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Hydrodynamics and heat transfer in two-dimensional
minichannels

Sylvain Reynaud ?, Francois Debray °, Jean-Pierre Franc *, Thierry Maitre

& Laboratoire des Ecoulements Géophysiques et Industriels, CNRS-UJF-INPG, BP 53, 38041 Grenoble Cedex 9, France
b Laboratoire des Champs Magnétiques Intenses, CNRS-MPI, BP 166, 38042 Grenoble Cedex 9, France

This work presents measurements of the friction and heat transfer coefficients in 2D minichannels of 1.12 mm to
300 pm in thickness. The friction factor is estimated from the measured pressure drop along the whole channel. The
heat transfer coefficient is determined from a local and direct measurement of both temperature and heat flux at the
wall using a specific transducer. The experimental results are in good agreement with classical correlations relative
to channels of conventional size. The observed deviations are explained either by macroscopic effects (mainly entry
and viscous dissipation effects) or by imperfections of the experimental apparatus.

1. Introduction

During the last two decades, most of the studies on
heat transfer in microchannels highlighted heat transfer
coefficients higher than those predicted on the basis of
classical laws applicable to ducts of conventional size
[1-3]. Other deviations with respect to traditional laws
were also observed experimentally as unusual friction
factors or shifts in the transition between laminar and
turbulent regimes.

It is noteworthy that several studies exhibit contra-
dictory results for both the mechanical and thermal
characteristics of the flow. This is generally due to differ-
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ences in the many parameters that characterize these
studies such as the geometry (usually made of complex
multichannels [4,5]), the hydraulic diameter, the shape
and surface roughness of the channels, the fluid nature,
the boundary conditions, the flow regimes and the mea-
suring technique itself. Such a large variety of experi-
mental conditions often makes difficult to apply the
results of a given study to other experimental conditions.
For a fundamental insight into microfluidics, it may
then be useful to reduce as much as possible the number
of parameters. This procedure was followed for exam-
ple by Gao et al. [6] who chose a simple geometry and
kept the same surface roughness whatever the channel
thickness.

Two main categories of effects have been put forward
to explain the deviations observed in microfluidics (see
e.g. Tardu [7]): (i) macroeffects such as the effects of
geometry or wall roughness and (ii) microeffects such
as the effects of the electric double layer or gas rarefac-
tion.



Nomenclature

Cr friction factor Cy = #
2 b
Dy hydraulic diameter (m)
e minichannel thickness (m)
h heat transfer coefficient (W m 2 K™ ")
ks roughness (m)

/ minichannel width (m)

L minichannel length (m)

L non-dimensional minichannel length
L* = L(Dy x Re)™!

Nu Nusselt number Nu = ”%

Po Poiseuille number Po = CyRe

Pr Prandtl number

0 volumetric flow rate (¢s")

Re Reynolds number Re = @

Re, Reynolds number based on the abscissa
along the minichannel

T temperature (°C)

148 channel bulk velocity (m s~

X abscissa along the minichannel (m)

Z aspect ratio Z = lle

1.1. Macroeffects

Wu and Little [8] measured values of the friction factor
higher than those expected (up to +60%) and a transition
Reynolds number unexpectedly small (around 500). In the
same way, Qu et al.' [9] observed, on the one hand, that the
friction factor is up to 38% higher than that given by
the theory and, on the other hand, that it increases when
the hydraulic diameter decreases. The authors attributed
this phenomenon to roughness. In a similar configuration?
with smooth walls, Pfahler et al. [10] and then Flockhart
et al. [11] obtained values of the friction factor in agree-
ment with the theoretical predictions.

Wang and Peng [4,5] studied heat transfer for both
laminar and turbulent regimes in a configuration close
to that of Tuckerman and Pease [12] made up of several
identical and parallel microchannels. Contrary to what
the latter reported, Wang and Peng [4,5] observed that,
in the laminar regime, the Nusselt number is lower than
the theoretical one and exhibits a dependence with the
Reynolds number. In the turbulent regime, they report
that the Nusselt number is almost three times smaller
than that given by the Colburn correlation (Eq. (5))
and that the transition Reynolds number (=2700) is lower
than in the case of traditional ducts. These results con-

! 51 < Dy (um) < 169, 100 < Re < 1500.
2 Isopropanol (779 kg/m®), silicone oil (870 kg/m?), 0.96 < Dy
(um) < 40, 5x 107* < Re < 70.

Greek symbols

d99 kinematic boundary layer thickness (m)
AP pressure loss (bar)

@ heat flux (W m~?)

A thermal conductivity (W m™'K™")
A frictional resistance

u dynamic viscosity (kg m~'s™1)

v kinematic viscosity (m?s~")

p density (kg m™)

T wall shear stress (N m )
Subscripts

av average (inlet/outlet)

aw adiabatic wall (temperature)

in inlet

out outlet

w minichannel wall

tradict other studies such as Choi et al. [1] or Adams
et al. [2] which conclude that the Nusselt number in
the turbulent regime is higher than the expected values.
Peng and Peterson [13] explain the discrepancies
reported by Wang and Peng [4,5] by a reduction of the
fluid viscosity along the channel due to a significant
increase in temperature. The authors noticed that the
Reynolds number could be doubled for an inlet value
of about 1000. Although this effect of viscosity can
explain a reduction in friction factor, it does not explain
the increase of the Nusselt number with the Reynolds
number in the laminar regime.

Zeighami et al. [14] obtained results similar to Wang
and Peng. Their visualizations, in a microchannel of
comparable geometry, show that transition to turbulence
occurs for a Reynolds number around 1200-1600. With a
similar experimental device,> Rahman [3] obtained very
different results from those of Wang and Peng [4,5]. He
indeed measured Nusselt numbers higher than those
given by the classical correlations for both laminar and
turbulent regimes. Moreover his results agree with the
traditional values of both the friction factor in laminar
conditions and the transition Reynolds number.

In a configuration close to the one used in the present
work, Gao et al. [6] studied the hydrodynamics and heat

3 Twelve identical and parallel 1 mm wide channels with
variable thickness (300 < Dy (um) < 490) are machined on a
silicon plate (600 < Re < 3000).



transfer in a two-dimensional smooth channel.* They
show that the friction factor follows the classical laws
for both the laminar and turbulent regimes, whatever
the hydraulic diameter. However, they report values of
the Nusselt number lower than the theoretical ones for
Dy <0.77mm and for both laminar and turbulent
regimes, contrary to Rahman’s results [3]. As for transi-
tion to turbulence, they report critical Reynolds numbers
in agreement with classical values, contrary to the
observations of Wang and Peng [4,5] and Zeighami
et al. [14].

Some of the discrepancies mentioned above can be
explained by entry effects. As an example, Pfahler
et al. [10] report that the length required for developing
the kinematic regime (which can reach 20% of the chan-
nel length in their configuration), can explain the raise in
Poiseuille number with the Reynolds number in laminar
conditions. These discrepancies can also be due to geo-
metrical effects. In general, a channel with an aspect
ratio Z > 50 can be regarded as two-dimensional with
negligible edge effects. The rather low critical Reynolds
numbers (around 700) found by Wang and Peng [4,5]
(whose channels have an aspect ratio ranging between
1 and 4) could be caused by corner swirls [7].

Several authors highlighted the role played by wall
roughness in the observed deviations [8,9]. According
to Sabry [15], the wall shear stress, particularly high in
microchannels, would give to the liquid flow a greater
tendency to separate over the roughness elements. The
flow would then be separated from the wall by a thin
film of gas playing the role of a heat insulator. This
could be a physical explanation when both the friction
and heat transfer coefficients are below conventional
values. But this model does not explain the raise of the
friction factor with the roughness height pointed out
by Wu and Little [8] and Acosta et al. [16]. The prema-
ture transition to turbulence and the raise of the Nusselt
number with the Reynolds number in the laminar
regime, observed by Wang and Peng [4.,5], could be
explained according to Sabry [15] by the presence of
roughness elements locally higher than the average
which would cause microswirls and likely enhance heat
transfer. In the case of gases, the author indicates that
a raise in the friction factor can be expected, which is
not confirmed by other authors [1,10].

1.2. Microeffects

Mala et al. [17] were among the first to put forward
the electric double layer (EDL) as a possible explanation
of some experimental deviations observed in microflui-

4200 um < Dy < 1.82 mm, 200 < Re < 8000, the aspect ratio
lies between 25 and 250.

dics. They showed that the EDL increases the wall shear
stress and decreases heat transfer. However the dimen-
sions of their microchannels are much smaller than those
e.g. of Wang and Peng [4,5], and it can be expected that
the EDL has actually a negligible influence on the results
of most of the studies presented previously. This point is
consolidated by the work of Ren et al. [18] who did not
observe any significant effect of the EDL in the case of
two-dimensional channels whose thickness is about
40 um. Using Mala et al.’s theory, Tardu [7] shows that
the EDL could also be the reason for a premature tran-
sition to turbulence. It is worth noticing that the size of
the minichannels considered in the present work is much
larger than those mentioned in this paragraph and, in
particular, than those of Ren et al. [18]. The effect of
the electric double layer can then be considered as neg-
ligible for this work.

In the case of gases, rarefaction effects can be ex-
pected for high enough values of the Knudsen number
Kn. It is generally considered that the assumption of a
continuous medium together with the no-slip condition
at the wall are valid for Kn< 107>, On the contrary,
for Kn > 10, the medium is highly rarefied and can no
longer be regarded as continuous. For intermediate
values of the Knudsen number (typically 107> < Kn <
107"), the Navier—Stokes equations can still be used
but the no-slip condition is no longer valid. The flow
is then characterized by a slip velocity and a temperature
jump at the boundaries. These wall discontinuities are
major effects of rarefaction and could be responsible
for some of the deviations observed in the case of gases.
The numerical study of Tunc and Bayazitoglu [19]
showed that the Nusselt number decreases when the
Knudsen number increases and that this reduction is
accentuated by a reduction of the aspect ratio (up to
—70% for Z = 10).

2. Experimental apparatus and data processing

The experimental device was designed to investigate
convective heat transfer in two-dimensional minichan-
nels of height in the range 300 pm—1.12 mm. At the pres-
ent time, our investigation is limited to single phase flow.

The test section is mounted in a hydrodynamic
closed-loop (Fig. 1) which includes an upstream tank,
a downstream tank (450 ¢ each) and a centrifugal pump
(5.6 bar, 3.6 £ s71). The tunnel is equipped with two elec-
tromagnetic flowmeters (0.014 £s™! — 245!, +0.5%),
corresponding each to a different range in flowrate.
The water temperature upstream and downstream of
the test section is measured by means of Platinum
probes (£0.05 °C). A differential pressure transducer
gives the pressure drop along the whole channel
(0.2 < AP(bar) < 20, £ 0.012%). The fluid used is fil-
tered tap water (mesh <5 pum).
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Fig. 1. Photograph of the hydrodynamic loop.

The test section is made of a bronze support
(370 x 150 x 80 mm>) in which a 60 mm wide and
20 mm thick flat channel was machined (Figs. 2 and
3). The channel walls were hand-polished and the aver-
age surface roughness measured by a Taylor-Hobson
Surtronic 3+ system (accuracy =0.1pum) is R, =~
0.25 um. The maximum height of the roughness ele-
ments was also measured; it is about 2 pm. This value
is the mean value on ten data corresponding to the
heights of the five highest peaks and the depths of the
five deepest depressions with respect to the average line.
The influence of roughness is discussed in Section 3.1.
The test section was designed to receive on one side,
interchangeable Plexiglas windows used to create the dif-
ferent minichannels in which the measurements are con-

ducted and, on the other side, the heating block
equipped with resistive cartridges intended to generate
the surface heat flux (Figs. 2 and 3). It is worth noticing
that the simple geometry of the test section gives to this
study a rather fundamental character. It allows to easily
insert a sensor for the direct measurement of both the
heat flux and the wall temperature which is one of the
originalities of this study. The design of the test section
is such that the wall on which heat transfer is measured
is unchanged and in particular its roughness is the same
whatever the thickness of the channel.

The minichannels are 60 mm wide and 150 mm long
(Figs. 2 and 3). Three windows are available leading to
thickness of 1.12 mm, 540 um and 300 m. These thick-
nesses have been measured using a TRIMESURE TEM-
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Fig. 2. Sketch of the test section (longitudinal view).
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Fig. 3. Sketch of the test section (transversal view).

PO MCAT robot controlled by the Metrolog software
(£8 um). Variations in thickness of 35 pm on an average
over the width of the minichannels were measured. They
are due to the deformation of the Plexiglas window,
probably caused by hand-polishing and the successive
assemblies of the windows on the bronze block. The
three thicknesses indicated above take into account these
irregularities and correspond to mean values. The mini-
channels can be regarded as two-dimensional since the
aspect ratio lies between 54 and 200. The windows, more
especially the convergent and the divergent, were de-
signed to minimize the singular pressure losses at the
inlet and outlet. The length of the channels is the result
of a compromise between the length necessary for the
kinematic regime to develop and our objective to investi-
gate flows of relatively high velocity. A long channel actu-
ally induces high pressure losses and then a drop in the
flow rate. Table 1 summarizes the mean velocity and Rey-
nolds number ranges which can be investigated for each
channel. The maximum flow velocity is 24 m s! for the
channel of 1.12 mm in thickness. It drops to 13 ms™"
for the smaller one (300 pum).

The heating block is mounted on the lower side of the
bronze support (Figs. 2 and 3). It is the only hot wall of
the minichannel. It is made out of copper and thermally

Table 1

Channel bulk velocity ranges and Reynolds number ranges

Channel Channel bulk Reynolds

thickness velocity range number range

1.12 mm 09< Vp (ms™') <24 2500 < Re < 72,000
540 pm 08< Vp (ms )< 18 1400 < Re < 25,000
300 um 0.7< Vp (ms ™)< 13 600 < Re < 10,000

insulated on its outside part. It contains six resistive car-
tridges of 6.5 mm in diameter and 55 mm in length sup-
plied with an electric power of about 900 W. The
resulting measured heat flux is of the order of 10 W/
cm®. The heating block is also equipped with a flush
mounted HFM-7 E/L sensor developed by Vatell Cor-
poration (Fig. 4) which allows a direct and local mea-
surement of both the heat flux (£0.1%) and the wall
temperature (£0.5%). The sensor is located at 90 mm
from the inlet of the minichannel and at 25 mm from
the inlet of the heated zone (Fig. 2). The kinematic re-
gime is fully developed or almost fully developed at
the sensor location for both laminar and turbulent re-
gimes (see Section 3.1 for more details). As for the ther-
mal regime, it cannot be considered as fully developed at
the location of the sensor because of the relatively short
length of the heated zone [20]. It is noteworthy that the
short rise time of the HFM sensor (about 6 ps) allowed
observations of the instantaneous fluctuations of the
heat flux and the wall temperature when transition to
turbulence occurs (see Section 3.2).

The data are presented in terms of variations of the
Poiseuille and Nusselt numbers with the Reynolds num-
ber. All of them are based on the hydraulic diameter Dy
which is close to 2e in our case of a nearly two-dimen-
sional channel. The water properties are estimated at
the average temperature 7,, between inlet and outlet.
The theoretical determination of the measurement
uncertainties should take into account the thermal
expansion of the Plexiglas windows. It is difficult to esti-
mate this effect satisfactorily since we cannot measure
the channel thickness during the experiments, nor even
determine the temperature field in the window. In our
configuration, thermal expansion tends to reduce the
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Fig. 4. Heat flux microsensor.

channel thickness. For a rough estimate, we assumed
that the window temperature is uniform and equal to
the maximum water temperature. This gives an upper
limit to the reduction in channel thickness of about
20 pm for the most critical case. Hence, the uncertainty
on the channel thickness due to thermal expansion is
comparable to that due to machining previously esti-
mated at 35 pm. The uncertainties given in Table 2 do
not take into account thermal expansion because of
the difficulty to estimate it properly. They are based on
the maximum differences observed during measurements
(on about twenty couples of points) and then give an
estimate of the measurement reproducibility defect.

Measurements are taken in steady state, i.e. when all
the measured values (Q, AP, Ty, Tout, Tw, @) are stable on
an average. Hydrodynamic and heat transfer measure-
ments are generally conducted simultaneously.

In order to support the interpretation of the experi-
mental results, a numerical computation of the flow in
the minichannels has been made using the Fluent code.
The main objective is to provide information which can-
not be obtained through experiments because of an
instrumentation in heat flux and wall temperature lim-
ited to a unique location. In particular, it allowed us
to estimate entry effects which could not be investigated
experimentally.

Our measurements will be compared to classical re-
sults in the laminar and turbulent regimes. For the lami-

Table 2

Measurement reproducibility: maximal deviation observed for
Po and Nu numbers between the different series of measure-
ments at a given Reynolds number and for a given channel

e=1.12mm e =540 um e =300 pm
APo % 3% 13%
Po
% 12% 14% 12%
Nu

nar regime, it can be shown analytically that, in the case of
a fully developed flow, the Poiseuille number is constant

Po=24 (1)

In the case of the flow between two infinite flat plates
with a constant heat flux on one side and an adiabatic
condition on the opposite one, the Nusselt number is
also constant

Nu = 5.385 (2)

For the fully developed turbulent regime (4000 <
Re < 105) and in the case of smooth walls, the Poiseuille
number can be approximated by the following empirical
relation:

Po = 0.079Re"7 (3)

The transition from hydraulically smooth to com-
pletely rough flows can be described by Colebrook’s
equation which gives the frictional resistance A as a
function of the Reynolds number and the relative rough-
ness kg/Dy

2.51 ks } @)

1
—=2log|—=+-——
VA £ {Re\/z 3.71Dy

For the Nusselt number, we use as a reference the
classical Colburn correlation [21] which proved to be
adequate for the interpretation of the present experi-
mental results

Nu = 0.023Re*$Pr!/3 (5)

As mentioned previously, the pressure drop is mea-
sured between two stations of the inlet and outlet pipes,
one being located upstream the convergent and the other
one downstream the divergent (these stations are de-
noted u and d in Fig. 5). Then, this estimate of the pres-
sure drop includes pressure drops in the divergent and in
the convergent. In order to estimate the influence of the
measuring procedure, a few additional measurements
were conducted between two stations located inside the
minichannel itself and separated with a distance of
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Fig. 5. Influence of the location of the measuring stations on the Poiseuille number.

57 mm (stations 1 and 2 in Fig. 5). The pressure holes
are 0.2 mm in diameter. Only a limited number of mea-
surements were made for the largest and the smallest
channel. The results are presented in Fig. 5. It appears
that the two sets of measurements are in reasonable
agreement, especially at high Reynolds number. The
friction factor estimated from the pressure drop along
the whole test section can then be considered as repre-
sentative of the friction factor inside the minichannel,
especially for the turbulent regime.

3. Results and discussion
3.1. Hydrodynamics

For Re <4000, Fig. 6 shows that, in the case of the
thickest channel (e = 1.12 mm), the Poiseuille number

is somewhat larger than the value predicted by Eq. (1)
and in addition, it slightly increases with the Reynolds
number. These deviations are due to entry effects since
the measurements are in quite good agreement with
the equation derived by Shah and London [22] for lam-
inar flows in two-dimensional channels which corrects
the Poiseuille number according to the non-dimensional
length L* of the minichannel

Po— 3.44 n
/L+

24457 -8
A Vi (6)

=5
1 + 2.9L><+120

The numerical simulations confirm this conclusion and
show that the length necessary for the development of
the kinematic regime represents 60% of the minichannel
length for Re =2 3000, so that entry effects actually ap-
pear to be non-negligible.

1000 ¢
Eq. (4) (roughness k=2pum)
Po A measurements
® Jaminar computation
Eq. (3) (smooth)
100 T
A
L Mg £
o 2% Eq. (6)
Eq. (1)
1000 10000 Re 100000

Fig. 6. Variations of the Poiseuille number with the Reynolds number (e = 1.12 mm).



For the turbulent regime, at large Reynolds number,
the values of the Poiseuille number are compared to the
values given by (i) Eq. (3) relative to the smooth turbu-
lent regime and (ii) the Colebrook’s equation (4) in
which kg has been set to 2 pm according to the rough-
ness measurements. The evolution of the Poiseuille
number with the Reynolds number is more correctly
described by Colebrook’s correlation taking into
account a roughness effect than by a Re** law which
characterizes the hydraulically smooth regime. Then,
the present measurements point out a non-negligible
roughness effect for a relative roughness of about kg/
Dy = 0.09%. Acosta et al. [16] observed a similar behav-
iour in a rectangular channel (Dyg = 953 um) with a rel-
ative roughness kg/Dy = 0.2%. They report that the
friction factor follows the smooth regime only for very
small values of the relative roughness, smaller than typ-
ically 0.005%.

The same conclusions apply to the case of the mini-
channel of middle thickness (e = 540 pm) for both the
laminar and turbulent regimes (Fig. 7). However, for
Re <700, the Poiseuille number is slightly smaller than
the theoretical value given by Eq. (1) (—17% for
Re =2 300). Pfahler et al. [23] reported similar observa-
tions and imputed this phenomenon to variations in
the physical properties of the fluid due to temperature
effects. In our case, it has been observed that free con-
vection effects arise for such low flow rates. This is con-
firmed by estimates of the order of magnitude of the
Richardson number (the ratio of the Grashof to the Rey-
nolds number squared) which is typically of the order of
14. Free convection effects are then expected [15] and the
water temperature is no longer uniform throughout
the outlet cross-section so that the measurement in the
middle of this section is no longer relevant of the liquid
bulk temperature.

In the case of the channel of smallest thickness
(300 um), Fig. 8 shows a relatively more important scat-
ter of the measuring points which does not allow the
detection of any influence of entry effects as done previ-
ously. It can be considered then that the laminar Poiseu-
ille number is almost independent of the Reynolds
number, as predicted by the theory. The average value
of the Poiseuille number (2238) is about 60% larger than
that given by Eq. (1). In a configuration close to ours and
in the case of a channel of same thickness, Gao et al. [6]
did not observe such a difference and reported values of
the Poiseuille number in agreement with the theory. It
should however be noticed that their walls have a smaller
relative roughness (ks/Dy < 0.06%) in comparison with
the present case for which the relative roughness is about
0.3%. Values of the Poiseuille number larger than the the-
oretical ones might then be due to a roughness effect.
This phenomenon was already pointed out by Qu et al.
[9] who observed and checked numerically that the fric-
tion factor can be from 8% to 38% higher than the theory
in the case of a relative roughness of about 2%. They
indicate that surface roughness might enhance momen-
tum transfer in the boundary layer, resulting in an in-
crease of the friction factor. This phenomenon can be
accounted for by introducing a roughness viscosity
which is similar to the usual eddy viscosity in turbulent
flows. In a recent study, Baviere et al. [24] confirmed that
roughness considerably increases the friction coefficient
in the laminar regime. Their analysis shows that a rough
channel is actually equivalent to a smooth one provided
its thickness is reduced by a value of the order of twice
the height of the roughness elements. This tends to prove
that the small scale recirculations which develop behind
the roughness elements generate dead layers along each
of the two channel walls and then reduces the effective
cross-sectional area of the microchannel.

1000 £
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100 1000 10000 Re 100000

Fig. 7. Variations of the Poiseuille number with the Reynolds number (e = 540 pum).
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Fig. 8. Variations of the Poiseuille number with the Reynolds number (e = 300 pum).

For the turbulent regime (i.e. for Re >4000), the
variations of the Poiseuille number with the Reynolds
number are in agreement with Colebrook’s equation
using the same value for the roughness kg =2 pm.

A comparison of the evolution of the Poiseuille num-
ber with the Reynolds number is given in Fig. 9 for the
three minichannels. The measurements corresponding to
the two thickest channels are relatively close to each
other. When comparing these two sets of data, there is
a slight tendency for the Poiseuille number to decrease
when the hydraulic diameter decreases as reported by
Pfahler et al. [10]. However, this tendency is not con-
firmed by the measurements corresponding to the small-
est channel which are definitely higher than the two
preceding ones. Thus the present investigation does
not enable us to identify a clear effect of the size of the
minichannel on wall friction. The higher values of the

Poiseuille number for the smallest channel were attrib-
uted to a roughness effect and an increased relative
roughness kgs/Dy when the hydraulic diameter decreases
since the absolute roughness is unchanged for all the
experiments.

In addition, the evolution of the Poiseuille number
with the Reynolds number shows that transition to tur-
bulence (more clearly visible in the two cases ¢ = 540 um
and 300 um) in such minichannels occurs for Reynolds
numbers ranging between 3000 and 5000. This critical
value is in general agreement with the usual critical Rey-
nolds number in channels of conventional size.

3.2. Heat transfer

The evolution of the Nusselt number with the Rey-
nolds number is plotted on Fig. 10 for the channel of
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Fig. 9. Variations of the Poiseuille number with the Reynolds number. Comparison between the three thicknesses.
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Fig. 10. Variations of the Nusselt number with the Reynolds number (e = 1.12 mm).

1.12 mm in thickness. Three zones can be identified. The
first one corresponds to the laminar regime and extends
up to Re = 7000. In this zone, the Nusselt number is
somewhat higher than the value given by Eq. (2) and in-
creases with the Reynolds number. Rahman [3] made
similar observations and attributed this phenomenon
to the development of the thermal boundary layers. This
assumption is corroborated by our computation of the
laminar flow. The corresponding numerical results are
also given on Fig. 10. They prove that the thermal re-
gime is not fully developed at the location of the sensor
for Re > 50.

For intermediate values of the Reynolds number
(typically 7000 < Re < 16,000), instantaneous fluctua-
tions of high amplitude for both the wall tempera-
ture and the heat flux were observed during the tests
(Fig. 11b). This zone corresponds to transition to turbu-
lence and more precisely to a transitional boundary layer
characterized by the intermittent development of turbu-
lent spots which are convected downstream and which
induce large fluctuations of the heat flux and the wall
temperature as they pass over the sensor. These observa-
tions are made possible by the short rise time of the HFM
sensor of the order of 6 ps, which is much smaller than
the transit time of a fluid particle over the characteristic
diameter of the sensor which lies between 1.1 ms and
2.5ms in the range of flowrate corresponding to this
zone.

The transition zone corresponds to critical values of
the Reynolds number higher than those pointed out by
the evolution of the Poiseuille number with the Reynolds
number (cf. Fig. 9). This is due to the fact that the
Poiseuille number is here estimated from the measure-
ment of the pressure drop along the whole channel
and then represents a global measurement whereas the
Nusselt number represents a local one.
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Table 3 summarizes the Reynolds number ranges,
based on the hydraulic diameter, in which high fluctua-
tions of the heat transfer coeflicient were observed, for
the three different minichannels. We also indicate the
Reynolds number Re, based on the distance x = 90 mm
from the HFM sensor to the minichannel inlet. The
corresponding values are characteristic of the critical
Reynolds number Re, for a boundary layer flow on a flat
plate which usually lies between 3 x 10° and 10°[25]. As a
reference, the typical thickness dgg of the laminar bound-
ary layer at 99% [25]

Sx
Re,

Ogy = (7)
is also indicated. If it is clear that the laminar boundary
layers on the two opposite walls actually fill the entire
channel at the HFM sensor location in the case of the
smallest channel and then that the flow can be consid-
ered as fully developed, this is not the case for the thick-
est one (¢ = 1.12 mm). Our numerical study confirmed
these conclusions.

Moreover, the transition from laminar to turbulent is
more gradual for the Poiseuille number than for the
Nusselt number. Actually, as the Reynolds number
increases, transition to turbulence moves progressively
upstream. When it passes over the transducer, the flow
switches rather suddenly from laminar to turbulent
and the change in Nusselt number is then relatively
marked. In contrast, the change in Poiseuille number
is much more gradual since turbulence gradually spreads
to the minichannel. Fully turbulent flow is obtained only
when transition has reached the upstream part of the
channel. The transition observed on the pressure drop
is then smoother.

For high values of the Reynolds number (Re >
16,000 in the case e =1.12mm), the regime is fully
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scale, °C) as functions of time for different Reynolds numbers (e = 1.12 mm).

Table 3

Transition Reynolds numbers for the three minichannels

Channel Transition Reynolds number Transition Reynolds number Laminar boundary
thickness (pum) based on the hydraulic diameter Re, (based on x =90 mm) layer thickness dgg (Um)
300 3000-4500 4.5%x10°-6.8 x 10° 550-670

540 7000-13,000 5.8x10°-1.1x 10° 430-590

1120 7000-16,000 2.8x10°-6.4 x 10° 560-850
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turbulent (Fig. 10). The large fluctuations observed in
the transition zone clearly decrease and get stabilized
at a RMS value which is however larger than for the
laminar regime (Fig. 1lc). The values of the Nusselt
number are close to those given by Eq. (5) and actually
follow a Re’® power law. However for Re > 30,000, the
Nusselt number deviates from the Colburn’s correlation
(5). This deviation is due to two main effects, viscous dis-
sipation and a lack of uniformity of the heat flux.

Viscous dissipation is an additional source of heat
which is no longer negligible at the highest flow veloci-
ties. Recent works (such as [26,27]) have shown that,
for microchannels, the contribution of viscous dissipa-
tion to the energy balance may become significant be-
cause of the large velocity gradient in the boundary
layers. When dissipation is considered, it is generally as-
sumed that the same heat transfer correlations are valid
provided the heat transfer coefficient is computed using
the difference between the actual wall temperature T,
and the adiabatic wall temperature 7, instead of the
bulk temperature 7,, [28]. In order to estimate the vis-
cous dissipation, the difference AT,-( between the wall
temperature and the bulk temperature 7,, was systemat-
ically measured in the adiabatic case (i.e. with zero heat
flux) as a function of the Reynolds number. In the case
of a non-zero heat flux, the adiabatic wall temperature is
approximated by T,y = Tay + AT,=o and the Nusselt
number by

Duo
- Tav - AT(p:O)

®)

The correction for viscous dissipation represented by
the term A T, in the previous equation leads to slightly
higher values of the Nusselt number since the tempera-
ture difference is slightly smaller in Eq. (8). Fig. 12 pre-

sents a comparison between the original and corrected
values of the Nusselt number. For this thick channel,
the correction appears non-negligible for Reynolds num-
bers larger than about 40,000 although it only partly ex-
plains the deviation. This point is more especially true in
the case of the two other thinner minichannels since
maximum flow velocities are smaller, inducing smaller
viscous dissipation.

In addition to viscous dissipation, the lack of unifor-
mity of the heat flux is another phenomenon which leads
to underestimate the Nusselt number at high velocities.
Despite the cares which were taken for mounting the
sensor, it is likely that the surface heat flux drops at
the location of the sensor because of a locally higher
thermal resistivity. At high velocities, the transit time is
so small that the wall temperature has not enough time
to continuously adjust to the drop of heat flux. At the
sensor location, the wall temperature is then higher than
that which would correspond to a uniform heat flux
equal to the flux at the sensor location. The Nusselt num-
ber is then underestimated. Although it is difficult to
quantify this effect, computations of the thermal bound-
ary layer taking into account an estimated non-uniform
distribution of the surface heat flux qualitatively con-
firmed this trend. In conclusion, the deviation observed
at high Reynolds number on Fig. 10 is most likely due
to the combined effects of viscous dissipation and a lack
of uniformity of the heat flux.

The variations of the Nusselt number with the Rey-
nolds number for the two other minichannels are given
in Figs. 13 and 14. They show the same behaviour as
for the thickest one and the comments made in the case
e =1.12 mm are still valid for the two smaller channels.
A specific feature is noticed in the case e =300 pm
(Fig. 14) for which the Nusselt number is lower than
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Fig. 12. Variations of the Nusselt number with the Reynolds number (e = 1.12 mm). Comparison between the original and corrected
(with the experimental viscous dissipation) values of the Nusselt number.
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the value given by Eq. (2) for very small Reynolds num-
bers (typically Re < 300). This difference, which increases
when the Reynolds number decreases, is assigned to free
convection effects downstream of the minichannel which
are no longer negligible at relatively low flowrates, as al-
ready mentioned in Section 3.1.

Fig. 15 presents a comparison of our experimental
data on heat transfer for the three channels. In the lam-
inar regime, they are relatively close to each other and
follow the same trend with the Reynolds number. For
the turbulent regime, if we ignore the decrease in Nusselt
number which is observed for all three channels at high
flow rate and which is partly due to an imperfection of
the heating device, it appears that the values of the Nus-
selt number are close to those given by the classical Col-
burn correlation.

4. Conclusion

Hydrodynamics and heat transfer have been investi-
gated in two-dimensional minichannels of 1.12 mm,
540 um and 300 pum in thickness. One wall is heated with
a maximum heat flux of about 10 W/cm?, whereas the
opposite one is adiabatic. The present investigation is
limited to single phase flow. Both the laminar and the
turbulent regimes were investigated with a maximum
flow velocity of 24m s, 18 ms~! and 13 m s™' respec-
tively. From a hydrodynamic viewpoint, the friction
factor was determined from the measurement of the
pressure drop along the whole channel. As for the con-
vective heat transfer coefficient, it was determined from
a simultaneous and local measurement of both the tem-
perature and the heat flux on the wall using a specific
sensor. The results are presented in terms of the varia-
tion of the Poiseuille and the Nusselt numbers as a func-
tion of the Reynolds number. The measurement
reproducibility is characterized by a maximal scattering
of the Poiseuille and Nusselt numbers equal to 14%.

The main conclusions of this work are the following.

1. In the laminar regime and for the two thickest chan-
nels, the measured Poiseuille number is close to the
theoretical value Po = 24. It slightly increases with
the Reynolds number because of entry effects. For
the 300 um channel, although the scattering of the
experimental data is more important, the Poiseuille
number is larger on an average and its mean value
is about 38. This deviation might be due to roughness
effects as observed by other investigators [9,24].

2. In the turbulent regime and for the three minichan-
nels, the values of the Poiseuille number are in gen-
eral agreement with the usual correlations and more
especially with Colebrook’s correlation taking into
account a roughness effect. At constant Reynolds
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number, the experimental data exhibit a slight
decrease of the Poiseuille number between the case
1.12 mm and 540 pm. The trend is opposite between
540 pm and 300 um, so that no definite effect of the
size of the minichannel on wall friction can be drawn
from the present investigation.

3. The evolution of the Poiseuille number with the Rey-
nolds number shows that transition to turbulence
occurs for Reynolds number between 3000 and
5000. This range is in agreement with the usual values
of the critical Reynolds number relative to channels
of conventional size.

4. In the laminar regime, the Nusselt numbers for the
three minichannels are very close. The values are a
little higher than the steady-state value and shows a
slight increase with the Reynolds number. This
proves that the thermal regime is not fully developed
at the sensor location. For the minichannel of 300 pm
in thickness, measurements of the Nusselt number at
very low flowrates are altered by free convection
effects.

5. In the turbulent regime, the evolution of the Nusselt
number with the Reynolds number is in quite good
agreement with Colburn’s correlation. A deviation
is observed for all three minichannels at high Rey-
nolds number. It is due to viscous dissipation and
also to a lack of uniformity of the heat flux along
the wall.

6. Between the laminar and the turbulent regimes, a
transition regime could be identified for the thermal
boundary layer. It is characterized by high fluctua-
tions of both the local wall temperature and the heat
flux which are the signature of the transit of turbulent
bursts over the transducer. Such an observation was
possible because of the very short rise time of the
transducer. The domain of transition is in agreement
with the usual values of the critical Reynolds number
for a boundary layer flow.

In conclusion, the present work does not exhibit sig-
nificant deviations for the evolutions of both the Poiseu-
ille number and the Nusselt number with the Reynolds
number in comparison with the classical laws widely
used for the prediction of heat transfer in larger chan-
nels. This conclusion, obtained for two-dimensional
channels of minimum thickness 300 pum, is in agreement
with other recent studies (e.g. [29]) which indicate that
there is no difference between micro and macro flows
provided secondary phenomena such as roughness,
EDL, compressibility... remain of minor influence.
The deviations which were observed here could be ex-
plained by macroeffects (mainly entry effects, viscous
dissipation, free convection) or by imperfections of our
experimental device especially for convective heat trans-
fer measurements at high velocity. Hence, our experi-
mental data and associated accuracy tend to prove



that, if an effect of the channel size actually exists, it will
cause only a weak departure from the classical laws in
the present domain of investigation.
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