area and W), represents
the wetted perimeter, both at the channel entrance. The
Reynolds number considered varied in a range of 500 to
2200, similar to that used in the experimental investiga-
tion of Gao et al. [4] and the numerical study of Gamrat
et al. [14].

3.1 Model validation against theory

The numerical model as described in above was val-
idated against a theoretical estimation for simultane-
ously thermally and hydraulically fully-developed laminar
flow along a two-dimensional channel with symmetrical
uniform heat flux surfaces. The theoretical solution re-
ported by Shah and London [19] was suggested by Bejan
and Sciubba [20] using empirical formulas proposed by
Churchill and Usagi [21]. Numerical simulations were car-
ried out at Prandtl number of 0.7, for which the local
Nusselt number was defined as (assuming a uniform inlet
velocity and temperature),

¢ X Dp

Ny= 22X Eh
NS T, —ThHk

= [(0.587(z*)%%)3 + 8.235% /3 (2)

where ¢ is the heat flux. T is the temperature with sub-
scripts ‘w’ stands for wall and ‘f’ for fluid. % is the local
thermal conductivity. The dimensionless abscissa is de-
fined as * = x/(DyRePr).
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Fig. 2. Comparison of local Nusselt number (Nu) between the

theoretical estimations, the predictions by Gamrat et al. [14],
and the present results.

The predicted local Nusselt number from the simu-
lations can be evaluated via the heat transfer coefficient
given by [4] as

h=¢/(Ty,—Ty) 3)

¢ = P/(2wly) (4)

Tf = T’zn + (Tout - En)x/lh (5)
Nu = "_fﬁ (6)

where h is heat transfer coefficient. P is electric power in
Watts. The ‘w’ is the width of the channel. The [, is the
heating resistant length. The subscript ‘in’ represents the
inlet and ‘out’ stands for the outlet.

Figure 2 presents the comparisons of local Nusselt
number variations along the channel axial direction for
Re = 832, Pr = 0.7 and e = 1 mm. It can be seen that
the present numerical predictions show excellent agree-
ment with theory of Bejan and Sciubba [20] and the pre-
dictions by Gamrat et al. [14] with uniform inlet profile
for the same problem.

3.2 Reynolds number effects on Nusselt number

Figure 3 presents the Nusselt number variations as a func-
tion of dimensionless coordinate z* along the channel axial
direction for two sets of conditions: (1) the Reynolds num-
bers ranging from 518 to 2076 and the channel height of
1 mm; and (2) the Reynolds numbers ranging from 506 to
2023 and the channel height of 0.3 mm, respectively. The
Prandtl number is fixed for 6 for all cases. The theoret-
ical curve based on Pr = 6 from Shah and London [19]
and the numerical predictions by Gamrat et al. [14] at the
same Reynolds numbers are also plotted in the figure for
comparisons.

Figure 3a shows the comparisons of numerical predic-
tions and theoretical estimation for the channel height of
1 mm. At high Reynolds number of 2076, present numer-
ical results agree reasonably well with the theory, despite
minor deviations exist near the exit where the influences
from the heat sinks are evident. At two low Reynolds num-
bers of 518 and 865, the predictions exhibit some notice-
able deviations at both the entrance and the exit of the
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Fig. 3. Variations of the Nusselt number at various Reynolds
numbers and channel heights of (a) e = 1 mm (upper) and (b)
e = 0.3 mm (lower).

channel, which could be attributed to the local sudden
contraction and expansion effects. The results of Gamrat
et al. [14] also show some good agreements with the the-
ory at high Reynolds, but relative poor comparisons at
low Reynolds numbers with some deviations at the chan-
nel entrance. Downstream near the exit the results agree
the theory slightly better than our predictions, probably
due to a convergence shape used in their study.

Figure 3b gives the results for the channel height of
0.3 mm. It is clear that for three Reynolds numbers con-
sidered, our predictions have some downwards ‘drift’ when
compared to theoretical predictions; however the overall
profiles and trends are quite similar. This ‘drift’ effect
has been discussed by Gao et al. [4] in their experimental
study and it was concluded that this can be attributed to
the changes in channel heights, i.e. scaling effects, which
will be discussed in more details later. The results of
Gamrat et al. [14] present similar downwards ‘drift’ near
the channel entrance, but downstream such a ‘drift’ gradu-
ally disappears and the results agree the theory fairly well
and no scaling effect has been claimed from their study.

For both channel heights, apart from the channel en-
trance portion, the numerical results by Gamrat et al. [14]
agree with the theory quite well with no scaled height ef-
fect at small channel height of 0.3 mm. They even claimed
that no significant scaling effect was observed at a smaller
channel height of 0.1 mm. In contrary to their numeri-
cal predictions, the present studies indicates that scaling
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Fig. 4. Comparison of the dimensionless temperature between
the experimental data and the numerical predictions for the
wall and the bulk of fluid along the channel axial direction.
(a): e = 1 mm and Re = 2166 (upper) and (b): e = 0.3 mm
and Re = 2061 (lower).

effects on the heat transfer performance at the channel en-
trance and along the channel do appear at small channel
height of 0.3 mm and they are dependent on the Reynolds
number. This observation is in agreement with the exper-
iments of Gao et al. [4]. The possible causes of this scaling
effect will be discussed in later sections.

3.3 Comparison with experimental measurements

The comparison of dimensionless temperature distribution
between the numerical predictions of this study and the
experiment data of Gao et al. [4] is illustrated in Figure 4
for the channel heights of 1 mm and 0.3 mm, respectively.
The dimensionless temperature (6) is calculated as follows:

(T”‘Tin)Xk

b= ® X Dy,

(7)

where T can be either Ty (the subscripts ‘f’ represents
‘fluid’) or T (‘s’ means the solids).

Figure 4 presents the distributions of § along the chan-
nel axial direction for both the fluid and the solid domains.
It can be seen that the discrepancies between experimen-
tal results and numerical predictions for the bulk water
temperature Ty (diamond symbols in Figure 4a, unfilled
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and Re = 2166 (upper) and (b): e = 0.3 mm and Re = 2061
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for predictions and filled for test data) are quite small.
This helps to verify the use of the assumption of linear
variation of 7. However, larger discrepancies do occur
in the solid region (square symbols in Fig. 4b, unfilled for
predictions and filled for test data) resulting in higher val-
ues of the difference between the fluid and the walls for
the experimental results. For e = 1 mm, the discrepancies
between experimental and numerical results vary between
8% and 25%, when compared to the experimental data,
while for e = 0.3 mm they increase to a maximum value of
44%. Gamrat et al. [14] reported similar findings in their
recent numerical studies. The reason for causing such a
significant discrepancy is not clear; nevertheless some of
the error can be attributed to both difficulties and inac-
curacies in the measurements [14].

Figure 5 presents the Nusselt number variations
against the dimensionless of the channel length for two set-
tings, (a) e = 1 mm and Re = 2166 and (b) e = 0.3 mm
and Re = 2061. Although the predictions have a sim-
ilar trend, the present results are still lower than the-
oretical values for the channel height of 0.3 mm. For
e = 1 mm, the numerical predictions from present study
and that of Gamrat et al. [14] agree reasonably well, and
both over-predict the experimental data by some 30%. For
e = 0.3 mm, the present predictions are closer to the test
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et al. [9] and present numerical predictions.

data, while that by Gamrat et al. [14] tend to approach
theoretical values. This discrepancy may be attributed to
several factors. As discussed by Gamrat et al. [14], two of
these could be the entrance difference and the wall rough-
ness, which can lead to differences in the fluid properties
and the convective heat transfer characteristics in the mi-
crochannel. Qu et al. [9] performed a study accounting for
the wall roughness effect, which leads to a better compar-
ison with the experiment data been achieved.

3.4 Correlation of scaling effects

The experimental study of Gao et al. [4] reported that
there was a significant channel height effect on the local
Nusselt number variations. Although previous numerical
study by Gamrat et al. [14] did not verify this observation,
even for very lower channel height of 0.1 mm, it is worth
checking this from the present study. For this purpose,
we have conducted further three simulations with smaller
channel heights of 0.24 mm, 0.14 mm and 0.1 mm. Similar
to that reported in [4], the value of Nu,, was derived by
averaging the Nu at the three experimental thermocouple
locations, to study the influence of the channel height.

Figure 6 presents the normalised Nussult number
(Nu* = Nugy/Nuyp) for 2* = 0.02 as a function of
the channel height, where Nuyg, is the theoretical value
of Nusselt number [22] for the same value of z*. It can
be seen that a fairly good agreement has been achieved in
the present simulations with slightly over-predictions at
larger channel heights of 0.6 mm and 1 mm. It is worth
noting that at the channel height of less than 0.3 mm, the
present study simulation does show the significant scaling
effect on the Nusselt number, in agreement with the ex-
perimental observations by Gao et al. [4]. At the present
time, the physical mechanisms for the scaling effect on
Nusselt number variation is still under-investigation. Guo
and Li [23] suggested one possible reason is that as the
characteristic length decreases, the variations of the pre-
dominant factors could influence the relative importance
of flow and heat transfer phenomena.
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Based on our simulation results and the experimental
data of Gao et al. [4] and Qu et al. [9], a correlation is pro-
posed which takes the form as presented in equation (8).
The correlation is a very good fit to the data from various
other studies.

. 0.93¢?
Ny = .
“ 0.00119 + 0.11643e + 0.88238¢2 ®)

4 Conclusions

A rectangular microchannel flow has been studied numer-
ically by using a three-dimensional CFD model. The ge-
ometry chosen is similar to that used in the experimen-
tal study of Gao et al. [4] and the numerical study of
Gamrat et al. [14]. Numerical computations have been
carried out for a combined conjugate heat transfer and
fluid flow problem, by considering the coupling between
the convective heat in the microchannel fluid and conduc-
tive heat on the walls and in the surrounding solid blocks.
A detailed study of the heat transfer characteristics, in
terms of the Nusselt number dependency on the Reynolds
number and the channel height are presented in this paper.
The following conclusions can be drawn from this present
study:

e The predicted temperature shows that temperature at
the channel entrance has a value of 295.8 K, same as
that reported by Gamrat et al. [14]. At the channel
exit, the predicted temperature is 296.7 K, which is
about 0.4 K lower compared to the results of Gamrat
et al. [14].

o The variations of Nusselt number, as a function of di-
mensionless length, are overall in good agreement with
the analytical results based on the conventional con-
tinuum theory (Bejan and Sciubba [20]), in which the
uniform inlet profile is assumed. However for a fully-
developed inlet profile, Gamrat et al. [14] observed that
the channel entrance influence can not be neglected.

e The numerical prediction indicates that the Nusselt
number decreases with the Reynolds number for chan-
nel heights of 0.3 mm and 1 mm. The discrepancy be-
tween theory and prediction increases while the chan-
nel height decreases.

e Although the dimensionless fluid temperature agrees
fairly well with the experimental data, the predicted
value in the solid blocks has significant discrepancy
compared to the results reported by Gao et al. [4].
The reason for this is still not clear yet, although the
present findings are agreed with the numerical study
of Gamrat et al. [14].

¢ In contrary to the results of Gamrat et al. [14], the
present study reveals significant scaling effects on the
Nusselt number for a channel height of 0.3 mm. Nev-
ertheless, this finding is in good agreement with the
results of Gao et al. [4] and Qu et al. [9].
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e A new correlation is proposed for the Nusselt number
dependency on the channel heights. which compares
well with experimental data.

In conclusion, the numerical study implies that the heat
transfer performance in microchannels can be largely en-
hanced by scaling down the channel height to micron
size. Conventional theory can be used only for the chan-
nel height of no less than 0.3 mm, while below this limit
the scaling effects will appear. The accuracy of numerical
predictions for micrometer sized channel is crucially de-
pendent on the boundary conditions and other properties
such as the wall roughness. Thus one should be cautious
when comparing the results with the experimental data.
The future work will focus on other characteristics such
as Poiseuille number, laminar friction coefficient.
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