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Abstract

A bibliographical review on the convective heat transfer through microchannels is presented. The available experimental works
the open literature are critically analysed in order to highlight the main results obtained on the friction factor, on the laminar-to-t
transition and on the Nusselt number in channels having a hydraulic diameter less than 1 mm. A comparison of the experimental re
quoted in the open literature is made. In many cases the experimental data of the friction factor and of theNusselt number in microchanne
disagree with the conventional theory but they also appear to be inconsistent with one another. Various reasons have been proposed to a
for these differences. Rarefaction and compressibility effects, viscous dissipation effects, electro-osmotic effects (EDL), propertyn
effects, channel surface conditions (relative roughness) and experimental uncertainties have been invoked to explain the anomalou
of the transport mechanisms through microchannels. By comparing the available experimental data on single-phase convective h
through microchannels, it is evident that further systematic studies are required to generate a sufficient body of knowledge of the
mechanism responsible for the variation of the flow structure and heat transfer in microchannels.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Micron size mechanical devices are today encounte
both in commercial and in scientific applications. The
velopment of micro-fluidics concerned with micro-syste
has been particularly striking during the past 10 years.

As a rule of thumb all devices with characteristic dime
sions between 1 µm and 1 mm are called micro-devi
Generally, the micro-systems can be subdivided into th
categories:

• MEMS: Micro-Electro-Mechanical Systems (for in
stance, air bag acceleration sensors, HD reader, etc

• MOEMS: Micro-Opto-Electro-mechanical Systems (fo
instance, micro endoscope, etc.).

• MFD: Micro-flow devices (for instance, micro he
exchangers, micro-pumps, etc.).

In this paper only MFD devices will be analysed. Tod
the research in this field is exploring different applicatio

E-mail address:gianluca.morini@mail.ing.unibo.it (G.L. Morini).
1290-0729/$ – see front matter 2004 Elsevier SAS. All rights reserved.
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which intimately involve the dynamics of fluids, the sing
phase and two-phase forced convective heat transfer and
potential applications are continuously being proposed.

It is possible to assert that the manufacture of MFD, l
micro-pumps, micro-valves, micro-cold plates, micro-hea
exchangers, and other micro-components and sensors
in chemical analysis, in biomedical diagnostics or in fl
measurements, are today a consolidated reality.

Many technologies have been developed to realize m
turized components. An interesting overview of the min
turization technologies and their application to the ene
systems has been presented by Ameel et al. [1] and, m
recently, in [2]. A completereview of the research an
development of micro-machined flow sensors is due
Nguyen [3]. The author underlines how, in the last ye
the requirement of micro-flow sensors able to measure
small flow rates has increased. The results of this challe
have produced a new class of micro-machined flow sen
which have an integrated microchannel. Some interes
reviews of the works addressed in this topic are app
ing in the open literature. Abramson and Tien [4] review
the recent progress in micro-scale engineering such as
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Nomenclature

a, c maximum and minimum channel width,
respectively . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

b channel depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
C coefficient defined in Eq. (2),= f Re

Cf,l coefficient defined in Eq. (1)
Dh hydraulic diameter. . . . . . . . . . . . . . . . . . . . . . . . m
f Fanning friction factor
L length of microchannel. . . . . . . . . . . . . . . . . . . . m
Nu Nusselt number,= hDh/λ

Pr Prandtl number,= ν/α

Re Reynolds number,= WDh/ν

Wc center-to-center distance between two adjacent
microchannels . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

α thermal diffusivity . . . . . . . . . . . . . . . . . . . m2·s−1

ε surface absolute roughness . . . . . . . . . . . . . . . µm
γ channel aspect ratio,= b/a

λ thermal conductivity . . . . . . . . . . . . W·m−1·K−1

ν kinetic viscosity . . . . . . . . . . . . . . . . . . . . . m2·s−1
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mal transport phenomena, experimental and computat
techniques, thermal micro-devices and laser application
The authors underlined the more promising research l
in these areas.

It is evident that the understanding of the microsc
transport phenomena is very important for the designe
MFD. For this reason, many studies have been conduct
order to analyse the behaviour of the convective flow thro
microchannels. Reviews of these works have been prese
by many authors. Duncan and Peterson [5] provided a w
review of microscale convective, conduction and radia
heat transfer. Peng and Wang [6] gave a review of t
own extensive research on the one-phase and two-phas
croscale convective heat transfer. Bailey et al. [7] conc
trated their attention on the single phase forced convectio
through microchannels and concluded that the literatur
inconclusive with respect to the effect of miniaturization
heat transfer and pressure drop. In these review works
highlighted that, in many cases, the experimental results
tained for laminar flow through microchannels present a
nificant deviation from the predictions of the conventio
theory. Recently, Palm [8], Sobhan and Garimella [9] a
Obot [10] presented a critical review of the published
sults on the friction factor and convective heat transfe
microchannels. The work by Obot [10] is particularly inte
esting because it represents a first attempt to compare
cally, also from a quantitative point of view, the experime
tal results obtained for microchannels with the conventio
theory validated for large sized channels. Obot demonstr
that the deviations from the conventional theory of the p
sure drop and the convective heat transfer data are, in s
cases, fictitious.

Also Bowman and Maynes [11] presented a comp
review of the literature in the area of micro-heat exchang
focusing primarily on the works published between the e
1990s and 2001.

A more complete and recent analysis of the literature
the behaviour of liquid flow [12] and gas flow [13] throug
microchannels is due to Rostami et al.

Kandlikar and Grande [14] reviewed the advancem
in heat transfer technology from historical perspect
l

d

i-

e

The use of microchannels in high flux cooling applicat
is discussed with single-phase and two-phase flows.
current state of fabrication technology of microchannel
well reviewed.

The geometry of MFD microchannels depends on
technology used to build the MFD. As mentioned abo
there are many techniques to realize miniaturized chan
but four process technologies are imposing for sys
miniaturization:

• Micromechanical machining (such as diamond machi
ing, laser processes, focused ion beam, microdrilling

• X-ray micromachining (such as LIGA LItographie
Galvanoformung-Abformung);

• Photolithographic-based processes (such as Si chem
etching);

• Surface and surface-proximity-micromachining (epimi-
cromachining) processing techniques.

The photolithographic processes are particularly indi-
cated for silicon wafers; this technology, born in the elec
tronic field, is fairly mature. The cross-sectional shapes
can be obtained for microchannels realized with this te
nique are limited. In fact, the microchannels produced
chemical etching directly on the silicon wafers have a cro
sectional shape that depends on a variety of factors
as the crystallographic nature of the silicon used. Whe
photo-lithographic based process is employed, one can
tain microchannels having a cross-section fixed by the
entation of the silicon crystal planes; for example, the
crochannels etched in〈100〉 or in 〈110〉 silicon by using
a KOH solution have a trapezoidal cross-section (with
apex angle of 54.74◦ imposed by the crystallographic mo
phology of the〈100〉 silicon) or a rectangular cross-sectio
respectively. Since this technique is very diffuse, in lite
ture there are many experimental results obtained for
crochannels having a trapezoidal, rectangular and dou
trapezoidal (hexagonal) cross-section (see Fig. 1).

On the contrary, with the other techniques it is poss
to realize miniaturized channels having, theoretically,
cross-section.
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Fig. 1. Rectangular, trapezoidal and double-trapezoidal KOH-etched microchannels.
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The flow regime through a MFD depends strongly on
method used in order to induce the motion of the fluid. T
fluid flow in a MFD can be obtained in two different way:

• By applying an external pressure gradient (pressure-
driven motion). In this case a Poiseuille flow profil
is generated along the channel. In fact, because
Reynolds number associated to the flow is in gen
small (due to the small hydraulic diameter of t
channel), the flow is usually laminar and the veloc
varies across the entire cross-sectional area of
channel.

• By applying an external electric field (electrokinetically-
driven flow). In this case the fluid velocity only varie
within the so-called Debye screening layer near
channel walls. Whitesides and Stroock [15] showed
velocity profile for an electrokinetically driven flow i
a microtube by using a flow visualisation techniq
It is experimentally demonstrated that, in this ca
the profile is practically uniform (slug flow) across t
entire cross-section.

In this work the main experimental results on the c
vective flow through microchannels will be analysed w
regard to the prediction of the friction factors, the lamin
to-turbulent transition and the Nusselt numbers. The ex
imental results will be compared with the prediction of t
conventional theory for continuum flows in order to und
line the discrepancies between the theory and the experi
tal results for microchannels.

2. Convective flow through microchannels:
State-of-the-art

In this section the main experimental results on
laminar flows through microchannels which have appea
in the open literature in the last decade are quoted
commented.
-

2.1. Friction factor

The first work in which the friction factor through silico
microchannels was measured is due to Wu and Little [
The microchannels tested were made in glass and in〈100〉
silicon substrate by usinga photo-litographic technique
and sealed with pyrex by using anodic bonding. Differ
microchannels were tested, having a trapezoidal cross
section with a hydraulic diameter equal to 55.81, 55.92
72.38 µm. Gases were used as test fluids (N2, H2, Ar); the
measured values of the friction factor were larger (10–30
than those predicted by the conventional theory. The aut
concluded that the deviations are due to the great rela
roughness and to the asymmetric distribution of the sur
roughness on the microchannel walls. Acosta et al.
presented friction factors for rectangular microchannels w
a hydraulic diameter ranging between 368.9 and 990.4
The rectangular channels investigated are characterised
very small value of the aspect ratio(0.019< a/b < 0.05).
The tested microchannels showed very similar values o
friction factor; this fact is consistent with the convention
asymptotic behaviour of the Poiseuille number(f Re) for
channels with small aspect ratios.

Harley and Bau [18] measured the friction factor fo
trapezoidal silicon microchannel with a hydraulic diamete
of 45 µm and for a rectangular microchannel having
hydraulic diameter of 67 µm. By using isopropanol as
fluid, they found that the experimental Poiseuille number i
larger than the expected theoretical value.

An opposite trend is found in the succeeding works
Pfalher et al. [19–21]; they tested rectangular microchan
having a very small hydraulic diameter (1.6 and 3.4 µm)
trapezoidal microchannels, nominally 100 µm wide and 0
50 µm deep, for Reynolds numbers from 50 to 300. The
ids used in the test were liquids (isopropanol, silicon
and gases (helium and nitrogen). The measured friction fac
tor was consistently lower than the theoretical predictio
The Poiseuille number decreased with the Reynolds n
ber in the smallest channel studied. They also showed
the viscosity becomes size-dependent at micro-scales, a
thermal conductivity does in a very thin solid layer. Th
found that the polar nature of the fluid affects the fricti
factor.
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Choi et al. [22] measured the friction factor for
fully developed laminar flow of nitrogen gas through sili
micropipes having a diameter of 3, 7, 10, 53, 81 µm w
Reynolds numbers ranging between 30 and 20 000. T
found that the Poiseuille number(f Re) in laminar regime is
lower than the conventional value(f Re= 16). No variations
of the friction factor with the wall roughness is evidenced

The effect of the temperature variation on the Poiseu
number was studied by Urbanek et al. [23]. In this exp
ment, three isomers of alcohol (isopropanol) were teste
triangular and trapezoidal microchannels etched on a sil
〈100〉 substrate, having a hydraulic diameter between 5
25 µm. The friction factors showed higher values with
spect to the predictions of the conventional theory.

Rahman and Gui [24,25] measured experimentally
friction factors for water through trapezoidal microchann
having a width of 1 mm and with channel depths ranging
tween 79 and 325 µm. They presented experimental va
of the friction factor and the Nusselt number. Their exp
mental friction factors agreed with the conventional theo
Wilding et al. [26] analyseda laminar flow of water and o
various biological fluids in glass-capped silicon microch
nels having a trapezoidal cross-section. The channels te
had dimensions ranging between 40 and 150 µm in w
and between 20 and 40 µm in height. The data indicated a
increase of the friction factor with respect to the theoret
value.

Arklic et al. [27] studied the flow of helium through
deep rectangular silicon microchannel (Dh = 2.6 µm). The
authors revealed lower friction factors compared with
conventional results for large channels; they demonstr
that the mass flow rate through the microchannel can
accurately predicted by using a slip flow boundary conditio
at the walls.

Pong et al. [28] studied experimentally a flow of nitrog
and helium in rectangular microchannels with a depth
1.2 µm and a width of 5–40 µm. They measured the a
pressure distribution in the channel long 4500 µm;
pressure distribution along the microchannel was fo
not linear. They observed that this fact can be due to
rarefaction and the compressibility effects.

Liu et al. [29] analysed the pressure drop through rec
gular microchannels by using helium as testing fluid. T
used the same test rig described by Pong et al. [28]. T
found that the pressure drop was smaller than that expe
The flow rate was very accurately predicted by means
slip boundary condition with an accommodation factor eq
to 1.

Shih et al. [30] completed the measurements of Liu e
[29] by using nitrogen and helium as working fluids. The s
flow model predicted correctly the pressure drop for an i
pressure lower than 0.25 MPa with different accommoda
factors for helium and nitrogen; on the contrary, for
inlet pressure greater than 0.25 MPa the slip flow mo
underpredicted the experimental data.
d

.

Peng et al. [31,32] considered a water flow throu
rectangular machined steel grooves. The hydraulic diame
investigated ranged between 133 and 367 µm. For Reyn
numbers ranging between 8 and 800, they evidenced hi
friction factors with respect to the macroscale predictio
the main result obtained in these works is that the frict
factor and the Reynolds number do not seem to be inver
proportional, as indicated by the conventional theory
laminar flow. The authors proposed empirical correlati
in order to calculate the friction factor in laminar and
turbulent regime.

Yu et al. [33] analysed experimentally a nitrogen a
water flow through microtubes in silica having a diamete
19, 52 and 102 µm for Reynolds numbers ranging betw
250 and 20 000. They observed friction factors lower th
theoretical macroscale predictions. They analysed the
of the relative roughness of the tube.

An experimental study of gas flow (nitrogen, helium a
argon) in silicon〈100〉 microchannels having a trapezoid
and rectangular cross-section was conducted by Ha
et al. [34]. The hydraulic diameter of the microchann
tested ranged between 1.01 and 35.91 µm and the a
ratio varied between 0.0053 and 0.161 (for the trapezo
geometry the aspect ratio heigth/width is based on
maximum width). In this work, the compressibility effec
and the rarefaction effects on the Poiseuille number w
investigated. They observed smaller friction factor w
respect to the predictions of the conventional theory and
explained this trend by using an isothermal “locally fu
developed” first-order slip-flow model.

A further analysis of the experimental data of Rahm
and Gui [24] was conducted by Gui and Scaringe [35]; t
proved that the friction factors agree well with theoreti
solution in the laminar regime.

Jiang et al. [36] studied the behaviour of a water fl
through rectangular and trapezoidal cross-section chan
The microchannels used in this study were etched i
silicon substrate and capped with a glass wafer. The cha
dimensions ranged from 35 to 110 µm in width and fr
13.4 to 46 µm in height. The experimental data revealed
the friction factor is greaterthan the expected theoretic
value. It is interesting to note that in a later work Jiang et
[37] studied a water flow through trapezoidal microchann
with a hydraulic diameter ranging from 35 to 120 µm a
Reynolds numbers from 1 to 30 and their measurem
revealed friction factors lower than the conventional theo

Richter et al. [38] performed flow rate measureme
for water through microchannels with various geomet
for liquid dosing applications (flow rates between 0.01 a
1000 µl·min−1). The channels were micromachined a
anisotropically etched in a〈100〉 silicon wafer. The cross
section was trapezoidal and the maximum width of the
channels ranged between 28 and 182 µm. A linear rela
between the flow rate and the pressure drop was noticed
authors observed that the conventional theory can predic
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experimental results very accurately taking into account
variation of the fluid viscosity with temperature.

Experimental investigations on the Poiseuille number
deionized water through deep rectangular microchan
(Dh = 404 µm) made in a〈110〉 silicon substrate wer
conducted by Harms et al. [39,40]. The friction factor
a microchannel having a hydraulic diameter of 404 µm [
was reasonably well predicted by the conventional theor
the laminar regime.

Webb and Zhang [41] studied channels of rectang
shape with hydraulic diameters from 960 µm to 2.13 m
They observed that the classical correlations were
to predict the single-phase heat transfer coefficient
the friction factor for multiport rectangular-cross-secti
channels for the hydraulic diameters investigated.

Pfund et al. [42] measured the pressure drop of w
flowing along rectangular microchannels having a hydra
diameter ranging from 200 to 900 µm and Reynolds num
between 40 and 4000. In the laminar regime their d
showed a good agreement with the conventional the
They observed that in the laminar regime the friction fac
increases with the surface roughness of the walls.

An experimental and numerical work due to Flockh
and Dhariwal [43] deals with the flow characteristics
trapezoidal channels etched in〈100〉 silicon with a hydraulic
diameter ranging from 50 to 120 µm. Distilled water w
used in the investigation; the flow regime was lamin
A good agreement with the theoretical predictions on
friction factor in large channels was found.

Mala and Li [44] studied experimentally a flow of wat
through circular microtubes of fused silica and stainles
steel with a hydraulic diameter ranging between 50
and 254 µm. For a smaller diameter, they observe
nonlinear trend between pressure drop and flow rate
low Reynolds numbers, and that the friction factors w
consistently higher with respect to the conventional valu
In addition, their experimental results indicated mate
dependence of the flow behaviour; for the same flow
and diameter, a higher pressure gradient is required
fused silica microtube than in a stainless steel microtu
Experimental data on the pressure drop of water in
laminar regime through rectangular microchannels w
obtained by Papautsky et al. [45]. The tested microchan
were rectangular with a width ranging between 50 and
µm and a height between 20 and 30 µm. Their experime
friction factors were higher than the conventional on
Using PIV measurements Meinhart et al. [46] analysed
laminar flow through a glass rectangular microchannel w
a height of 30 µm and a width of 300 µm. The experime
results agreed well with the analytical velocity profile f
Newtonian flow in rectangular channels. To the best
author’s knowledge, this work is the only experimental wo
in which measurements of the local velocity distributi
across test sections are made. Xu et al. [47] perfor
experimental investigations on water flow in microchann
with hydraulic diameters ranging from 50 to 300 µ
l

They observed that the flow characteristics deviated f
conventional theory for channel dimensions below 100
The friction factor was smaller than that predicted by
Hagen–Poiseuille law.

Qu et al. [48] conducted an experimental investigation
the flow characteristics of water through trapezoidal silico
microchannels with a hydraulic diameter ranging betw
51 and 169 µm. The flow rate and the pressure drop ac
the microchannels were measured and the fully develo
friction factors were calculated. The calculated friction fac
tors are higher than the expected values obtained usin
conventional theory for laminar flow. The authors propose
roughness-viscosity model to explain the experimental d

Sharp et al. [49] observed a good agreement betw
the measured friction factors in circular microtubes and
conventional theory. They considered water flow throu
micropipes having a hydraulic diameter ranging between
and 242 µm for Reynolds numbers in the range 50–2500

Very interesting experimental work was conducted by
et al. [50]. They compared the experimental data obta
with rectangular microchannels machined in an alumin
plate and bonded with a plexiglass plate with the d
obtained by using microchannels etched on a silicon w
and bonded with a pyrex cover. The hydraulic diame
investigated ranged from 46.8 to 344.3 µm for alumini
microchannels and from 29.59 to 79.08 µm for silic
microchannels. They concluded that for liquid flow throu
microchannels with a hydraulic diameter greater than 30
the conventional results obtained by using the Navier–Sto
equation for an incompressible, Newtonian fluid in t
laminar regime agree very well with the experimental da

Ding et al. [51] performed experimental work to inve
tigate the pressure drop for R134a and R12 through s
less steel microchannels with a triangular and a rectang
cross-section having a hydraulic diameter of 400 and
µm. The friction factor was higher than the conventio
macroscale prediction. Their experimental results showe
that the influence of the wall roughness on the friction fac
was strong. In particular, they found that the Poiseuille nu
ber in the laminar regime is not constant for a fixed geo
etry of the microchannel cross-section but depends on
Reynolds number. They proposed a very similar correla
for the friction factor in the laminar regime to the correlati
proposed by Peng et al. [31,32].

Araki et al. [52] investigated frictional characteristics
nitrogen and helium flows through three different trapezo
microchannels having a hydraulic diameter ranging from
to 10 µm. The measured friction factor was smaller than
predicted by the conventional theory. They explained
deviation by observing that the rarefaction effects could
significant.

Celata et al. [53] performed an experimental analysi
the friction factor in a capillary tube having a diameter
130 µm by using R114 as test fluid. They observed the
havior of the laminar-to-turbulent transition for Reynold
numbers ranging between 100 and 8000. Experiments
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cate that in the laminar flow regime the friction factor is
good agreement with the conventional theory.

Judy et al. [54] measured the friction losses of wa
hexane and isopropanol flowing in fused silica capillar
in order to study the effect of the fluid polarity. Th
capillary diameters ranged from 20 to 150 µm. For diame
lower than 100 µm the friction factor deviated from t
conventional theory. The friction factor was lower th
expected and the deviations were higher for decrea
diameters.

Li et al. [55] investigated the friction factor of a nitroge
flow through five microtubes with diameters ranging fro
80 to 166.6 µm. They found that the pressure drop along
tube became nonlinear at Mach numbers higher than 0.
this case, the friction factor is higher that the prediction
the conventional theory.

Li et al. [56] used glass, silicon and stainless steel mic
tubes with diameters ranging from 79.9 to 166.3 µm, fr
100.25 to 205.3 µm, from 128.76 to 179.8 µm, respectiv
in order to measure the friction factors for deionized wa
They observed that the glass and the silicon microtubes
be considered smooth; on the contrary, the stainless stee
crotubes exhibited a relative roughness of 3–4%. They c
cluded that for glass and silicon microtubes the conventio
theory in the laminar regime holds. For stainless steel micro
tubes the friction factors were higher than the prediction
the classical theory. They concluded that the relative rou
ness cannot be neglected for microtubes also in the lam
regime.

Yang et al. [57] provided a test of the friction charact
istic of air, water and liquid refrigerant R134a through t
tubes with a diameter from 173 to 4010 µm. The test res
evidenced that the friction factor for water and refrigeran
R134a agree very well with the conventional theory in
laminar and in the turbulent regime. On the contrary, for
flow in the turbulent regime the measure friction factors w
significantly lower that those predicted by the conventio
theory.

Pfund et al. [58] measured the friction factor for wa
flowing in high aspect ratio smooth and rough rectang
channels with depths ranging from 128 to 521 µm
Reynolds numbers between 60 and 3450. They found
the friction factor in laminar flow were significantly great
than the classical value, in particular when the roughe
channel (ε/Dh = 3%) was tested.

Debray et al. [59] presented measurements of the fric
factor in a flat rectangular microchannel having a hydra
diameter of 590 µm for Reynolds numbers ranging betw
70 and 6300. Their results confirmed the prediction of
conventional theory.

Lalonde et al. [60] presented experimental data on
friction factor for air flowing through a microtube with
diameter of 52.8 µm. The results indicated a good ag
ment with the predictions of the conventional theory. Tur
et al. [61] presented an experimental investigation on c
pressible gas flow through rough and smooth rectang
-

r

microchannels with hydraulic diameters from 4 to 100 µ
Nitrogen, helium and air were used as test fluids.
the measurements were made in the laminar regime
Reynolds numbers ranging from 0.02 to 1000. The inve
gation showed that the friction factor for both smooth a
rough microchannels was in agreement with the conv
tional theory.

Jiang et al. [62] tested a micro-heat exchanger with
crochannels made from 0.7 mm thick pure copper plate
a wire cutting machine. The channels were rectangular an
had a hydraulic diameter of 300 µm. Measurements with
electron microscope showed that the surface roughne
the microchannels was between 5.8 and 36.3 µm; this m
an average relative roughness of the microchannels of
In addition, due to the microfabrication technique used,
cross-section of the microchannels is not perfectly rectan
lar. The measured friction factors was larger than the va
predicted by the conventional theory. They explained
fact by observing that the effect of the hydrodynamic
trance region was not negligible for the short microchann
tested.

Ren et al. [63] verified experimentally the role of the
terfacial electrokinetic effects on liquid flow in microchan-
nels. They measured the magnitude of the additional
resistance caused by the electrokinetic effect through t
silicon rectangular microchannels having a hydraulic diam
eter of 28.1, 56.1 and 80.3 µm. De-ionized ultra-filte
(DIUF) water and acqueous KCl solutions of two differe
concentrations (10−4 and 10−2 kmol·m−3) are used as work
ing fluids. The measured pressure drops for the pure w
and the low concentration solution were found to be sign
cantly higher than the pressure drop for the liquid with h
concentration of KCl, at the same Reynolds number. The
ference tends to increase for small hydraulic diameters
particular, any difference on the pressure drop was evide
for the microchannel with a hydraulic diameter of 80.3 µ
On the contrary, the maximum difference was experien
for the smaller microchannel (20% higher flow resistanc
For this microchannel DIUF water evidenced higher flow
sistance. The authors concluded that these results confi
that the electrical-double layer effect plays an important
on the pressure drop through small microchannels.

Kandlikar et al. [64] investigated experimentally t
role of the relative roughness on the pressure drop in
microtubes with different diameters (1067 and 620 µ
They found that for the 1067 µm diameter tube, the effect
pressure drop of the variation of the relative roughness f
ε/D = 0.00178 to 0.003 are insignificant and the tube can
considered smooth. However, for the 620 µm tube, the s
relative roughness value increases the pressure drop; in
words, a 620 µm tube with a relative roughnessε/D = 0.003
cannot be considered as smooth. This fact suggests
the relative roughness could play a more important rol
microchannels than in conventional sized channels (si
effects).
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Gao et al. [65] presented an experimental investigatio
the frictional characteristics of demineralised water thro
rectangular microchannels. The facility presented was
signed to modify easily the channel height from 1000 to 1
µm. They found that the experimental Poiseuille number
in agreement with the prediction of the conventional theor
for all the hydraulic diameters considered (Dh ranged be-
tween 199.2 and 1923 µm).

Warrier et al. [66] presented experimental results on h
transfer and pressure drop for an aluminium rectang
microchannel having a hydraulic diameter of 750 µm
using FC-84 as test fluid. The experimental data rela
to the pressure drop for the laminar flow were in go
agreement with the conventional predictions. Judy et
[67] investigated a pressure driven flow through round
square microchannels in fused silica and stainless steel
diameters in the range of 47–101 µm and for Reyno
numbers ranging between 8 and 2300. Distilled water
methanol and isopropanol were used in order to study
effect of the polarity of the fluid on the friction facto
The data on the pressure drop revealed no distinguish
deviation from the Stokes flow theory.

Hegab et al. [68] studied experimentally the fluid flo
and the heat transfer of R134a in rectangular microchan
micromilled in aluminium withhydraulic diameters rangin
from 112 to 210 µm and for an aspect ratio from 1
0.667. The few data collected in the laminar regime w
very close to the predictions using the classical laminar fl
theory. The experimental results in the transition region
those obtained in the turbulent regime indicated that
friction factor was lower than the values predicted by
conventional theory. The relative roughness ranged betw
0.0016 and 0.0089.

Qu and Mudawar [69] measured the pressure drop of
ter flowing in a single-phase microchannel heat sink. T
found that the pressure drop was in good agreement with
predicted values of the conventional theory for continu
flows. The change in the slope of the pressure drop w
Reynolds number was attributed to the temperature de
dence of water viscosity.

Bucci et al. [70] measured the friction factor for wat
flowing in a 290 µm pipe characterized by a relative
roughness of 0.75%. They observed that the friction fa
follows the Hagen–Poiseuille law up to a Reynolds num
equal to 1500.

Wu and Cheng [71] conducted an experimental anal
in order to quantify the friction factor of laminar flow
of deionized water in smooth silicon microchannels
trapezoidal cross-section with hydraulic diameters in
range of 25.9 and 291 µm. Their experimental data
found to be in good agreement with the predictions of
conventional theory. The authors concluded that the Nav
Stokes equations are still valid for the laminar flow
deionized water in smooth silicon microchannels hav
hydraulic diameters as small as 26 µm.
-

Li et al. [72] used glass, silicon and stainless st
microtubes with diameters of 79.9–166.3 µm in order
test the laminar frictional resistance of a deionized wa
flow. They concluded that the Poiseuille number rema
approximately equal to 16 through smooth the glass
silicon microtubes. On the contrary, the Poiseuille num
was found 15–37% higher than 16 in the rough stainless
microtubes (ε/Dh = 3–4%). The authors higlighted th
this conclusion is in contraddiction with the convention
theory in which the effect of internal wall relative roughne
on laminar flow characteristics are ignored for relat
roughness lower than 5%.

In Table 1 are compared the experimental results
the friction factor for liquid laminar flow through silico
microchannels quoted in literature. It is interesting to n
that, if the experimental results are used in order to estab
the validity of the conventional theory for microchannels,
answer obtained is not univocal. In fact some authors fo
that the predictions of the conventional theory agree with
experimental results on the friction factor; on the other ha
for the same range of hydraulic diameter, someone fo
the opposite result. It is important to underline that, in so
cases, the authors compared their experimental Poise
numbers by using the conventional results for pipes(f Re=
16) even if the microchannel cross-section was rectang
or trapezoidal.

It is possible to sum up the main results quoted in
open literature on the friction factor in MFD highlightin
the peculiarities, proposed by different authors, with resp
to the conventional macrochannels:

• the friction factor for laminar fully developed flow i
found to be lower than the conventional value [19–
27–30,33,34,37,47,52,54,57]; this result has been
tained in particular for gas flow through microchanne

• the friction factor for laminar fully developed flow i
found to be higher than the conventional value [16,
23,26,31,32,36,44,45,48,51,55,58,62–64,72];

• the Poiseuille number for laminar fully developed flo
depends on the Reynolds number [19–21,31,32,51]

• the friction factor for gaseous laminar fully develop
flow decreases with the Knudsen number [27–30,34,

• the friction factor for gaseous laminar fully develop
flow with Mach numbers greater than 0.3 augments w
the Mach number [28,34,55] due to the effect of g
compressibility;

• the friction factor depends on the material of the m
crochannel walls (metals, semi-conductors and so
and/or on the test fluid (polar fluid or not), thus evide
ing the importance of electro-osmotic phenomena at
croscales [19–21,44,54,67];

• the friction factor depends on the relative roughnes
the walls of the microchannels also in laminar regi
[16,33,42,48,51,53,56,58,62,64,70,72].
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Table 1
Experimental results on the Poiseuille number for laminar flows in microchannel: Liquids

f Re Dh [µm] Cross-section Test fluids

Harley and Bau [18] ↑↑ 45–67 Rect.-Trap. Isopropanol
Pfalher et al. [19–21] ↓↓ 1.6–65 Rect.-Trap. Isopropanol, silicon oil
Urbanek et al. [23] ↑↑ 5–25 Trap. Isopropanol
Rahman and Gui [24,25] ≈ 79–325 Trap. Water
Gui and Scaringe [35]
Wilding et al. [26] ↑↑ 26–63 Trap. Biological fluids, water
Peng et al. [31,32] ↑↑ 133–367 Rect. Water
Yu et al. [33] ↓↓ 19–102 Circ. Water
Jiang et al. [36] ↑↑ 20–65 Rect.-Trap. Water
Jiang et al. [37] ↓↓ 35–120 Trap. Water
Richter et al. [38] ≈ 18–116 Trap. Water
Harms et al. [39,40] ≈ 404–1923 Rect. Water
Webb and Zhang [41] ≈ 960–2000 Rect. R134a
Pfund et al. [42] ≈ 200–900 Rect. Water
Flockhart and Dhariwal [43] ≈ 50–120 Trap. Water
Mala and Li [44] ↑↑ 50–254 Circ. Water
Papautsky et al. [45] ↑↑ 50–600 Rect. Water
Meinhart et al. [46] ≈ 54.5 Rect. Water
Xu et al. [47] ↓↓ 50–300 Rect. Water
Qu et al. [48] ↑↑ 51–169 Trap. Water
Sharp et al. [49] ≈ 75–242 Circ. Water
Xu et al. [50] ≈ 29.59–344.3 Rect. Water
Ding et al. [51] ↑↑ 400–600 Rect.-Tri. R134a
Celata et al. [53] ≈ 130 Circ. R114
Judy et al. [54] ↓↓ 20–150 Circ. Isopropanol, water, methanol
Li et al. [56] ≈ 79.9–205.3 Circ. Water
Yang et al. [57] ≈ 173–4010 Circ. Water, R134a
Pfund et al. [58] ↑↑ 128–521 Rect. Water
Debray et al. [59] ≈ 590–2218 Rect. Water
Jiang et al. [62] ↑↑ 300 Rect. Water
Ren et al. [63] ↑↑ 28.1–80.3 Rect. DIUF water, acqueous KCl solutio
Kandlikar et al. [64] ↑↑ 620–1067 Circ. Water
Gao et al. [65] ≈ 199.2–1923 Rect. Water
Warrier et al. [66] ≈ 750 Rect. FC-84
Judy et al. [67] ≈ 47–101 Rect. Isopropanol, water, methanol
Hegab et al. [68] ≈ 112–210 Rect. R134a
Qu and Mudawar [69] ≈ 349 Rect. Water
Bucci et al. [70] ≈ 290 Circ. Water
Wu and Cheng [71] ≈ 25.9–291 Trap. Water
Li et al. [72] ↑↑ 79.9–166.3 Circ. Water

↑↑—f Rehigher than the conventional theory.
↓↓—f Relower than the conventional theory.
≈—f Reagrees with the conventional theory.
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By observing the data quoted in Table 2, it is possi
to note that in general for gases the friction factor is fou
to be smaller than the value of the conventional theory
continuum flows; for liquids, the opposite result is found.

2.2. Laminar-to-turbulent transition

In the experimental work of Wu and Little [16] some si
con and glass microchannels were tested. The glass cha
had a rectangular cross-section with two rounded cor
and with a high value of relative roughness (ε/D = 0.2–0.3)
displaced non-uniformly along the wetted perimeter. The
icon microchannels were realized with a photolitographic
technique on a〈100〉 silicon wafer; in this case the channe
were trapezoidal and could be considered smooth. Com
ls

-

ing the results of Wu and Little [16] for glass and silic
channels, the role of the relative roughness on the trans
was evidenced. Wu and Little concluded that the transi
occurs at Reynolds numbers ranging from 1000 to 3000

Acosta et al. [17] presented an analysis of the friction f
tors for isothermal gas flows in rectangular microchann
the investigated rectangular channels have a very small v
of the aspect ratio(0.019< γ < 0.05). The microchan-
nels tested evidenced very similar trends with respect to
laminar-to-turbulent transition; the critical Reynolds num
is about 2770, as quoted by Obot [10].

The experimental data of Choi et al. [22] suggested
the critical Reynolds number decreases with the hydra
diameter; in particular, the transition occurred at Reyno
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Table 2
Experimental results on the Poiseuille number for laminar flows
microchannel: gases

f Re Dh [µm] Cross-section Test fluids

Wu and Little [16] ↑↑ 55.8–72.4 Trap. N2, H2, Ar
Acosta et al. [17] ≈ 368.9–990.4 Rect. He
Pfalher et al. [19–21] ↓↓ 1.6–65 Rect.-Trap. N2, He
Choi et al. [22] ↓↓ 3–81 Circ. N2
Arklic et al. [27] ↓↓ 2.6 Rect. He
Pong et al. [28] ↓↓ 1.94–2.33 Rect. N2, He
Liu et al. [29] ↓↓ 2.33 Rect. N2, He
Shih et al. [30] ↓↓ 2.33 Rect. N2, He
Yu et al. [33] ↓↓ 19–102 Circ. N2
Harley et al. [34] ↓↓ 1.01–35.91 Rect.-Trap. N2, He, Ar
Araki et al. [52] ↓↓ 3–10 Trap. N2, He
Li et al. [55] ↑↑ 128.8–179.8 Circ. N2
Yang et al. [57] ↓↓ 173–4010 Circ. Air
Lalonde et al. [60] ≈ 52.8 Circ. Air
Turner et al. [61] ≈ 4–100 Rect. Air, N2, He

↑↑—f Rehigher than the conventional theory.
↓↓—f Relower than the conventional theory.
≈—f Reagrees with the conventional theory.

equal to 2000 for a circular tube with a hydraulic diame
of 53 µm and at 500 for a hydraulic diameter of 9.7 µm.

Wang and Peng [73], analysed the single-phase fo
flow convection of water or methanol through rectangu
microchannels machined in parallel on a stainless steel p
In this experiment, the laminar-to-turbulent flow transition
a non-isothermal flow is studied in terms of critical Reyno
numbers. In this case, the variations in the liquid therm
physical properties due to the increase in the tempera
along the channels played an important role. The tra
tion region is deduced by observing the trend of the
erage Nusselt number. They found that the transition f
laminar to turbulent regime occurs for Reynolds numb
ranging between 300 and 800. It can be underlined tha
this work there is no information about the roughness
the walls of the tested microchannels. A further analy
was conducted by Peng and Peterson [74] using the s
test sections analysed in [73]. The effect of the varia
of the fluid properties with the temperature for forced c
vection of water and methanol through metallic rectan
lar microchannels was investigated. They observed the
inar region for Reynolds numbers lower than 400. Also
this case, the transition region was deduced by observin
trend of the average Nusselt number. The authors under
that the heat transfer behaviour in the laminar and trans
tion regions was quite unusual and complicated. The aut
evidenced that for a water flow the Reynolds number co
double over the length of the microchannels. They used
Reynolds number at the inlet for their considerations. No
formation on the relative roughness of the tested microch
nels is given.

Peng and Peterson [75] quoted the transition Reyn
numbers for different aspect ratios of rectangular microch
nels for water and methanol flows. The microchannels te
were metallic and they were obtained in a very similar w
.

to the microchannels tested by Jiang et al. [62]. Also in
case, the fluid was heated along the channel. With res
to the prediction of the conventional theory an early tran
tion was observed; it was found that the transition region
terms of Reynolds numbers, changed with the aspect
of the channel. The transition Reynolds number and tra
tion range diminished with reductions in the microchan
dimensions.

Yu et al. [33] found, for a circular tube, that the transitio
occurred for Reynolds numbers from 1700 to 6000, in l
with the conventional theory for continuum flows. Gui a
Scaringe [35], in their experience, found a good agreem
with the conventional theory for the friction factors of wa
through trapezoidal microchannels. The roughness of
channels was not measured but they suggested a val
ε/Dh equal to 0.015. The critical Reynolds number fou
experimentally was 1400 for the microchannels with
aspect ratio(γ ) equal to 0.079.

Nguyen et al. [76] investigated the flow friction an
the forced convection through trapezoidal microchann
made by using an anisotropic etching in silicon. The cro
section was 500 µm deep and 1707 µm wide. The ave
relative roughness of the cross-section was not meas
The experimental data revealed that the transition re
extended in the range of 1000–1500of the Reynolds num
but this result was obtained by heating the liquid flow, as
the work of Wang and Peng [73].

Pfund et al. [42] measured the pressure drop of
ter flowing along shallow rectangular microchannels 10
500 µm wide with an aspect ratio(γ ) of 0.05. The transition
to the turbulence was observed at a Reynolds number e
to 1450. The value of the relative roughness was not m
sured.

Harms et al. [40] investigated the developing convec
heat transfer in rectangular silicon microchannels. T
different channels with an aspect ratio equal to 0.04
0.244 were tested and the critical Reynolds number
experimentally determined for the non-isothermal flow.

Mala and Li [44] confirmed, for a water flow throug
a circular microtube of fused silica and stainless st
the existence of an early transition from laminar flow
turbulent flow. They explained this fact as the effect of
surface roughness of the microtubes.

Stanley et al. [77] carried out some experiments
liquid flow in rectangular microchannels having a hydrau
diameter from 56 to 260 µm. For water flow he stated
no transition of flow occurred at any size of channels at
Reynolds numbers from 2 to 10 000. The transition occu
for values of Reynolds number between 1500 and 2
when the hydraulic diameter was larger than 150 µm.
gas flow, the transition was almost completely suppres
below a hydraulic diameter of 80 µm. Varying degrees
suppression were evidenced for hydraulic diameters betw
80 and 150 µm.

The experimental analysis of Ding et al. [51] on the pr
sure drop for R134a and R12 through microchannels wi
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triangular and a rectangular cross-section was also dev
to the determination of the range of the critical Reyno
numbers linked to the laminar-to-turbulent transition. Th
gave a direct measurement of the relative roughness o
tested microchannels. An interesting characteristic of th
experimental results is that the role of the relative roughn
in anticipating thetransition, as underlined by Wu and Litt
[16], appears not to be confirmed.

Celata et al. [53] tested a capillary tube and fou
that the transition from laminar to turbulent regime was
accordance with the prediction of the conventional theor
for continuum flows; the authors evidenced the role that
high relative roughness could play on the transition.

Li et al. [55] deduced from their experimental results
the friction factors for circular microtubes that the transit
from laminar to turbulence in microtubes occurs at Reyno
number equal to 2300; this result is consistent with the w
known result of the conventional theory for continuum flow
In a further work [56] the same authors concluded that
transition from laminar to turbulent occurred at Reynold
numbers between 1700 and 2000.

Yang et al. [57] experienced that the transition occur
when the Reynolds numbers varied from 1200 to 3800
air, water and R134a through microtubes. The range
critical Reynolds numbers increases with the decreas
tube diameters. The tube size dependency is more sen
for water flow than for air flow. The authors conclud
that, for all the tested fluids, the conventional theory can
adequately used to estimate the pressure drops.

Pfund et al. [58] observed that the laminar to turbul
transition occurred at Reynolds numbers that were lo
than the critical Reynolds number for macroscopic du
(1700–2800); the critical Reynolds number decreased wi
decreasing channel depth. The flow regime was observe
means of a microscope, a pulsed laser and a CCD v
camera; fluorescent dye streams were analysed in o
to determine if the flow was laminar or turbulent. Th
observed that the transition in microchannels was sudde
not discontinuous.

Debray et al. [59] found that the transition from lamin
to turbulent regime can be predicted by using the conv
tional theory for continuum flow. The microchannels tes
were rectangular, with a very low aspect ratio. The ra
of Reynolds numbers in which the transition region dro
goes from 2000 to 3000 for an isothermal flow. For a n
isothermal flow the values of the critical Reynolds numb
increase (from 3000 to 16 000).

The tests of Jiang et al. [62] on a non-isothermal sing
phase flow of water through a copper micro-heat excha
revealed that the transition from laminar to turbulent fl
occurs much earlier (Re= 600) than the predictions of th
conventional theory. The fully developed turbulent regi
is present forRe> 2800. It is particularly important to
underline that, when a non-isothermal flow is conside
it is important to specify to which microchannel secti
Reynolds number considered refers. In fact, since the pro
e

r

t

-

ties vary along the channel (specially the fluid viscosity),
Reynolds number can be doubled over the heated leng
the microchannels. In addition, in order to partially expl
their results, the authors underlined the high relative rou
ness of the microchannels and the irregular cross-se
geometry due to the microfabrication technique used.

Gao et al. [65] measured the friction factor along rect
gular microchannels having a fixed width of 25 mm an
height variable between 1000 to 100 µm. The tested
crochannels had a low aspect ratio(0.008< γ < 0.04).
The critical Reynolds numbers observed ranged betw
2500 for γ equal to 0.04 and 4000 forγ equal to 0.012
The authors underlined that there is no evidence of a fa
transition to turbulence compared to conventional ch
nels.

Qu and Mudawar [69] did not experience early transitio
from laminar to turbulent regime for Reynolds numb
ranging between 139 and 1672: only the laminar regime
observed in this range. The same conclusion is valid if
analyses the experimental data of Judy et al. [67] for circ
and square microchannels for Reynolds numbers ran
between 0 and 2000.

Hegab et al. [68] found that the transition from lamin
to turbulent flow occurs for a Reynolds number betwe
2000 and 4000 in the case of rectangular microchan
with hydraulic diameters ranging from 112 to 210 µm. Th
evidenced that the aspect ratio of the channels and
relative roughness did not influence the transition region

Bucci et al. [70] compared the experimental critic
Reynold numbers obtained fora capillary pipe having a di
ameter of 290 µm with Preger–Samoilenko equations v
dated for commercial tubes. They found a poor predic
of these equations, which they explained by observing
the surface roughness of the tested pipe was at the lim
validity of the Preger–Samoilenko equations.

Li et al. [72] observed that for smooth microtubes w
a hydraulic diameter ranging between 79.9 and 166.3
the transition from laminar to turbulent regime occurs
Reynolds numbers equal to 2000–2300; this fact un
lined that the conventional theory for incompressible lami
flow still works for microtubes with diameters larger th
80 µm. They observed that for rough stainless steel mi
tubes (Dh = 136.5–179.8 µm) having a relative roughne
equal to 5% the flow transition occurred at lower Reyno
number (≈1700–1900). By using their experimental da
the authors underlined that the conclusion of early tra
tion for fluid flow in rough microtubes cannot be drawn co
cretely.

In Table 3 are quoted the main experimental res
reported in the open literature on the laminar-to-turbu
transition in microchannels.

It is possible to sum up the main results obtained on
value of the critical Reynolds number linked to the lamin
to-turbulent transition in MFD by highlighting the peculia
ities with respect to the conventional macrochannels:
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Table 3
The experimental data on the laminar-to-turbulent flowtransition in microchannels quoted in the open literature

Cross-section ε/Dh γ Critical Reynolds Notes
IF = isothermal flow
NF = nonisothermal flow

Wu and Little [16] Trap. Not meas. 0.445 1000–3000 Gas flow;IF

Acosta et al. [17] Rect. Not meas. 0.019 2770 Gas flow;IF

Not meas. 0.033 2770
Not meas. 0.05 2770

Choi et al. [22] Circ. Not meas. – 500–2000 Gas flow;IF

Wang and Peng [73] Rect. Not meas. 0.875 300–800 Liquid flow;NF

Not meas. 0.857 300–800
Not meas. 0.571 300–800
Not meas. 0.286 300–800

Yu et al. [33] Circ. Not meas. – 1700–6000 Liquid and gas flow;IF

Gui and Scaringe [35] Trap. 0.015 0.079 1400 Liquid flow;NF

Peng and Peterson [74] Rect. Not meas. 0.875 400–1000 Liquid flow;NF

Not meas. 0.857 400–1000
Not meas. 0.571 400–1000
Not meas. 0.286 400–1000

Nguyen et al. [76] Trap. Not meas. 0.292 1000–1500 Liquid flow;NF

Peng and Peterson [75] Rect. Not meas. 0.75 300–700 Liquid flow;NF

Not meas. 1 300–700
Not meas. 0.5 300–700
Not meas. 0.667 200–400
Not meas. 0.667 200–400
Not meas. 1 70–200
Not meas. 0.333 70–200
Not meas. 0.5 70–200

Stanley et al. [77] Rect. Not meas. – > 10000 Gas and liquid flow;IF

Pfund et al. [42] Rect. Not meas. 0.05 1450 Liquid flow;IF

Harms et al. [40] Rect. ≈ 0 0.04 1700 Liquid flow;NF

0.02 0.244 1510
Mala and Li [44] Circ. Not meas. – 300–1500 Liquid flow;IF

Ding et al. [51] Rect. 0.0075 1 1500–1800 Liquid flow;IF

0.005 1 1400–1500
Celata et al. [53] Circ. 0.0265 – 1881–2479 Liquid flow;IF

Li et al. [55] Circ. Not meas. – 2300 Gas flow;IF

Li et al. [56] Circ. 0.04 – 1700–2000 Gas flow;IF

Yang et al. [57] Circ. Not meas. – 1200–3800 Gas and liquid flow;IF

Pfund et al. [58] Rect. 0.037 0.026 1700 Liquid flow;IF

Debray et al. [59] Rect. 0.0001 0.019 2000–3000 Liquid flow;IF

0.0002 0.009 2000–3000
0.0004 0.005 2000–3000

Jiang et al. [62] Rect. 0.1 0.333 600–2800 Liquid flow;NF

Gao et al. [65] Rect. 0.000052 0.04 2500 Liquid flow;IF

0.000073 0.028 2500
0.000102 0.02 3200
0.000127 0.016 3800
0.000169 0.012 4000
0.000252 0.008 3300

Hegab et al. [68] Rect. 0.0074 0.99 2000–4000 Liquid flow;IF

0.0023 0.905 2000–4000
0.0089 0.646 2000–4000
0.0016 0.99 2000–4000

Bucci et al. [70] Circ. 0.0075 – 2800–3200 Liquid flow;IF

Li et al. [72] Circ. 0.05 – 2000 Liquid flow;IF
ect
een

lds
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ge-

mi-
• an earlier laminar-to-turbulent transition with resp
to the predictions of the conventional theory has b
observed [16,35,44,51,62,73–75];

• the transition is characterized by critical Reyno
numbers larger than the conventional value [77];
• the critical Reynolds numbers depend on the w
roughness in a different way with respect of the lar
size channels [16,35,44,53,62,70];

• the critical Reynolds numbers decrease with the
crochannel hydraulic diameter [22,57].
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2.3. Nusselt number

In Table 4 the experimental results on the Nusselt num
in silicon microchannels are summarized and compared

Wu and Little [78] tested the heat transfer characteris
of nitrogen gas flowing through micro-heat exchang
The microchannels tested were the same used in [16].
tests involved both laminar and turbulent flow regim
The authors found average Nusselt numbers higher
those predicted by the conventional correlations for fu
developed laminar flows and for fully developed turbul
flows. They proposed a new correlation in order to pre
the average Nusselt numbers in the turbulent regime. In
laminar regime the Nusselt numbers depend on the Reyn
number. The authors evidenced that the very large rela
roughness of the microchannels could improve heat tran
coefficients.

By using the electrochemical technique to obtain mas
transfer coefficients for rectangular microchannels Aco
et al. [17] concluded that the smooth channel correlat
for large-sized channels hold for smooth microchannel
laminar and turbulent regime.
Choi et al. [22] presented experimental data on
Nusselt numbers for Reynolds numbers ranging betwee
and 20 000. Both laminar and turbulent regimes are stud
the Nusselt number depends on the Reynolds number an
the Prandlt number in the laminar regime. They found tha
the turbulent regime the Colburn analogy was not valid. T
Nusselt number was larger than the prediction of the Colb
analogy. The authors proposed two new correlations for
average Nusselt number in laminar and turbulent regi
The correlations proposed by Choi et al. [22] for microtu
are not in agreement with the correlation proposed by
and Little [78].

Rahman and Gui [24] tested the laminar forced conv
tion of water in etched silicon microchannels; they fou
that the Nusselt numbers were higher than those pred
by analytical solutions for developing laminar flows throu
rectangular channels.

Yu et al. [33] investigated particularly the heat transfer in
microtubes in the turbulent regime(6000< Re< 20 000);
they proposed a correlation for the average Nusselt num
Also in this case, the Nusselt numbers in turbulent reg
are larger than those predicted by means of the convent
theory. Peng and Wang [79] investigated the forced con
l

Table 4
Experimental results on the Nusselt number for single-phase internal flows through microchannels

Nu Dh [µm] Cross-section Test fluids

Wu and Little [78] ↑↑ 55.8–72.4 Trap. N2
Choi et al. [22] ↑↑ 3–81 Circ. N2
Yu et al. [33] ↑↑ 19–102 Circ. Water, N2
Rahman and Gui [24] ↑↑ 176–325 Trap. Water
Peng and Wang [79] ↓↓ 646 Rect. Water
Wang and Peng [73] ↓↓ 311–747 Rect. Water Methano
Peng et al. [80] ↓↓ 311–646 Rect. Methanol
Peng et al. [31] ↓↓ 133–367 Rect. Water
Peng and Peterson [74] ↓↓ 311–747 Rect. Water

Methanol
Peng and Peterson [32] ↓↓ 133–367 Rect. Water
Acosta et al. [17] ≈ 369–990 Rect. He
Harms et al. [40] ≈ 404 Rect. Water
Cuta et al. [81] ↑↑ 425 Rect. R124
Ravigururajan et al. [82] ↑↑ 425 Rect. R124
Nguyen et al. [76] ↑↑ 690 Trap. Water
Adams et al. [83] ↑↑ 102–1090 Circ. Water
Adams et al. [84] ≈ > 1200 quasiTri. Water
Tso and Mahulikar [85] ↓↓ 717–741 Circ. Water
Celata et al. [53] ↑↑ 130 Circ. R114
Qu et al. [86] ↓↓ 62–169 Trap. Water
Rahman [87] ↑↑ 299–491 Rect. Water
Debray et al. [59] ↓↓ 590–2218 Rect. Water
Jiang et al. [62] ↑↑ 300 Rect. Water
Kandlikar et al. [64] ↑↑ 620–1067 Circ. Water
Gao et al. [65] ↓↓ 199.2–1923 Rect. Water
Qu and Mudawar [69] ≈ 349 Rect. Water
Warrier et al. [66] ≈ 750 Rect. FC-84
Bucci et al. [70] ≈ 290 Circ. Water
Wu and Cheng [88] ≈ 69.2–160 Trap. Water

↑↑—Nu higher than the conventional theory.
↓↓—Nu lower than the conventional theory.
≈—Nu agrees with the conventional theory.
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tion of water in rectangular microchannels(600× 700 µm).
The average convective heat transfer coefficient was d
mined experimentally. The variation of the Nusselt num
with the Reynold number exhibited an unusual behavior:Nu
decreasing withincreasingRein laminar regime. They com
pared their experimental data with the Sieder–Tate co
lation and with the correlation for microchannels propo
by Wu and Little for laminar regime; it was found that t
experimental data for low values of the Reynolds num
disagree with the correlations used. In general, the exp
mental Nusselt numbers was lower than the prediction
the correlations used. Wang and Peng [73] conducted
periments on forced convection through stainless steel
tangular microchannels; they employed as test fluids w
and methanol. The Nusselt numbers in turbulent regime
be predicted by means of a simple correlation of Reyno
and Prandlt numbers. The correlation proposed is a m
fication of the Dittus–Boelter equation where the empiri
coefficient 0.023 is replaced with 0.00805; that means
in this case the experimental Nusselt numbers were lo
than the predictions of the conventional theory. Peng e
[31] analysed the role of the dimensions of the rectan
lar microchannels on the Nusselt numbers in laminar
turbulent regimes. They evidenced a strong dependen
the Nusselt number on the aspect ratio of the microcha
and proposed some correlations in which the empirical c
stants are functions of the microchannel dimensions. Th
data are inconclusive in order to comprehend the role of
microchannel aspect ratio on the Nusselt number. The N
selt numbers determined experimentally were lower than
conventional values in laminar and in turbulent regime.

Peng and Peterson [74] investigated the effect on the
transfer of the variation with the temperature of the fl
thermophysical properties. The experimental data sho
that the heat transferis influenced by the temperature of t
liquid, the velocity, Reynolds number and the microchan
aspect ratio. The data demonstrated the existence o
optimum channel size in terms of forced convective fl
heat transfer.

Peng et al. [80] conducted an experimental analysi
the influence of liquid velocity, property variations a
cross-section configuration on the convective heat transf
behavior. The author underlined that through microchan
there usually exists a sharp liquid temperature rise wh
causes significant liquid thermophysical property variati
with a correlated increase in the Reynolds number al
the channel. This fact affects the thermal performance
the microchannel. No comparison with the conventio
correlations was carried out.

Peng and Peterson [32] proposed two correlation
order to consider the effect of the aspect ratio of
microchannels (defined asγ = min[b, a]/max[b, a]); the
correlations are valid in laminar and in turbulent regim
In laminar and in turbulent regime, the Nusselt num
is found to depend on the Reynolds number, the Pra
number, the microchannel aspect ratio and the ratio betw
-

f
l

t

the hydraulic diameter and the microchannel width
The authors concluded that the geometric configuratio
the microchannel has a critical effect on the single ph
convective heat transfer.

This conclusion is remarked by the same authors
[74]; the geometric parameters, particularly the hydra
diameter and the aspect ratio(γ ) were found to have
significant effects on the heat transfer characteristics. It i
interesting to note that the post-processing of the same
of Peng et al. [31] effectuated by Obot [10] does not confi
the significant effects of the aspect ratio and of the hydra
diameter on the Nusselt number for laminar and turbu
flow. The lack of a strong effect of the aspect ratio and
the hydraulic diameter is consistent with the well-establis
behaviour for macrochannels.

Cuta et al. [81] measured the Nusselt number for
rectangular microchannels of a micro-heat exchanger.
microchannels had a hydraulic diameter of 425 µm and R
was used as test fluid. They found that Nusselt num
was larger than the expected values in laminar regime. A
in turbulent regime the Nusselt number increased with
Reynolds number in a different way with respect to
conventional results for large-sized channels (the Nusse
number seems directly proportional toRe0.6 instead of
Re0.8).

The same heat exchanger was tested by Raviguru
et al. [82]. They studied experimentally the convective h
transfer coefficient inside rectangular microchannels wi
height of 1 mm and a width of 270 µm. R124 was used
test fluid. During the single phase flow experiments the h
transfer coefficient was found 300 to 900% higher that
corresponding values predicted by the conventional theo

Nguyen et al. [76] proposed a correlation in order
predict the Nusselt number for water flow through tra
zoidal microchannels in laminar and in turbulent regime;
Nusselt number is correlated with the Reynolds numbe
means of an unusual expression. The experimental Nu
numbers are larger than the predictions of the Dittus–Boe
correlation in turbulent regime.

Adams et al. [83] tested Gnielinski’s correlation for t
prediction of the Nusselt number in turbulent regime
capillary tubes having a hydraulic diameter between 0
and 1.08 mm(3200< Re< 23 000) to complement the
data provided by Yu et al. [33]. Their experimental resu
have suggested a modification of Gnielinski’s correlation
fact, the experimental Nusselt numbers were usually hig
than those predicted by Gnielinski’s correlation. Gnielinsk
correlation has been modified by means of a factorF that
depends on the Reynolds number and on the hydra
diameter of the capillary tube.

Successively, Adams et al. [84] conducted further exp
imental tests on turbulent convective heat transfer thro
non-circular microchannels with a hydraulic diameter
1.13 mm. The shape of the cross-section was designe
simulate the interior subchannels of a triangularly arran
rod bundle with rod diameters of 3.2 mm and a pitch to



644 G.L. Morini / International Journal of Thermal Sciences 43 (2004) 631–651

ntal
re-
vi-
r of
con-

mal
ame
t the
The
nal
for

tal
the
an

inar
er.
all

of

fect
he
f a
ure;
by

hat
he
t

t of
the

mbe
d
xial
the
that
els
re
for

s
els
m.
rical
sfer
n of
ped
hat
icte
selt
s o

selt
ow

for
ata
olds

s for
han-
sselt
vec-
re-
sselt

con-
ues
the
dary

ec-
nel
wer
onal
ms
me,
ang
via-

ity

ial
mi-
tion
ter

the
the
eat

gh-
µm
gh-
f lo-
tical
mi-

cal
h a
m.
ight
mber
nar
m a
. On
ed
hat
ich

he
ugh
ameter ratio of 1.15. They observed that their experime
Nusselt numbers were well-predicted by Gnielinski’s cor
lation; bearing in mind the results obtained in their pre
ous work [83], they concluded that the hydraulic diamete
1.2 mm can be assumed as reasonable lower limit for
ventional correlations for the Nusselt number.

Harms et al. [40] measured experimentally the ther
resistance as a function of the aspect ratio for the s
pressure drop and pumping power. They evidenced tha
thermal resistance was smaller for deeper channels.
authors concluded that the predictions of the conventio
theory on the Nusselt number continue to be valid
microchannels.

Tso and Mahulikar [85] effectuated an experimen
analysis of circular microchannels taking into account
effect of the viscous dissipation by means of the Brinkm
number. They found that the experimental data for lam
flow can be correlated well by using the Brinkman numb
In their experimental analysis the authors found very sm
values of the Brinkman number (of the order of 10−8), too
low to affect directly the waterbulk temperature by means
the viscous dissipation (primary effect of Brinkman number).
The author underlined that, for the microchannels, the ef
of the Brinkman number is linked to the reduction of t
dynamic viscosity between the inlet and the outlet o
microchannel due to the increase in the bulk temperat
this fact can reduce the Brinkman number at the exit
about 50% of its inlet value. The authors concluded t
the axial variation of the Brinkman number affects t
convective heat transfer in microchannels (secondary effec
of Br).

The authors demonstrated that the secondary effec
the Brinkman number can be used in order to explain
decrease in the Nusselt number when the Reynolds nu
increases in the laminar regime, as experimentally evidence
by some authors [71,73,78]. In conclusion, since the a
variation of the Brinkman number induces a variation of
velocity and temperature profiles the authors concluded
there is never a fully developed regime in microchann
and that the flow friction models proposed in literatu
without considering heat transfer must be re-examined
their applicability with heat transfer.

Qu et al. [86] investigated the heat transfer characteristic
of water flowing through trapezoidal silicon microchann
with a hydraulic diameter ranging from 62 to 169 µ
The experimental results were compared with the nume
predictions by considering the conjugated heat tran
between the solid and the fluid region. The assumptio
constant thermophysical properties and of fully develo
flow were used in the numerical analysis. They found t
the measured Nusselt numbers were lower than the pred
numerical values. They concluded that the lower Nus
numbers can be due to the effect of surface roughnes
the microchannel walls also in the laminar regime.

Celata et al. [53] compared the experimental Nus
numbers with the correlation of Hausen for laminar fl
r

d

f

and of Dittus–Boelter, Gnielinski and Adams–Gnielinski
turbulent flow. The authors found that the experimental d
were underpredicted by the correlations tested for Reyn
numbers in the range of 100–7000.

Rahman [87] conducted experimental measurement
pressure drop and convective heat transfer in microc
nel heat sinks with water as coolant. The measured Nu
numbers are compared with the conventional forced con
tion correlations for laminar and turbulent regime. The
sults showed that the measured values of the average Nu
number were usually larger than those predicted by the
ventional correlations. In order to explain the larger val
of the Nusselt numbers the author highlighted the role of
surface roughness on the breakage of the velocity boun
layer.

Debray et al. [59] determined experimentally the conv
tive heat transfer coefficient in a rectangular microchan
for water. The smallest microchannel test evidenced lo
Nusselt numbers that those predicted by the conventi
Colburn correlation for turbulent flow. The difference see
to augment for higher Reynolds numbers. In laminar regi
the deviations confirmed the behaviour evidenced by W
and Peng [73]. The authors explained the observed de
tions by considering the lack of the wall heat flux uniform
at the walls of microchannel.

Jiang et al. [62] determined experimentally the ax
average Nusselt number distribution for rectangular
crochannels of two micro heat exchangers. A correla
for the developing Nusselt number was made for wa
flow as a function of the dimensionless axial length(X+ =
L/Re/Pr/Dh). The experimental values are higher than
values predicted by means of Petukhov’s correlation for
thermal entry region of circular tubes for the constant h
flux boundary condition.

Kandlikar et al. [64] experienced that the relative rou
ness affects the Nusselt number; in particular for a 620
tube, the heat transfer increased with higher relative rou
ness. For smooth microtubes their experimental values o
cal Nusselt number are in good agreement with theore
correlation in the thermal entry region of a hydrodyna
cally fully developed flow.

Gao et al. [65] measured the axial distribution of the lo
Nusselt number inside rectangular microchannels wit
fixed width of 25 mm and a height ranging from 1 to 0.1 m
It was observed that for microchannels having a he
larger than 0.4 mm the measured average Nusselt nu
agreed with the conventional correlations in the lami
regime. For microchannels of a height less than 0.4 m
significant decrease in the Nusselt number was observed
the contrary, the friction factor for any microchannel agre
with the conventional theory. The authors underlined t
this fact is in contradiction with the Reynolds analogy, wh
at least predicts variations ofthe friction factor and of the
Nusselt number in the same direction.

Warrier et al. [66] measured the axial distribution of t
local Nusselt number for single-phase convection thro
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rectangular microchannels as a function of the dimens
less axial distance. The experimental results were in g
agreement with the prediction of the conventional theory
the developing laminar flow in rectangular ducts.

Qu and Mudawar [69] investigated the heat transfer c
acteristics of a single-phase micro-heat sink experiment
The three-dimensional conjugate heat transfer problem
solved numerically. The assumptions of constant solid
fluid properties, excluding water viscosity, were conside
in the numerical model. The comparison between the ex
imental results and the numerical predictions was good.

Bucci et al. [70] found that in the laminar regime t
Nusselt number increases with the Reynolds number
an exponent larger than that used in the Hausen correla
In the turbulent regime, they found that the Gnielin
correlation holds up to a Reynolds number equal to 6000

Wu and Cheng [88] investigated experimentally 13 diff
ent trapezoidal silicon microchannels (25.9–291 µm). T
found that the laminar Nusselt number and apparent fric
constant increase with the increase of surface roughnes
surface hydrophilic property. The Nusselt number increa
almost linearly with the Reynolds number at low Reyno
numbers(Re< 100).

It is possible to sum up the main results obtained on
value of the Nusselt number for single-phase flow in M
focusing on the main features, compared to the conventi
macrochannels:

• in the laminar regime the Nusselt number increases
the Reynolds number with an exponent ranging from
to 1.96 [22,24,62,76,78,81,82,88];

• in the laminar regime the Nusselt number decrea
when the Reynolds number increases [31,32,59,65
79,86];

• in the turbulent regime, the Dittus–Boelter correlati
and the Gnielinski correlation have to be corrected
microchannel flows [32,33,73,76,79,82,83];

• the Reynolds analogy fails for microchannels [22,
31–33,53,59,65];

• the high relative roughness of the walls increases
convective heat transfer in microchannels [64,86–88

• the variation of viscosity with the temperature affe
the heat transfer [80,85].

3. Some remarks about the experimental results

From the experimental data quoted in the open litera
on the convective flow through microchannels it is evid
that, if the experimental results are used in order to estab
the validity of the conventional theory for microchanne
the answer obtained is not univocal. In fact, some auth
found that the predictions of the conventional theory ag
with the experimental results; on the other hand, for
same range of hydraulic diameter, some found the opp
result. Various reasons have been proposed to explain
.

d

l

,

e

deviations by invoking rarefaction, compressibility, visco
dissipation effects, surface conditions (roughness), prop
variation with temperature, electro-osmotic effects (Electric
Double Layer) and so on. Some authors proposed
correlations in order to predict the friction factors and
Nusselt numbers in microchannels. These correlations a
general based on few experimental points and no theore
analysis originated them. For these reasons, the reliabili
the correlations proposed for microchannels is questiona

Let us consider the following example; Peng and
terson [31,32] analysed the friction factor in rectangu
microchannels by using water as the working fluid. The
perimental friction factors were not in agreement with th
theoretical predictions in the laminar regime as in the tur
lent one. In particular, they found that in the laminar regi
the fully developed Poiseuille number(f Re) was a function
of the Reynolds number. Based on these data, Peng
[31] proposed the following correlation to predict the fr
tion factor in metallic rectangular microchannels in lamin
regime:

f Re= Cf,l

Re0.98
(1)

where Cf,l is an empirical coefficient; this coefficien
depends upon the microchannel geometrical configura
(aspect ratioγ = b/a).

On the contrary, the conventional theory based on
Navier–Stokes equation for laminar fully developed fl
through rectangular microchannels indicates that the fric
factor can be calculated as follows:

f Re= C(γ ) (2)

where constantC depends on the rectangular aspect ra
(γ ) only. The values ofC for the three cross-sections show
in Fig. 1 have been calculated by Morini [89].

In Table 6 the values ofC and Cf,l are quoted as
function of the aspect ratioγ of the microchannels.

The value assumed by the empirical coefficientCf,l are
given in [31] for 12 different rectangular microchanne
How Cf,l depends on the microchannel aspect ratioγ is
not clear. As it is possible to note in Table 6, forγ = 0.5
the authors found two different values ofCf,l (28 600 and
5200); the same occurs forγ = 1 (109 000 and 32 400
The authors concluded thatCf,l has to be considered as
function of other geometrical parameter; they propose
link Cf,l with the ratio between the hydraulic diameter
the channel and the center-to center distance between
adjacent microchannels. This conclusion is unexpecte
one considers that the friction factor for a channel can
depend on the near channels.

In Fig. 2 the experimental data of Peng and Peterson
(solid symbols) are quoted and compared with the pre
tions of Eq. (1) (dashed line). Obviously, the agreement
tween the experimental data of Peng and Peterson [32
the correlation of Peng et al. [31] is good; in this compari
two rectangular microchannels having a hydraulic diam
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Fig. 2. Comparison between the experimental results ofXu et al. [50] and the correlation of Peng et al. [31].
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of 133 and 200 µm are considered. The value of the
tion factor predicted by the conventional theory is quoted
Fig. 2 with a solid line. It is interesting to note that the fr
tion factor measured by Peng and Peterson is higher tha
expected value when the Reynolds number is low. In Fi
are quoted the experimental data on the friction factor
tained by Xu et al. [50] for silicon rectangular microchan
nels having a smaller hydraulic diameter than those use
Peng and Peterson [32]. For smaller microchannels, the
viation of the conventional theory should be greater. On
contrary, it is possible to note that the results of Xu et
[50] are in good agreement with the predictions of the c
sical theory and the correlation of Peng et al. does not h
for these data. In order to explain this different behaviou
is important to underline that the microchannels tested by
et al. were made in silicon wafers by means of a photolit
graphic technique and the microchannels tested by Peng
Peterson were made in a stainless steel plate by mea
micro-machining. For this reason the microchannels use
Peng and Peterson could have a higher wall relative ro
ness with respect to those of Xu et al. (the relative rou
ness of the microchannels tested by Peng and Peters
unknown). The relative roughness could be important a
in the laminar regime for microchannels because of the lar
surface-to-volume ratio typicalof these systems. This cou
be a “scaling effect” linked to the smaller dimensions of
microchannels.

Another possible explanation for this difference can
given by observing the uncertainty in measuring of
Poiseuille number(f Re). It can be demonstrated that th
diameter measurement is the most critical parameter to
overall f Re uncertainty measurement. The diameters
these small channels have to be characterized with SEM
the very best uncertainty for these instruments is about
More realistically, this uncertainty will be 2–3% contributin
alone to an 8–12% uncertainty inf Re [11]. If appropriate
-

d
f

s

calibration is not performed, this uncertainty can be m
greater and this fact can explain some anomalous deviat

In addition, in several experimental works, the incorr
evaluation of the manifolds pressure drop could be respo
ble of the deviation of the experimental friction factor fro
the classical value of laminar theory. All of the friction fa
tor measurements were conducted in a similar fashion.
microchannels are connected with two manifolds (inlet
outlet) and the measured pressure differential is the pote
between the two reservoirs. Minor losses due to the in
outlet and hydrodynamic development are considered
the measured total pressure drop.

The data of Harms et al. [40] can be used to test
influence of this point. The experimental data of Har
et al. on the total pressure drop (channel+ inlet and
outlet manifolds pressure drop) for laminar flow throu
rectangular microchannels as a function of the flow r
make it possible to observe that the agreement with
conventional theory is good for lower flow rates.

This fact underlines the role of the manifold pressure d
on the total pressure drop. The authors evidenced tha
low flow rates, the channel core dominates the flow frict
(�pch/�p ≈ 93%) and the experimental results follow th
laminar theory. At a high flow rate the manifold pressu
drop is significant and the deviation of the theoreti
prediction augments.

It is interesting to observe that in the experimental wo
where the inlet and outlet manifold pressure drops
considered, the conventional correlations are used in ord
calculate these minor losses. This fact underlines that m
authors used the “implicit hypothesis” that the minor losses
in microchannels have to be well predicted by means of
conventional theory!

In addition, in the paper of Harms et al. [40] the auth
correctly used the apparent Poiseuille number instea
the fully developed Poiseuille number by emphasizing
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Fig. 3. Comparison between the experimental correlations for the Nusselt number in microchannels: Gas flow.

Fig. 4. Comparison between the experimental correlationsfor the Nusselt number in microchannels: Liquid flow.
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important role of the developing flow in the entran
region of microchannels. These effects have been consid
negligible in many other works.

In Figs. 3 and 4 a comparison of the main correlati
proposed to calculate the Nusselt number for microchan
is shown for laminar and turbulent regime. For gas fl
(Pr = 0.7) the correlations proposed by Wu and Little [78],
Choi et al. [22] and Yu et al. [33] are considered in Fig. 3

These correlations are quoted in Table 5. In Fig. 3,
Hausen correlation [90] valid for a laminar flow through
d
isothermal tube, the Dittus–Boelter correlation [90] and
Gnielinski correlation [90] for turbulent flows are shown.

In the laminar regime, the correlation proposed by C
et al. [22] predicts a lower Nusselt number than the Hau
correlation. It has been evidenced by several authors tha
Nusselt number increases with the Reynolds number m
quickly than the prediction of the conventional theory in
laminar regime.

In the turbulent regime, the correlations of Wu and Lit
[78], Choi et al. [22] and Yu et al. [33] are not in agreem
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Table 5
Summary of correlations for laminar convective heat transfer inside microchannels

Cross-section Correlation

Wu and Little [78] Trap. Nu= 0.00222Pr0.4Re1.08

for Re> 3000
Choi et al. [22] Circ. Nu= 0.000972Re1.17Pr1/3

for Re< 2000
Nu= 3.82× 10−6Re1.96Pr1/3

for 2500< Re< 20000
Yu et al. [33] Circ. Nu= 0.007Re1.2Pr0.2

for 6000< Re< 20000
Wang and Peng [73] Rect. Nu= 0.00805Re0.8Pr1/3

for Re> 1500
Peng and Peterson [32] Rect.1 Nu= 0.1165(Dh/Wc)

0.81γ 0.79Re0.62Pr1/3

Laminar regime1

Nu= 0.072(Dh/Wc)
1.15(1− 2.421(γ − 0.5)2)Re0.8Pr1/3

Turbulent regime
Nguyen et al. [76] Trap. Nu= 8.39Re0.5 − 1.33Re2/3

Laminar regime
Nu= 4.73Re0.5 − 0.22Re2/3

Turbulent regime
Adams et al. [83] Circ.2,3,4 Nu= NuGn(1+ F)

Turbulent regime
Jiang et al. [62] Rect.5 Nu= 0.52(X+)−0.62

for X+ < 0.05
Nu= 2.02(X+)−0.31

for X+ > 0.05
Wu and Cheng [88] Trap.6 Nu= C1Re0.946Pr0.488(1− c/a)3.547(ε/Dh)0.041γ −3.577(Dh/L)1.369

for 10< Re< 100
Nu= C2Re0.148Pr0.163(1− c/a)0.908(ε/Dh)0.033γ −1.001(Dh/L)0.798

for 100< Re< 1500

1 Wc = center-to-center distance between two adjacent microchannels.
2 F = 7.610−5Re(1− (D/1.164)2)D in mm.
3 f = (1.82 logRe− 1.64)−2.
4 NuGn = (f/8)(Re−1000)Pr

1+12.7(f/8)0.5(Pr2/3−1)
.

5 X+ = RePrDh/L.
6 C1 = 6.7 for silicon surfacesC1 = 6.6 for thermal oxide surfaceC2 = 47.8 for silicon surfacesC2 = 54.4 for thermal oxide surface.

Table 6
Values ofC andCf,l defined in Eqs. (1), (2) as a function of the microchannel cross-section geometry

γ Microchannel cross-section

Rectangular Trapezoidal Double-trapezoidal

C [89] Cf,l [31] γ C [89] γ C [89]

0 24 – 0 24 0 24
0.01 23.677 – 0.01 23.597 0.1 21.5
0.05 22.477 – 0.047 22.174 0.2 19.5
0.1 21.169 – 0.088 20.737 0.4 16.7
0.2 19.071 – 0.156 18.650 0.5 15.9
0.3 17.512 – 0.211 17.244 0.6 15.4
0.333 24200
0.4 16.368 – 0.293 15.565 0.7 15.1
0.5 15.548 28600 0.352 14.690 0.8 15.0

5200
0.6 14.980 – 0.414 14.063 0.9 15.0
0.667 42600
0.7 14.605 – 0.522 13.654 1 15.11
0.75 44800
0.8 14.378 – 0.583 13.679 1.2 15.0
0.9 14.261 – 0.660 13.622 1.3 14.7
1 14.227 109000 0.707 13.308 1.414 14.0

32400
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with each other. In particular, it is well evident that in t
turbulent regime the correlations of Choi et al., Yu et
and Wu and Little predict higher Nusselt numbers that
Dittus–Boelter and the Gnielinski correlations.

In Fig. 4 the correlations of Nguyen et al. [76], Adams
al. [83], Wang and Peng [73] and Peng and Peterson [32
compared with the Hausen, Dittus–Boelter and Gnielin
correlations [90] for a liquid withPr = 3. In the laminar
regime the correlations proposed by Peng and Peterson
and Nguyen et al. [76] are in disagreement with each o
and with the Hausen correlation.

In the turbulent regime, the correlations of Wang a
Peng [73] and Peng and Peterson [32] give lower Nus
numbers than the Dittus–Boelter and the Gnielinski corr
tions. On the contrary, the opposite result is obtained if
correlations proposed by Nguyen et al. and Adams et al
used.

4. Conclusions

By comparing the available experimental data on sin
phase convective heat transfer through microchannels,
evident that further systematic studies are required to ge
ate a sufficient body of knowledge of the transport me
anism responsible for the variation of the flow struct
and heat transfer in microchannels. From an chronolog
analysis of the experimental results quoted in this pap
is possible to extrapolate how the deviations between
behaviour of fluids through microchannels with respec
the large-sized channels are decreasing. This fact can b
plained by taking into account the dramatic improvemen
the techniques of microfabrication with the consequent
duction of the issues of surface roughness of the microc
nels and a more appropriate control of the channel cr
sections; for this reason the results of the older studies
not provide useful comparisons. Another possible expla
tion of the decrease of the observed deviations is relate
the increase of the reliability/accuracy of the more rec
experimental data quoted in literature. Anyhow, the anal
conducted in this review confirmed that the understand
of the fluid flow and the heat transfer mechanisms in m
crochannels has to be considered, at the moment, a scie
open question.
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