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Abstract

A comprehensive review is conducted on the investigations of the forced single-phase convective heat transfer in non-cir-

cular microchannels. The observations and results available in the open literature are inspected and compared for better understanding of
the physical nature of the heat transfer performance and providing some lines of future research. There seems to be no unequivocal agree-
ment in the understanding on the relative phenomena and the determination of the heat transfer coefficients in microchannels. The study on
the interfacial phenomena and interaction at the interface will be the frontier in this area. Appropriate data reduction and the correlating
parameters will be the cornerstone of comparability and evaluation for comprehensive investigations. The selection of correlating parameters
will actually be the basis for the better understanding and description of new phenomena.
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As the size of channels diminishes to the order of
several hundred to 0. 1 micrometer, the fluid flow
and heat transfer performance in these microchannels
are strongly influenced by the wall effect, and might
deviate from the normal situation described by classi-
cal theories. Fluid flow and heat transfer characteris-
tics in non-circular channels are usually evaluated
from the situations of circular pipes if the diameter D
is replaced with a hydraulic diameter, D}, where the
hydraulic diameter is defined as

Dy = % (1)
For turbulent flow in channels, this is normally con-
sidered rational, however, for laminar flow the use of
this length scale induces the inadequacy for predicting
flow friction and the heat transfer rate!*?). The devi-
ation or inadequacy mainly results from two-dimen-
sional flow and second flow induced by non-circular
geometrical configurations. The inadequacy and asso-
ciated flow influences are reasonably expected in non-
circular microchannels. Unlike circular tubes or mi-
crotubes, microchannels employed in a wide variety of
applications are generally fabricated into different
substrates and sealed with cover(s). The geometry of
both substrate and microchannel and the structure of
microchannel module would cause a series of conse-
quences, including heating/cooling condition of the

flow in the channel, thermal effects in the substrate,
multichannel configurations, inaccuracy in measuring
the microchannel scale (and/or practical length scale
variation due to packaging and sealing) and surface
performance. Consequently the heat transfer behavior
in microchannels should be significantly distinguished
from that in circular tubes.

As a well-known term frequently appearing or
discussed in literature, microchannel has not been
very well defined, or there does not exist a scale
range accepted by investigators universally. For con-
venience and being likely in accordance with the ex-
pression by most investigators, the hydraulic diame-
ters of mcirochannels will be limited in the range less
than 1000 micrometer hereafter. Single-phase con-
vective heat transfer in microchannels has its unique
significance in the development of new technologies
and devices for the control of energy transfer and oth-
er advanced applications requiring very compact and
extremely large heat flux heat exchangers“’“. Prac-
tical applications involving the thermal control of
high-density electronics, bicengineering devices, mini
and compact heat exchangers have increasingly uti-
lized microchannels and microstructures capable of
unusually high levels of heat removal. For example,
the effective cooling of electronic components and de-
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vices, to dissipate heat in excess of 10" W/m? at low
operating temperatures, is of critical importance for
developing ultra large scale integrated circuits. The
fundamental and applied research interest in mi-
crochannel heat transfer has been increasing and the
intense activities have been invariably going on since
the earlier 1980s.

From the investigations available in open litera-
ture, there seems to be no general conclusion concern-
ing the heat transfer phenomena in microchan-

(5~8] ' There are several reports indicating slightly

nels
higher Nusselt numbers in turbulent flow than those
expected. For laminar flow both higher and lower
Nusselt numbers were reported. The information in
the literature is far from pointing out the unequivocal
trends or reasons for such trends. Heat transfer corre-
lations for the average Nusselt number in microchan-
nels in terms of the Reynolds and Prandtl numbers
were proposed for laminar and turbulent flow regime
as done for the flow in normal sized channels, based
on experiments with a range of fluid-substrate combi-
channel dimensions and configurations.
Palm'® concluded that there were still many open
questions to be answered before reliable design tools
are available in the form of correlating equations for
heat transfer of single-phase flow in microchannels.

nations,

Obot!"! pointed out that there was a need for carefully
crafted experimentation aimed at determining pres-
sure drop and heat transfer characteristics, as well as
defining the role of transition on heat transfer for sin-
gle isolated channel geometry. Sobhan and Garimel-
1a!®) emphasized that a reliable prediction of the heat
transfer was impossible so far, and an additional sys-
tematic study was highly needed for carefully consid-
ering every parameter influencing transport processes
in microchannels.

In the present paper, an attempt is made to con-
duct a comprehensive review on the invéstigations of
the forced single-phase convective heat transfer in
non-circular microchannels.

1 Laminar convection

1.1 Experimental observations

In the earliest research, Tuckerman and Pease!?

experimentally demonstrated that the multi-mi-
crochannel heat exchanger designed for electronic
cooling could dissipate very high heat density. They
noted the heat transfer coefficients for laminar flow
through microchannels, having size scale of 50 pm X

300 pm, might be higher than those for turbulent
flow through larger, more conventionally sized chan-
nels. In the laminar regime, Wu and Little!'® found
that the Nusselt number was the function of the
Reynolds number with an exponent slightly larger
than that in the turbulent regime for microchannels
with Dy, =50~80 um. At lowest Re, the heat trans-
fer results were lower than expected. Harms et al. (1]
experimentally demonstrated that the heat transfer
results were apparently lower than those obtained us-
ing normal correlations for laminar flow at lower Re
in rectangular channels having D,<404 um. Howev-
er, authors considered this deviation to be induced by
the flow bypass in the manifold for the multiple chan-
nel structure, and by the effect of inlet bend for the
single channel design. They concluded that classical
heat transfer theories for local Nusselt number would
work fine for microchannels.

Contrarily, Rahman and Guil?!

measured the laminar convective heat transfer in mi-
crochannels, and concluded that the Nusselt numbers
were higher than those predicted from analytical solu-
tions for developing laminar flow. Recently, Rah-
man!’®! conducted an experimental investigation on
the convective heat transfer in microchannels using
two different types of microchanneled structures as
heat sinks. Further experimental evidences were pro-

experimentally

vided to support the conclusion that the value of aver-
age Nusselt number was usually larger than those pre-
dicted by correlations for laminar flow in normally-
sized channels. The breakage of velocity boundary
layer, caused by surface roughness associated with
etched channel structure, was believed to be the most
important influence enhancing the heat transfer. In
the investigation conducted by Cuta et al. (141 it was
found that the Nusselt number was substantially larg-
er than the results predicted from the classical laminar
flow theory for the rectangular microchannels having
hydraulic diameter of Dy =425 pum.

Peng et al. (15) conducted a sequence of experi-
mental investigations on the forced single-phase con-
vection of water in rectangular microchannels having
diameter of 133~367 um and found there existed dif-
ferences in heat transfer performance between mi-
crochannels and large channels. They had detailed
discussion on the deviation of correlating data.

1.2 Empirical correlations

In available investigations, Peng et al. 18] o
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tained a great number of experimental data and pre-
sented several correlations for convective heat transfer
For laminar regime, the heat
transfer data were correlated as

Nu = Ch,lRe0'62Pr1/3, (2)
where Cy,), illustrated in Table 1, is an empirical co-
efficient which was determined from experiments and
depended on the microchannel geometric configura-
tions including both the hydraulic diameter and ratio
of H/ W . Besides the hydraulic diameter, the aspect
ratio, H/ W, is another important geometrical pa-

rameter substantially altering the heat transfer perfor-
[16]

in microchannels.

conducted an
experimental study on the heat transfer of flow
through arrays of rectangular microchannels and sug-
gested a laminar convective heat transfer correlation in
microchannels as

mance. Later, Peng and Peterson

Dy

0.81 -0.79
Wc) (‘%) ReV-62p,1/3,

(3)

Nu = 0.1165(

with 367 pm=>D;=>133 pm and 900> Re >>80.

Table 1. Microchannel geometry and coefficients from Peng et al. (15!
Test W{mm) H(mm) L{(mm) Dy(mm) H/W Cy, Cht

1 0.4 0.3 50 0.343 0.750 0.0580 0.01340
0.3 0.3 50 0.300 1.000 0.0384 0.00726
0.4 0.2 50 0.267 0.500 0.0426 0.01660
0.3 0.2 S0 0.240 0.667 0.0472 0.00926
0.2 0.2 50 0.200 1.000 0.0468 0.00696
0.3 0.1 50 0.150 0.333 0.0104 0.00483
0.2 0.1 50 0.133 0.500 0.0285 0.00939

~N N B W

In his comprehensive comparison and analyses of
experimental data in open literature, Obot!”! re-corre-
lated experimental data using classical theories and

- common dimensionless parameters and gave his rec-
" ommendation that satisfactory estimates of heat trans-
fer coefficients for smooth microchannels, within the
accuracy experimental errors, could be obtained by
using either verifiable experimental data or conven-
tional correlations for channels of large Dy. The ex-

pressions were given as
Cn = Nu/(ReY2Pr*) = 0.14 (4)

and

Cht = Nu/(Re*?fPr%*%) = 0.008.  (5)
Eq. (4) is for a smooth channel, and Eq. (5) for
smooth or rough channels with hydraulic diameter as
length scale. It was noted that most data scattered in
an appropriate range of the average value predicted by
Eq. (4) or (5) with an accepted deviation from clas-
sical theory. However, the illustrations still displayed
some variable trends from one to another database or
experiments for the same or different microchannels.

So far, there exist many valuable observations
and measurements for laminar heat transfer, howev-
er, popularly accepted correlations and methodologies
are highly necessary for accurately predicting the be-
havior of convective heat transfer in microchannels.
At present, it would be better taking both associated
experimental results of microchannels available in
open literature and the predictions of conventional
correlations as referred estimates for practical applica-
tions.

1.3 Importance of geometry

From most theoretical and numerical analyses,
the geometrical configurations were aware of having
significant effects on the convective heat transfer in
microchannels, as discussed by Sobhan and Garimel-
1a'®). However, the investigators reached quite con-
trary conclusions on effects of microchannel geome-
try. Harms et al. 1t
channel width and increasing channel depth would
provide better heat transfer performance. Baul"! re-
vealed that channel width might be optimized to re-
duce non-uniformity of wall temperature. Fedorov
and Viskanta!'®! numerically analyzed the detailed
temperature and heat flux distributions, particularly

showed that decreasing the

along the wall surfaces of the microchannel as well as
the average heat transfer behavior. Obviously, the
width and height result in significant consequence on
both flow and heat transfer. Rostami et al.*] indi-
cated that channel height played an important role in
determining heat transfer and there would exist an
optimum height minimizing the thermal resistance.

They also noted that the thermal resistance was re-
duced with decreasing substrate and increasing fin
thickness. In the experiments of Peng et al. (15) an
optimum aspect ratio seems to exist, at which the
laminar heat transfer in microchannels reached a peak
value. This optimum aspect ratio occurred at approxi-
mately H/ W =0.75, as shown in Fig. 1. Actually,

0.06 O
0.04
G
0.02
0.00 0.4 0.6 0.8 1.0
HIW

Fig. 1. Variation of coefficient Cy,; with H/ wiisl,
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most experimental investigations provided the evi-
dences supporting these experimental observations and
theoretical analyses.

However, there are a few investigations showing
the less significant influences of microchannel config-
urations on the heat transfer. A numerical simulation
indicated that the effect of microchannel width was
much weaker than the analytical predictions[m].
Obot!” pointed out that H/W and D), were not im-

portant parameters in correlating experimental data.
1.4 Other influences

Besides those normally expected for large chan-
nels/tubes and discussed above, some other factors,
especially those associated with microchannel configu-
fabrication, microchannel packaging, are
certainly convinced to have significant consequence on

rations,

convective heat transfer in microchannels. In open lit-
erature, the discussions and emphases were addressed
on the precise measurements, entrance effects, sur-
face roughness, determinations of thermal properties
and characteristic parameters such as logarithmic
mean temperature difference. Although these proba-
bly explicate possible sources of deviations from nor-
mal situations for heat transfer performance in mi-
crochannels, no consistent conclusions were reached
by investigators and there are still new phenomena

expected to be of importance for microchannels!®’ .

2 Turbulent heat transfer
2.1 Flow transition

In open literature it was noted that flow and heat
transfer transition in microchannels were different
from that in conventional channels and the observa-
tions on transition from laminar to turbulent flow
were quite different from each other. And also, there
is a critical argument on the transition of flow and
heat transfer mode!”’.
ments of both the flow and heat transfer, many re-
searchers observed the flow transition occurring at
lower Reynolds numbers. However, some others not-
ed that there were no evidences to support the transi-

From experimental measure-

tion occurring at lower Reynolds number as compar-
ing available data with classical theories. And further-
more, there is an opinion that only laminar flow is
possible in microchannels!”?. Obot!”! and Xu et al. [2!)
attributed the deviation noted by different investiga-
tors to the data reduction and dimension uncertainty
induced by sealing.

Very few investigations were conducted for un-
derstanding the transition heat transfer phenomena,
though many researches discussed the flow transition
and change of heat transfer modes. At present, the
convective heat transfer is highly unclear for transi-
tion flow in microchannels. In fact, there was very
little information on methods or clear characteriza-
tions estimating the occurrence of flow and heat
transfer mode transition. No heat transfer correlation
proposed is available for this convection in microchan-
nels.

2.2 Turbulent convection

The work of Wu and Little!!®) is earliest one in
which an empirical correlation was proposed for the
turbulent convection in microchannels, expressed as

Nu = 0.0022Re"®Pr%*, Re > 3000. (6)
The most important difference from the conventional
correlations is the exponent of Re, and its value is
0.8 for normal situations. Compared with the results
of the turbulent heat transfer reported by different in-
vestigators in available literature, almost all data were
higher than the predictions from conventional correla-
tions, and showed nearly the same trend of Nu
changing with Re rather than the results of Wu and
Little! 1],

The results experimentally obtained by Peng et
al. %) were lower than the others’ predictions for Re
>1000. They correlated their data and suggested the
heat transfer correlation for turbulent flow as

Nu = Cy, Re®*Pr'/3, (7
where Cy, . is an empirical coefficient determined from
experiments and the values of Cy . are illustrated in
Table 1 for different microchannels. As shown in
Fig. 2, the empirical coefficient, Cy,, was found to
be strongly associated with the ratio H/ W, where
Ch,. exhibited a larger value for H/ W =0.5 than for

0. 75. Obviously,

the turbulent convective heat

0.018
[ ]
0.014 .
=
O 0.010 .
[ ]
0.006
L
0.4 0.6 08 1.0
HIW

Fig. 2. Variation of coefficient Cy, ; with H/wis],
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transfer would reach the optimum value when H/ W
was in the range 0.5 ~ 0.75. For turbulent flow
through arrays of rectangular microchannels, Peng
and Peterson!'®! suggested a correlation as

Nu =0.072(Dy/ WOV B[1 - 2.421(Z - 0.5)?]

. ReO.SPr1/3’ (8)
where Z = {min(H, W)/max(H, W)} .

Rather than correlating data, more investigators
presented their experimental results and tried to ex-
plore and/or explain the deviations in microchannels
from the classical theories of turbulent heat transfer,
as reviewed by Palm[(’], Sobhan and Garimellal®).
From their analyses and experiments, Adams et
al. 22! concluded that D, =1.2 was a reasonable low-
er limit for applicability of standard Nusselt-type cor-
relations to non-circular channels. Obot!”) maintained
that the heat transfer could be predicted using classi-
cal correlations for large channels. Relatively, the
turbulent heat transfer in microchannels is of less im-
portance owing to very small scale. Some researchers
even thought that it would be really difficult for the
existence of turbulent flow in mcirochannels.

3 Theoretical investigations

The theoretical analyses of heat transfer in mi-
crochannels are very limited and mainly focused on
(6.8] including numerical simulation
using classical theories, modeling and the optimiza-
tion studies combined conduction in substrates with
single-phase convection, and physical understanding

of phenomena. Most of available theoretical investiga-

the laminar flow

tions were conducted to explore the laminar convec-
tive heat transfer performance, and the declination
was especially made to the theoretical investigations
for understanding new phenomena.

Tso and Mahulikar'?®~?%) employed dimension-
less analysis technology to evaluate the importance of
thermofluid parameters, and they noted that the
Brinkman number, defined as

2

P
= LAT (9)
played a critical role for heat transfer processes in mi-
crochannels. This dimensionless number reflects the
relative importance of viscous heating to fluid conduc-
tion, which is not included in the classical correla-

Br

tions. They conducted a sequence of investigations to
account for the effects of Brinkman number on the
heat transfer of laminar flow and also on the flow
transition in microchannels. From dimensional analy-

sis, they proposed the following correlation of laminar
heat transfer!?!;

Nu = A'Re®Pr'3f,(8,Dy)Br?, (10)
where f (&, Dy) is a function of the geometry of the
individual microchannels and microchannel structure
(that is, the geometry between two consecutive mi-
crochannels), d exponent and A an empirical con-
stant. This correlation is in agreement with the data
of Peng et al. [5:15] very well. They noted that Br
should be more important in the laminar regime com-
pared to the transition and turbulent regimes. Later,
this new type of correlation was supported by their
new experimental data!®*,

As a unique theoretical analysis for the transition
from laminar to turbulent convective heat transfer in
open literature, Tso and Mahulikar!?! provided the
following two criterions.

For laminar-to-transition boundary,

Re2*/Br, = 3.24 x 10'; (11)
for transition-to-turbulent boundary,
Re?/Br,.=3.38x10%, (12)

In their investigation, Yang et al. [26) accounted
for the effect of electric double layer (EDL) on the
heat transfer in microchannels. For rectangular mi-
crochannels with shortest side smaller than 40 mi-
crometer, they noted that the EDL effect had signifi-
cance on the Nusselt number and resulted in lower
heat transfer for dilute solutions. Beskok and Karni-
adakis!?’! proposed a physical model including slip
flow boundary condition and studied the convective
heat transfer of fluid flow in microchannels with
Knudsen number greater than 1072,

Li et al. 28]

of the wall effects on the transport processes due to
extremely small character scales. A theoretical mod-
el, termed as the theory of wall-adjacent layer, was
proposed to analyze the effect of geometry on thermal
properties of gas flowing in microchannels. The ther-
mal conductivity in a layer very close to the wall
would be considerably lower than that in the bulk re-
gion due to the gas molecular- interaction with the
wall. They theoretically derived the thermal conduc-
tivity in wall-adjacent layer as
k1050713 (13)
ky
The ratio k/ ky, varies from 0.5 at the surface to 1 at a
distance of three to five times the mean free path of
the molecules. Combined with the effect of geometry

considered the important significance



726

Progress in Natural Science Vol.12 No.10 2002

on the flow and fluid properties for Kn >0.005, the
heat transfer relations in terms of Nusselt number in

the fully developed laminar flow were deduced as
5.3846(1 + 3.0807Kn )*

Nu = 7 1882Kn + 12.7756Kn? %)
for constant heating from one-side wall, and
__8.2353(1 + 3.0807Kn)?

Nu (15)

"~ 1+ 7.1882Kn + 13.0260Kn?
for constant heating from top and lower walls. In
Egs. (20) and (21) Kn is Knudsen number, defined
as

4 Discussion
4.1 Difficulties in testing

From the overview of available investigations as
discussed above, no unequivocal agreement was
reached in understanding the phenomena and deter-
mining the heat transfer coefficients in non-circular
microchannels. A number of investigators tried to ex-
plain the deviation of the experimental observations
from the conventional situations and/or to present
some new understanding for new phenomena. It is
absolutely clear that accurate methodologies are highly
necessary for experimental measurements and test
procedures and some fundamentals of fluid flow and
heat transfer should be identified for microchannels.
Considering the small size of microchannels, any inac-
curate measurements, including the determination of
thermal-fluid parameters and geometrical scale, would
result in significant error and deviation.

From authors’ experience, the measurements of
flowrate, local temperature and pressure, heat input
and other quantities were highly uncertain, and close
attention must be paid to measurements. These un-
certainties accordingly induced serious scatter of the
data, perhaps partially resulted in the deviation of ex-
perimental observations from the normal cases.

A few investigations have recognized the effects
of scale uncertainty on observing and understanding
the heat transfer phenomenon in microchannels. Re-
cently, Xu et al. 1) made an attempt to carefully
conduct experimental investigation of heat transfer in
microchannels and to comprehensively analyze the
consequence of any uncertainties in determining mi-
crochannel scale on the flow and heat transfer perfor-
mance. They found that the packaging of microchan-

nels with coverage, besides the non-uniform and diffi-

culty in microscale measurement, induced extra un-
certainty of geometrical scale. Additionally, the leak-
age due to the sealing problem between microchannels
also generated big error in determining flowrate
through a single microchannel. From careful analy-
ses, they noted that the flow characteristics in mi-
crochannels are very well consistent with the classical
theories if the above measurement errors did not ex-
1st.

4.2 Data processing and correlating

If attention was paid to the data reduction in
open literature, it would be easy to note that the
methodologies and procedures employed by various in-
vestigators in processing experimental data exhibit
some inconsistency with each other. The inconsisten-
cy of data reduction, for example those in defining
some parameters, determining character temperatures
and thermophysical properties, makes the compara-
tive evaluations of the published data truly difficult,
and has been convinced to be one of important reasons
inducing the discrepancy of available results in the lit-
erature.

In comprehensively comparative evaluation of the
published results conducted by Obot!”]
tionally significant what parameters were chosen to

» it was excep-

correlate and illustrate the results. By re-correlating
the published heat transfer results in microchannels
using Eq. (4) or (5), Obot!”) indicated that estimates
of heat transfer coefficients for smooth microchan-
nels, being accurate within experimental errors,
could be obtained using either conventional correla-
tions or experimental results for large channels. He
further noted that the effects of roughness on the heat
transfer were much less pronounced than on pressure
drop under identical flow conditions.

Obot’ s work!”) and some others’, such as the
investigation by Xu et al. (21] strongly demonstrated
the critical importance of correlating parameters and
methodologies in the process of experimental data,
which should be one of the most important aspects for
understanding the flow and heat transfer performance
in microchannels. As aforementioned, appropriate
parameters are critical for describing new phenomena
and including the effects associated with geometry on
the heat transfer in microchannels. In fact, the prob-
lems concerning the correlating and illustrating of the
experimental results highly reflect the degree of un-
derstanding of fundamental phenomena and getting
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insight into the physical nature.
4.3 Interfacial influences

Usually, it is expected that there are some unfa-
miliar phenomena and effects of miniaturization on
convective heat transfer in microchannels due to the
decrease of scale. One of the most conspicuous alter-
ation for microchannel heat transfer is a dramatical in-
crease in the ratio of solid-fluid interface per unit vol-
ume. This would make the interfacial phenomena and
interactions occurring at the interface or in interfacial
region, which would greatly alter the characteristics
of transport processes. The above-mentioned and dis-
cussed scale effects, such as electric double layeruﬁ],
convection with slip flow condition at the walll?"],
variable thermal property induced by gas molecular
10281 and viscous heat-
alter heat transfer mechanism. Though

interaction with the wal
; ng[23~25]’
the rather trivial causes discussed in above sections are
not negligible, there are also new phenomena being of

importance.

The shortage of the knowledge on the interfacial
phenomena has seriously impeded the progress in un-
derstanding convective heat transfer characteristics in
microchannels. Specifically the microscopic interac-
tions between solid and fluid at the interface should
play the key role in the transport processes. So far,
there is a few researches concerning interfacial trans-
port processes and phenomena. The release of non-
condensable gas absorbed at the solid surface of mi-
crochannels or existing in bulk liquid was found to af-
(2] Yang et
explored that the existing electric double layer
resulted in strong corner and wall effects and altered
the temperature field of fluid in the region near to
channel wall. In a few of investigations, researchers
accounted for the effects of chemical and biochemical

fect the convective heat transfer greatly

al. [26]

reactions, mass penetration, and other interfacial
phenomena on flow and heat transfer in microchan-
nels and the application of microchannel heat ex-

changers[3~8] .

4.4 QOther considerations

The role of geometrical scale in confined flow
passages and the interface phenomena are still highly
open questions for the flow and heat transfer, partic-
ularly for the heat transfer regime transition in mi-
crochannels. Apparently, new physical phenomena
are still expected, while available experimental obser-

vations are controvertible. No correlation or method-
ology is available for accurately predicting the convec-
tive heat transfer in microchannels or is confidently
employed in practical design of microchannel heat ex-
changer. At present, a reasonable suggestion is to
take both associated available experimental results of
microchannels and predictions of conventional correla-
tions as reference estimates for practical applications.

Nomenclature

A Area of microchannel cross-section, (m?)
A’ Empirical constant in Eq. (16), (-)
Br Brinkman number defined in Eq. (15), (-)
C.  Empirical constant in Eq. (4), (-)
Cy,; Emoprical constant in Eq. (5), (-)
C.,1 Empirical coefficient in Eq.(2), (-)
C.,, Emopirical coefficient in Eq.(3), (-)
Exponent in Eq. (16), (-)
Hydraulic diameter, (m)

Microchannel height, (m)
Thermal conductivity, (Wm K1)
ky Thermal conductivity in bulk liquid region, (Wm™!

d

Dy,

f Flow friction coefficient, (-)
H

k

Kb
Kn  Knudsen number defined in Eq. (22), (-)
l Spacing distance of parallel plates micro passage, (m)
Nu  Nuseelt number, (-)
P Wetted perimeter, (m)

Pr Prandt! number, (-)

Re Reynolds number, (-)

T Temperature, (K)

u,  Average velocity, (m/s)
Microchannel width, (m)

. Spacing distance between two consecutive channels, (m)

W

w

y Distance from wall, (m)

Z  Z={min(H, W)/max(H, W)1, (-)

3 Critical microchannel dimension in Eq.(16), (m)
A Mean free path, (m)

u

Dynamic viscosity of fluid, (Nsm™2)
Subscripts

b Bulk fluid
h Hydraulic or heat transfer
tr Transition
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