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Abstract

A bibliographical review on the convective heat transfer through microchannels is presented. The available experimental works quoted in
the open literature are critically analysed in order to highlight the main results obtained on the friction factor, on the laminar-to-turbulent
transition and on the Nusselt number in channels having a hydraalineder less than 1 mm. A comparison of the experimental results
quoted in the open literature is made. In many cases the experimetaafdhe friction factor and of thBlusselt number in microchannels
disagree with the conventional theory but they also appear tacbasistent with one another. Various reasons have been proposed to account
for these differences. Rarefaction and compressibility effects, viscous dissipation effects, electro-osmotic effects (EDL), property variatio
effects, channel surface conditions (relative roughness) and experimental uncertainties have been invoked to explain the anomalous behaviot
of the transport mechanisms through microchannels. By comparing the available experimental data on single-phase convective heat transfe
through microchannels, it is evident that further systematic studies are required to generate a sufficient body of knowledge of the transport
mechanism responsible for the variation of the flow structure and heat transfer in microchannels.
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1. Introduction which intimately involve the dynamics of fluids, the single
. . . _ phase and two-phase forced convective heat transfer and new
Micron size mechanical devices are today encounteredtential applications are continuously being proposed.
both in commercial and in scientific applications. The de- = | js possible to assert that the manufacture of MFD, like
velopment of micro-fluidics concerned with micro-systems micro-pumps, micro-valves, mio-cold plates, micro-heat
has been particularly striking during the past 10 years. exchangers, and other micro-components and sensors used

~As arule of thumb all devices with characteristic dimen- i chemical analysis, in biomedical diagnostics or in flow
sions between 1 um and 1 mm are called m'Cro'deV'CeS-measurements, are today a consolidated reality.

Generally, the micro-systems can be subdivided into three

| Many technologies have been developed to realize minia-
categories:

turized components. An interesting overview of the minia-
turization technologies and their application to the energy
systems has been presented by Ameel et al. [1] and, more
recently, in [2]. A completereview of the research and
development of micro-machined flow sensors is due to
Nguyen [3]. The author underlines how, in the last years,
the requirement of micro-flow sensors able to measure very
small flow rates has increased. The results of this challenge
have produced a new class of micro-machined flow sensors
which have an integrated microchannel. Some interesting
reviews of the works addressed in this topic are appear-
ing in the open literature. Abramson and Tien [4] reviewed
E-mail addressgianluca.morini@mailrig.unibo.it (G.L. Morini). the recent progress in micro-scale engineering such as ther-

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

¢ MOEMS: Micro-Opto-Electremechanical Systems (for
instance, micro endoscope, etc.).

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

In this paper only MFD devices will be analysed. Today,
the research in this field is exploring different applications
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Nomenclature

a,c maximum and minimum channel width, Re Reynolds numbes WDy, /v

respectively ... m W, center-to-center distance between two adjacent
b channeldepth............... .. ... ... m microchannels........................... m
C coefficient defined in Eq. (2} f Re
Cyri coefficient defined in Eq. (1) Greek symbols
Dy, hydraulic diameter........................ m o thermal diffusivity . .................. fas 1
f Fanning friction factor e surface absolute roughness............... gm
L length of microchannel.................... m y channel aspect ratie;s b/a
Nu Nusselt numbee= 4 Dy, /2 A thermal conductivity ............ wh—1.K-1
Pr Prandtl number= v/« v kinetic VisCoSity .. ..........oeven... st

mal transport phenomena, experimental and computationalThe use of microchannels in high flux cooling application
techniques, thermal micro-dees and laser applications. is discussed with single-phase and two-phase flows. The
The authors underlined the more promising research linescurrent state of fabrication technology of microchannels is
in these areas. well reviewed.

It is evident that the understanding of the microscale = The geometry of MFD microchannels depends on the
transport phenomena is very important for the designer of technology used to build the MFD. As mentioned above,
MFD. For this reason, many studies have been conducted inthere are many techniques to realize miniaturized channels
order to analyse the behaviour of the convective flow through but four process technologies are imposing for system
microchannels. Reviews of these works have been presentedniniaturization:
by many authors. Duncan and Peterson [5] provided a wide
review of microscale convective, conduction and radiation e Micromechanical rachining (such as diamond machin-

heat transfer. Peng and Wang [6] gave a review of their ing, laser processes, focused ion beam, microdrilling);
own extensive research on the one-phase and two-phase mi- ¢ X-ray micromachining (such as LIGA Lltographie-
croscale convective heat transfer. Bailey et al. [7] concen- Galvanoformung-Abformung);

trated their attention on thergile phase forced convection e Photolithographic-based processes (such as Si chemical
through microchannels and concluded that the literature is etching);
inconclusive with respect to the effect of miniaturization on e Surface and surface-proximitpicromachiing (epimi-
heat transfer and pressure drop. In these review works itis ~ cromachining) processing techniques.
highlighted that, in many cases, the experimental results ob-
tained for laminar flow through microchannels presentasig- The photolithographic processeare particularly indi-
nificant deviation from the predictions of the conventional cated for silicon wafers; thitechnology, born in the elec-
theory. Recently, Palm [8], Sobhan and Garimella [9] and tronic field, is fairly mature. The cross-sectional shapes that
Obot [10] presented a critical review of the published re- can be obtained for microchannels realized with this tech-
sults on the friction factor and convective heat transfer in nique are limited. In fact, the microchannels produced by
microchannels. The work by Obot [10] is particularly inter- chemical etching directly on the silicon wafers have a cross-
esting because it represents a first attempt to compare criti-sectional shape that depends on a variety of factors such
cally, also from a quantitative point of view, the experimen- as the crystallographic nature of the silicon used. When a
tal results obtained for microchannels with the conventional photo-lithographic based process is employed, one can ob-
theory validated for large sized channels. Obot demonstratedtain microchannels having a cross-section fixed by the ori-
that the deviations from the conventional theory of the pres- entation of the silicon crystal planes; for example, the mi-
sure drop and the convective heat transfer data are, in somerochannels etched ifl00 or in (110 silicon by using
cases, fictitious. a KOH solution have a trapezoidal cross-section (with an
Also Bowman and Maynes [11] presented a complete apex angle of 54.74imposed by the crystallographic mor-
review of the literature in the area of micro-heat exchangers phology of the(100 silicon) or a rectangular cross-section,
focusing primarily on the works published between the early respectively. Since this technique is very diffuse, in litera-
1990s and 2001. ture there are many experimental results obtained for mi-
A more complete and recent analysis of the literature on crochannels having a trapezoidal, rectangular and double-
the behaviour of liquid flow [12] and gas flow [13] through trapezoidal (hexagonal) cross-section (see Fig. 1).
microchannels is due to Rostami et al. On the contrary, with the other techniques it is possible
Kandlikar and Grande [14] reviewed the advancement to realize miniaturized channels having, theoretically, any
in heat transfer technology from historical perspective. cross-section.
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Fig. 1. Rectangular, trapezoidal and doutstepezoidal KOH-etched microchannels.

The flow regime through a MFD depends strongly on the 2.1. Friction factor
method used in order to induce the motion of the fluid. The
fluid flow in @ MFD can be obtained in two different way: The first work in which the friction factor through silicon

microchannels was measured is due to Wu and Little [16].
e By applying an external pressure gradieptegsure-  1he microchannels tested were made in glass ard06)
driven motion. In this case a Poiseuille flow profile ~ Silicon substrate by using photo-litograhic technique
is generated along the channel. In fact, because the@"d Sealed with pyrex by using anodic bonding. Different
Reynolds number associated to the flow is in general mmr_ochannels were .tesfced,a\hng a trapezoidal cross-
small (due to the small hydraulic diameter of the ?gcggr:lmt%zggswsg Séaergigrt:gtuﬁllj;%5&813'5{35 and
chqnnel), the flow is u_sually Iammar_and the velocity measured values of the friction factor were larger (10—-30%)
varies across the entire cross-sectional area of they,,, those predicted by the conventional theory. The authors
channel. o o concluded that the deviations are due to the great relative
* By applying an extmal electric field ¢lectrokinetically-  r5yghness and to the asymmetric distribution of the surface
driven flow. In this case the fluid velocity only varies  roughness on the microchannel walls. Acosta et al. [17]
within the so-called Debye screening layer near the presented friction factors for rectangular microchannels with
channel walls. Whitesides and Stroock [15] showed the a hydraulic diameter ranging between 368.9 and 990.4 um.
velocity profile for an electrokinetically driven flow in  The rectangular channels investigated are characterised by a
a microtube by using a flow visualisation technique. very small value of the aspect rat{6.019< a/b < 0.05).
It is experimentally demonstrated that, in this case, The tested microchannels showed very similar values of the
the profile is practically uniform (slug flow) across the friction factor; this fact is consistent with the conventional
entire cross-section. asymptotic behaviour of the Poiseuille numlgiRe for
channels with small aspect ratios.

In this work the main experimental results on the con- ~ Harley and Bau [18] measured the friction factor for a
vective flow through microchannels will be analysed with trapezoidal silicon microcimeel with a hydraulic diameter
regard to the prediction of the friction factors, the laminar- ©f 45 Hm and for a rectangular microchannel having a
to-turbulent transition and the Nusselt numbers. The exper—]t;y%ral:]“c (:lamgtehr of f?7 Hm. By usilng_lsoplrlopanolbas _test
imental results will be compared with the prediction of the IalLJrIge’rttﬁ;ln ?;2 e;p;:i ti;;%ﬂ%??alsglseu' € numberis
conventional theory for continuum flows in order to under- )

line the di ‘o5 bet the th dth : An opposite trend is found in the succeeding works by
Ine the discrepancies between the theory and the eXpenmenpe, oy et g, [19-21]; they tested rectangular microchannels

tal results for microchannels. having a very small hydraulic diameter (1.6 and 3.4 pm) and
trapezoidal microchannels, nominally 100 pm wide and 0.5—
50 um deep, for Reynolds numbers from 50 to 300. The flu-
) ) ids used in the test were liquids (isopropanol, silicon oil)
2. Convectiveflow through microchannels: and gases (helium and nitrage The measured friction fac-
State-of-the-art tor was consistently lower than the theoretical predictions.
The Poiseuille number decreased with the Reynolds num-
ber in the smallest channel studied. They also showed that
In this section the main experimental results on the the viscosity becomes size-dependent at micro-scales, as the
laminar flows through microchannels which have appearedthermal conductivity does in a very thin solid layer. They
in the open literature in the last decade are quoted andfound that the polar nature of the fluid affects the friction
commented. factor.
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Choi et al. [22] measured the friction factor for a Peng et al. [31,32] considered a water flow through
fully developed laminar flow of nitrogen gas through silica rectangular machined steel grooves. The hydraulic diameters
micropipes having a diameter of 3, 7, 10, 53, 81 pm with investigated ranged between 133 and 367 um. For Reynolds
Reynolds numbers ranging between 30 and 20000. Theynumbers ranging between 8 and 800, they evidenced higher
found that the Poiseuille numbéfRe in laminar regimeis  friction factors with respect to the macroscale predictions;
lower than the conventional valy¢ Re= 16). No variations the main result obtained in these works is that the friction
of the friction factor with the wall roughness is evidenced. factor and the Reynolds number do not seem to be inversely

The effect of the temperature variation on the Poiseuille proportional, as indicated by the conventional theory for
number was studied by Urbanek et al. [23]. In this experi- laminar flow. The authors proposed empirical correlations
ment, three isomers of alcohol (isopropanol) were tested inin order to calculate the friction factor in laminar and in
triangular and trapezoidal microchannels etched on a siliconturbulent regime.

(100) substrate, having a hydraulic diameter between 5 and  Yu et al. [33] analysed experimentally a nitrogen and
25 um. The friction factors showed higher values with re- water flow through microtubes in silica having a diameter of
spect to the predictions of the conventional theory. 19, 52 and 102 um for Reynolds numbers ranging between

Rahman and Gui [24,25] measured experimentally the 250 and 20 000. They observed friction factors lower than
friction factors for water through trapezoidal microchannels theoretical macroscale predictions. They analysed the role
having a width of 1. mm and with channel depths ranging be- of the relative roughness of the tube.
tween 79 and 325 um. They presented experimental values An experimental study of gas flow (nitrogen, helium and
of the friction factor and the Nusselt number. Their experi- argon) in silicon(100 microchannels having a trapezoidal
mental friction factors agreed with the conventional theory. and rectangular cross-section was conducted by Harley
Wilding et al. [26] analyse@ laminar flow of water and of et al. [34]. The hydraulic diameter of the microchannels
various biological fluids in glass-capped silicon microchan- tested ranged between 1.01 and 35.91 um and the aspect
nels having a trapezoidal cross-section. The channels testedatio varied between 0.0053 and 0.161 (for the trapezoidal
had dimensions ranging between 40 and 150 um in width geometry the aspect ratio heigth/width is based on the
and between 20 and 40 um ieight. The data indicated an maximum width). In this work, the compressibility effects
increase of the friction factor with respect to the theoretical and the rarefaction effects on the Poiseuille number were
value. investigated. They observed smaller friction factor with

Arklic et al. [27] studied the flow of helium through a respectto the predictions of the conventional theory and they
deep rectangular silicon microchannél,(= 2.6 um). The explained this trend by using an isothermal “locally fully
authors revealed lower friction factors compared with the developed” first-order slip-flow model.
conventional results for large channels; they demonstrated A further analysis of the experimental data of Rahman
that the mass flow rate through the microchannel can beand Gui[24] was conducted by Gui and Scaringe [35]; they
accurately predicted by usj a slip flow boundary condition  proved that the friction factors agree well with theoretical
at the walls. solution in the laminar regime.

Pong et al. [28] studied experimentally a flow of nitrogen Jiang et al. [36] studied the behaviour of a water flow
and helium in rectangular microchannels with a depth of through rectangular and trapezoidal cross-section channels.
1.2 ym and a width of 5-40 um. They measured the axial The microchannels used in this study were etched in a
pressure distribution in the channel long 4500 pum; the silicon substrate and capped with a glass wafer. The channel
pressure distribution along the microchannel was found dimensions ranged from 35 to 110 pm in width and from
not linear. They observed that this fact can be due to the 13.4 to 46 um in height. The experimental data revealed that
rarefaction and the compressibility effects. the friction factor is greatethan the expected theoretical

Liu et al. [29] analysed the pressure drop through rectan- value. It is interesting to note that in a later work Jiang et al.
gular microchannels by using helium as testing fluid. They [37] studied a water flow through trapezoidal microchannels
used the same test rig described by Pong et al. [28]. Theywith a hydraulic diameter ranging from 35 to 120 um and
found that the pressure drop was smaller than that expectedReynolds numbers from 1 to 30 and their measurements
The flow rate was very accurately predicted by means of a revealed friction factors lower than the conventional theory.
slip boundary condition with an accommodation factor equal  Richter et al. [38] performed flow rate measurements
to 1. for water through microchannels with various geometries

Shih et al. [30] completed the measurements of Liu et al. for liquid dosing applications (flow rates between 0.01 and
[29] by using nitrogen and helium as working fluids. The slip 1000 pimin~!). The channels were micromachined and
flow model predicted correctly the pressure drop for an inlet anisotropically etched in &.00 silicon wafer. The cross-
pressure lower than 0.25 MPa with different accommodation section was trapezoidal dnthe maximum width of the
factors for helium and nitrogen; on the contrary, for an channels ranged between 28 and 182 um. A linear relation
inlet pressure greater than 0.25 MPa the slip flow model between the flow rate and the pressure drop was noticed. The
underpredicted the experimental data. authors observed that the conventional theory can predict the
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experimental results very accurately taking into account the They observed that the flow characteristics deviated from
variation of the fluid viscosity with temperature. conventional theory for channel dimensions below 100 pm.
Experimental investigations on the Poiseuille number for The friction factor was smaller than that predicted by the
deionized water through deep rectangular microchannelsHagen—Poiseuille law.
(D = 404 um) made in 110 silicon substrate were Qu et al. [48] conducted an experimental investigation on
conducted by Harms et al. [39,40]. The friction factor for the flow characteristics of wat through trapezoidal silicon
a microchannel having a hydraulic diameter of 404 um [40] microchannels with a hydraulic diameter ranging between
was reasonably well predicted by the conventional theory in 51 and 169 um. The flow rate and the pressure drop across
the laminar regime. the microchannels were measured and the fully developed
Webb and Zhang [41] studied channels of rectangular friction factors were calculate The calculated friction fac-
shape with hydraulic diameters from 960 um to 2.13 mm). tors are higher than the expected values obtained using the
They observed that the classical correlations were ableconventional theory for laminar flow. The authors proposed a
to predict the single-phase heat transfer coefficient androughness-viscosity model to explain the experimental data.
the friction factor for multiport rectangular-cross-section Sharp et al. [49] observed a good agreement between
channels for the hydraulic diameters investigated. the measured friction factors in circular microtubes and the
Pfund et al. [42] measured the pressure drop of water conventional theory. They considered water flow through
flowing along rectangular microchannels having a hydraulic micropipes having a hydraulic diameter ranging between 75
diameter ranging from 200 to 900 um and Reynolds numbersand 242 um for Reynolds numbers in the range 50—2500.
between 40 and 4000. In the laminar regime their data  Very interesting experimental work was conducted by Xu
showed a good agreement with the conventional theory. et al. [50]. They compared the experimental data obtained
They observed that in the laminar regime the friction factor with rectangular microchannels machined in an aluminium
increases with the surface roughness of the walls. plate and bonded with a plexiglass plate with the data
An experimental and numerical work due to Flockhart obtained by using microchannels etched on a silicon wafer
and Dhariwal [43] deals with the flow characteristics in and bonded with a pyrex cover. The hydraulic diameters
trapezoidal chanels etched ifi100) silicon with a hydraulic investigated ranged from 46.8 to 344.3 um for aluminium
diameter ranging from 50 to 120 pm. Distilled water was microchannels and from 29.59 to 79.08 pum for silicon
used in the investigation; the flow regime was laminar. microchannels. They concluded that for liquid flow through
A good agreement with the theoretical predictions on the microchannels with a hydraulic diameter greater than 30 um
friction factor in large channels was found. the conventional results obtained by using the Navier—Stokes
Mala and Li [44] studied experimentally a flow of water equation for an incompressible, Newtonian fluid in the
through circular microtubesfdused silica and stainless laminar regime agree very well with the experimental data.
steel with a hydraulic diameter ranging between 50 um  Ding et al. [51] performed experimental work to inves-
and 254 um. For a smaller diameter, they observed atigate the pressure drop for R134a and R12 through stain-
nonlinear trend between pressure drop and flow rate forless steel microchannels with a triangular and a rectangular
low Reynolds numbers, and that the friction factors were cross-section having a hydraulic diameter of 400 and 600
consistently higher with respect to the conventional values. um. The friction factor was higher than the conventional
In addition, their experimental results indicated material macroscale prediction. Ttreéxperimental results showed
dependence of the flow behaviour; for the same flow rate that the influence of the wall roughness on the friction factor
and diameter, a higher pressure gradient is required in awas strong. In particular, they found that the Poiseuille num-
fused silica microtube than in a stainless steel microtube. ber in the laminar regime is not constant for a fixed geom-
Experimental data on the pressure drop of water in the etry of the microchannel cross-section but depends on the
laminar regime through rectangular microchannels were Reynolds number. They proposed a very similar correlation
obtained by Papautsky et al. [45]. The tested microchannelsfor the friction factor in the laminar regime to the correlation
were rectangular with a width ranging between 50 and 600 proposed by Peng et al. [31,32].
pm and a height between 20 and 30 um. Their experimental  Araki et al. [52] investigated frictional characteristics of
friction factors were higher than the conventional ones. nitrogen and helium flows through three different trapezoidal
Using PIV measurements Meinhart et al. [46] analysed the microchannels having a hydraulic diameter ranging from 3
laminar flow through a glass rectangular microchannel with to 10 um. The measured friction factor was smaller than that
a height of 30 um and a width of 300 um. The experimental predicted by the conventional theory. They explained this
results agreed well with the analytical velocity profile for deviation by observing that the rarefaction effects could be
Newtonian flow in rectangular channels. To the best of significant.
author’s knowledge, this work is the only experimental work Celata et al. [53] performed an experimental analysis of
in which measurements of the local velocity distribution the friction factor in a capillary tube having a diameter of
across test sections are made. Xu et al. [47] performed130 um by using R114 as test fluid. They observed the be-
experimental investigations on water flow in microchannels havior of the laminar-to-toulent transition for Reynolds
with hydraulic diameters ranging from 50 to 300 pm. numbers ranging between 100 and 8000. Experiments indi-
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cate that in the laminar flow regime the friction factor is in microchannels with hydraulic diameters from 4 to 100 pm.
good agreement with the conventional theory. Nitrogen, helium and air were used as test fluids. All

Judy et al. [54] measured the friction losses of water, the measurements were made in the laminar regime with
hexane and isopropanol flowing in fused silica capillaries Reynolds numbers ranging from 0.02 to 1000. The investi-
in order to study the effect of the fluid polarity. The gation showed that the friction factor for both smooth and
capillary diameters ranged from 20 to 150 um. For diameters rough microchannels was in agreement with the conven-
lower than 100 pum the friction factor deviated from the tional theory.
conventional theory. The friction factor was lower than Jiang et al. [62] tested a micro-heat exchanger with mi-
expected and the deviations were higher for decreasingcrochannels made from 0.7 mm thick pure copper plates on
diameters. a wire cutting machine. The chaels were rectangular and

Li et al. [55] investigated the friction factor of a nitrogen  had a hydraulic diameter of 300 um. Measurements with an
flow through five microtubes with diameters ranging from electron microscope showed that the surface roughness of
80 to 166.6 um. They found that the pressure drop along thethe microchannels was between 5.8 and 36.3 pm; this means
tube became nonlinear at Mach numbers higher than 0.3. Ingp, gyerage relative roughness of the microchannels of 0.1.
this case, the friction factor is higher that the prediction of | addition, due to the microfabrication technique used, the
the conventional theory. _ ~ cross-section of the microchannels is not perfectly rectangu-

Lietal. [56] used glass, silicon and stainless steel micro- |5 The measured friction factors was larger than the values
tubes with diameters ranging from 79.9 to 166.3 pm, from e icied by the conventional theory. They explained this
100.25 to 205.3 pm, from 128.76 to 179.8 pm, respectively, ¢, by observing that the effect of the hydrodynamic en-

in order to measure the friction factors for deionized water. yance region was not negligible for the short microchannels
They observed that the glass and the silicon microtubes can,qa

be considered smooth; on the contrary, the stainless steel mi-
crotubes exhibited a relative roughness of 3—-4%. They con-
cluded that for glass and silicon microtubes the conventional
theory in the laminar regime hdd. For stainless steel micro-

tubes the friction factors were higher than the prediction of silicon rectangular microchaels having a hydraulic diam-

the classical theory. They concluded that the relative rough- eter of 28.1, 56.1 and 80.3 um. De-ionized ultra-filtered

p:;fnzannot be neglected for microtubes also in the Iammar(DIUF) water and acqueous KCI solutions of two different

; 2 .m-3 ;
Yang et al. [57] provided a test of the friction character- _concentratlons (10* and 10°# kmol-m™%) are used as work

istic of air, water and liquid refrigerant R134a through ten ing fluids. The measurgd pressure drops for the pure wg?er
tubes with a diameter from 173 to 4010 um. The test results and the .lOW concentration solution were foun_d t9 be. S|gp|f|-
evidenced that the friction faot for water and refrigerant cantly h|gh_erthan the pressure drop for the liquid with h|gh
R134a agree very well with the conventional theory in the concentration of KClI, at the same Reynolds number. The dif-

laminar and in the turbulent regime. On the contrary, for air ferepc? tends tgﬁmcrease forr] small hydraulic diameters. In
flow in the turbulent regime the measure friction factors were Particular, any difference on the pressure drop was evidenced

significantly lower that those predicted by the conventional fOF the microchannel with a hydraulic diameter of 80.3 pm.
theory. On the contrary, the maximum difference was experienced

Pfund et al. [58] measured the friction factor for water for the smaller microchannel (20% higher flow resistance).
flowing in high aspect ratio smooth and rough rectangular F_orthis microchannel DIUF water evidenced higher row_re-
channels with depths ranging from 128 to 521 pm for Sistance. The authors concluded that these results confirmed
Reynolds numbers between 60 and 3450. They found thatthat the electrical-double layer effect plays an important role
the friction factor in laminar flow were significantly greater ©On the pressure drop through small microchannels.
than the classical value, in particular when the roughened ~Kandlikar et al. [64] investigated experimentally the
channel ¢/ D;, = 3%) was tested. role of the relative roughness on the pressure drop in two

Debray et al. [59] presented measurements of the friction microtubes with different diameters (1067 and 620 pm).
factor in a flat rectangular microchannel having a hydraulic They found that for the 1067 um diameter tube, the effects on
diameter of 590 um for Reynolds numbers ranging between pressure drop of the variation of the relative roughness from
70 and 6300. Their results confirmed the prediction of the ¢/D = 0.00178to 0.003 are insignificant and the tube can be
conventional theory. considered smooth. However, for the 620 um tube, the same

Lalonde et al. [60] presented experimental data on the relative roughness value increases the pressure drop; in other
friction factor for air flowing through a microtube with a  words, a 620 um tube with a relative roughngsd = 0.003
diameter of 52.8 um. The results indicated a good agree-cannot be considered as smooth. This fact suggests that
ment with the predictions of the conventional theory. Turner the relative roughness could play a more important role in
et al. [61] presented an experimental investigation on com- microchannels than in conventional sized channels (sizing
pressible gas flow through rough and smooth rectangulareffects).

Ren et al. [63] verified experimentally the role of the in-
terfacial electrokinetic effeston liquid flow in microchan-
nels. They measured the magnitude of the additional flow
resistance caused by the electrokinetic effect through three
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Gao et al. [65] presented an experimental investigation of  Li et al. [72] used glass, silicon and stainless steel
the frictional characteristics of demineralised water through microtubes with diameters of 79.9-166.3 um in order to
rectangular microchannels. The facility presented was de-test the laminar frictional resistance of a deionized water
signed to modify easily the channel height from 1000 to 100 flow. They concluded that the Poiseuille number remains
um. They found that the experimental Poiseuille number was approximately equal to 16 through smooth the glass and
in agreement with the predicticof the conventional theory  silicon microtubes. On the contrary, the Poiseuille number
for all the hydraulic diameters considered;( ranged be-  was found 15-37% higher than 16 in the rough stainless steel
tween 199.2 and 1923 pm). microtubes §/D;, = 3-4%). The authors higlighted that

Warrier et al. [66] presented experimental results on heatthis conclusion is in contraddiction with the conventional
transfer and pressure drop for an aluminium rectangular theory in which the effect of internal wall relative roughness
microchannel having a hydraulic diameter of 750 pm by on |aminar flow characteristics are ignored for relative
using FC-84 as test fluid. The experimental data relating roughness lower than 5%.
to the pressure drop for the laminar flow were in good | Table 1 are compared the experimental results on
agreement with the conventional predictions. Judy et al. ine friction factor for liquid laminar flow through silicon
[67] investigated a pressure driven flow through round and picrochannels quoted in literature. It is interesting to note
square microchannels in fused silica and stainless steel Withthat, if the experimental results are used in order to establish

diameters in the range of 47-101 um and for Reynolds e yajidity of the conventional theory for microchannels, the
numbers ranging between &d 2300. Distilled water,  5nqver obtained is not univocal. In fact some authors found
methanol and isopropanol were used in order to study they,,; the predictions of the conventional theory agree with the
effect of the polarity of the fluid on the fr|ct!or_1 fagtor. experimental results on the friction factor; on the other hand,
The_ df’ita on the pressure drop revealed no d'St'ngu'Shabl%r the same range of hydraulic diameter, someone found
deviation from the Stokes flow theory. the opposite result. It is important to underline that, in some

(Ij-itehgaﬁ Ett ?I' [6f8] stfuglleéjdfexpennj[entallly thg quu:]rowl cases, the authors compared their experimental Poiseuille
andthe heat franster o 3aa ih reclanguiar microchannels, e g by using the conventional results for pipgRe=
micromilled in aluminium withhydraulic diameters ranging

) 16) even if the microchannel cross-section was rectangular
from 112 to 210 um and for an aspect ratio from 1 to ) 9

0.667. The few data collected in the laminar regime were ortrgpe20|dgl. . .
o . . . It is possible to sum up the main results quoted in the
very close to the predictions using the classical laminar flow : S . S
. - o . open literature on the friction factor in MFD highlighting
theory. The experimental results in the transition region and th liariti d by diff t auth ith i
those obtained in the turbulent regime indicated that thet tihpecu arl '?.S’ p:opose hy ! (larfan authors, with respec
friction factor was lower than the values predicted by the 0 the conventional macrochannels.

conventional theory. The relative roughness ranged between - . .
0.0016 and 0.0089 o the friction factor for laminar fully developed flow is

found to be lower than the conventional value [19-22,

u and Mudawar [69] measured the pressure drop of wa-
Q [69] P P 27-30,33,34,37,47,52,54,57]; this result has been ob-

ter flowing in a single-phase microchannel heat sink. They i A i )
found that the pressure drop was in good agreement with the  t@ined in particular for gas flow through microchannels;
predicted values of the conventional theory for continuum ©® the friction factor for laminar fully developed flow is
flows. The change in the slope of the pressure drop with found to be higher than the conventional value [16,18,
Reynolds number was attributed to the temperature depen- 23,26,31,32,36,44,45,48,51,55,58,62-64,72];

dence of water viscosity. o the Poiseuille number for laminar fully developed flow
Bucci et al. [70] measured the friction factor for water depends on the Reynolds number [19-21,31,32,51];
flowing in a 290 pm pipe chacterized by a relative e the friction factor for gaseous laminar fully developed

roughness of 0.75%. They observed that the friction factor ~ flow decreases with the Knudsen number [27-30,34,52];
follows the Hagen—Poiseuille law up to a Reynolds number ® the friction factor for gaseous laminar fully developed

equal to 1500. flow with Mach numbers greater than 0.3 augments with
Wu and Cheng [71] conducted an experimental analysis ~ the Mach number [28,34,55] due to the effect of gas
in order to quantify the friction factor of laminar flow compressibility;

of deionized water in smooth silicon microchannels of e the friction factor depends on the material of the mi-
trapezoidal cross-section with hydraulic diameters in the  crochannel walls (metals, semi-conductors and so on)
range of 25.9 and 291 um. Their experimental data are and/or on the test fluid (polar fluid or not), thus evidenc-

found to be in good agreement with the predictions of the ing the importance of electro-osmotic phenomena at mi-
conventional theory. The authors concluded that the Navier— croscales [19-21,44,54,67];

Stokes equations are still valid for the laminar flow of e the friction factor depends on the relative roughness of
deionized water in smooth silicon microchannels having the walls of the microchannels also in laminar regime

hydraulic diameters as small as 26 um. [16,33,42,48,51,53,56,58,62,64,70,72].
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Table 1
Experimental results on the Poiseuille numfze laminar flows in microchannel: Liquids
fRe Dy, [um] Cross-section Test fluids
Harley and Bau [18] M 45-67 Rect.-Trap. Isopropanol
Pfalher et al. [19-21] W 1.6-65 Rect.-Trap. Isopropanol, silicon oil
Urbanek et al. [23] M 5-25 Trap. Isopropanol
Rahman and Gui [24,25] ~ 79-325 Trap. Water
Gui and Scaringe [35]
Wilding et al. [26] M 26-63 Trap. Biological fluids, water
Peng et al. [31,32] M 133-367 Rect. Water
Yu et al. [33] W 19-102 Circ. Water
Jiang et al. [36] M 20-65 Rect.-Trap. Water
Jiang et al. [37] W 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] M 50-254 Circ. Water

Papautsky et al. [45] M 50-600 Rect. Water

Meinhart et al. [46] ~ 54.5 Rect. Water

Xu et al. [47] W 50-300 Rect. Water

Qu et al. [48] M 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] 1+ 400-600 Rect.-Tri. R134a

Celata et al. [53] ~ 130 Circ. R114

Judy et al. [54] W 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] M 128-521 Rect. Water

Debray et al. [59] A 590-2218 Rect. Water

Jiang et al. [62] M 300 Rect. Water

Ren et al. [63] M 28.1-80.3 Rect. DIUF water, acqueous KClI solutions
Kandlikar et al. [64] M 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] A 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

Lietal. [72] M 79.9-166.3 Circ. Water

+— fRehigher than the conventional theory.
J1—fRelower than the conventional theory.
~— fReagrees with the conventional theory.

By observing the data quoted in Table 2, it is possible ing the results of Wu and Little [16] for glass and silicon
to note that in general for gases the friction factor is found channels, the role of the relative roughness on the transition
to be smaller than the value of the conventional theory for was evidenced. Wu and Little concluded that the transition
continuum flows; for liquids, the opposite result is found. occurs at Reynolds numbers ranging from 1000 to 3000.

Acosta et al. [17] presented an analysis of the friction fac-
tors for isothermal gas flows in rectangular microchannels;

) _ . theinvestigated rectangular channels have a very small value
In the experimental work of Wu and Little [16] some sili- of the aspect rati0.019 < y < 0.05). The microchan-

con and glass microchannels were tested. The glass channels . L .
. . nels tested evidenced very similar trends with respect to the
had a rectangular cross-section with two rounded corners

and with a high value of relative roughnesg.d = 0.2-0.3) !aminar—to—turbulenttransition; the critical Reynolds number
displaced non-uniformly along the wetted perimeter. The sil- IS @bout 2770, as quoted by Obot [10].

icon microchannels were riized with a photolitographic The experimental data of Choi et al. [22] suggested that
technique on 4100 silicon wafer; in this case the channels the critical Reynolds number decreases with the hydraulic
were trapezoidal and could be considered smooth. Compar-diameter; in particular, the transition occurred at Reynolds

2.2. Laminar-to-turbulent transition
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Table 2 to the microchannels tested by Jiang et al. [62]. Also in this
Experimental results on the Poiseuille number for laminar flows in case, the fluid was heated along the channel. With respect
microchannel: gases to the prediction of the conventional theory an early transi-

fRe Dy [pm] Cross-section  Test fluids tion was observed; it was found that the transition region, in
Wu and Little [16] 11  55.8-72.4  Trap. B, Ho, Ar terms of Reynolds numbers, changed with the aspect ratio
Acostaetal. [17] ~ ~  368.9-990.4 Rect. He of the channel. The transition Reynolds number and transi-
Pralher etal. [19-21] ||~ 1.6-65 Rect-Trap.  NHe tion range diminished with reductions in the microchannel
Ch9| etal. [22] 1y 381 Circ. N dimensions
Arklic et al. [27] 1l 26 Rect. He : . .
Pong et al. [28] Iy 1.94-2.33 Rect. Bl He Yu et al. [33] found, for a circudr tube, that the transition
Liu et al. [29] Iy 233 Rect. N, He occurred for Reynolds numbers from 1700 to 6000, in line
Shih et al. [30] Wooo233 Rect. ¥, He with the conventional theory for continuum flows. Gui and
E‘;ﬁx'&['ﬁ] ] ii 190‘110325 o1 %'écc't Trap %\lHe A Scaringe [35], in their experience, found a good agreement
Araki et al. [52] Il 3410 Trap. N, He with the conventl_onal theory for the friction factors of water
Li etal. [55] £t 128.8-179.8 Circ. Bl through trapezoidal microchannels. The roughness of the
Yang et al. [57] VJ  173-4010 Circ. Air channels was not measured but they suggested a value of
Lalonde etal. [60] ~  52.8 Circ. Air ¢/Dy, equal to 0.015. The critical Reynolds number found
Tumeretal. [61]  ~  4-100 Rect. Alr, 1§, He experimentally was 1400 for the microchannels with the
11— fRehigher than the conventional theory. aspect ratiaqy) equal to 0.079.

J1—fRelower than the conventional theory.

i ) Nguyen et al. [76] investigated the flow friction and
~— fReagrees with the conventional theory.

the forced convection through trapezoidal microchannels
made by using an anisotropic etching in silicon. The cross-
equal to 2000 for a circular tube with a hydraulic diameter section was 500 um deep and 1707 um wide. The average
of 53 pm and at 500 for a hydraulic diameter of 9.7 um. relative roughness of the cross-section was not measured.
Wang and Peng [73], analysed the single-phase forcedThe experimental data revealed that the transition region
flow convection of water or methanol through rectangular extended in the range of 1000—-1500 of the Reynolds number,
microchannels machined in parallel on a stainless steel platebut this result was obtained by heating the liquid flow, as in
In this experiment, the laminar-to-turbulent flow transition of - the work of Wang and Peng [73].
anon-isothermal flow is studied in terms of critical Reynolds  Pfund et al. [42] measured the pressure drop of wa-
numbers. In this case, the variations in the liquid thermo- ter flowing along shallow rectangular microchannels 100—
physical properties due to the increase in the temperature500 um wide with an aspect ratig) of 0.05. The transition
along the channels played an important role. The transi- to the turbulence was observed at a Reynolds number equal
tion region is deduced by observing the trend of the av- to 1450. The value of the relative roughness was not mea-
erage Nusselt number. They found that the transition from sured.
laminar to turbulent regime occurs for Reynolds numbers  Harms et al. [40] investigated the developing convective
ranging between 300 and 800. It can be underlined that in heat transfer in rectangular silicon microchannels. Two
this work there is no information about the roughness of different channels with an aspect ratio equal to 0.04 and
the walls of the tested microchannels. A further analysis 0.244 were tested and the critical Reynolds number was
was conducted by Peng and Peterson [74] using the samexperimentally determined for the non-isothermal flow.
test sections analysed in [73]. The effect of the variation  Mala and Li [44] confirmed, for a water flow through
of the fluid properties with the temperature for forced con- a circular microtube of fused silica and stainless steel,
vection of water and methanol through metallic rectangu- the existence of an early transition from laminar flow to
lar microchannels was investigated. They observed the lam-turbulent flow. They explained this fact as the effect of the
inar region for Reynolds numbers lower than 400. Also in surface roughness of the microtubes.
this case, the transition region was deduced by observingthe Stanley et al. [77] carried out some experiments of
trend of the average Nusselt number. The authors underlinediquid flow in rectangular microchannels having a hydraulic
that the heat transfer behawuir in the laminar and transi-  diameter from 56 to 260 um. For water flow he stated that
tion regions was quite unusual and complicated. The authorsno transition of flow occurred at any size of channels at any
evidenced that for a water flow the Reynolds number could Reynolds numbers from 2 to 10 000. The transition occurred
double over the length of the microchannels. They used thefor values of Reynolds number between 1500 and 2000
Reynolds number at the inlet for their considerations. No in- when the hydraulic diameter was larger than 150 pum. For
formation on the relative roughness of the tested microchan-gas flow, the transition was almost completely suppressed
nels is given. below a hydraulic diameter of 80 um. Varying degrees of
Peng and Peterson [75] quoted the transition Reynoldssuppression were evidenced for hydraulic diameters between
numbers for different aspect ratios of rectangular microchan- 80 and 150 pm.
nels for water and methanol flows. The microchannelstested The experimental analysis of Ding et al. [51] on the pres-
were metallic and they were obtained in a very similar way sure drop for R134a and R12 through microchannels with a
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triangular and a rectangular cross-section was also devotedies vary along the channel (specially the fluid viscosity), the
to the determination of the range of the critical Reynolds Reynolds number can be doubled over the heated length of
numbers linked to the laminar-to-turbulent transition. They the microchannels. In addition, in order to partially explain
gave a direct measurement of the relative roughness of thetheir results, the authors underlined the high relative rough-
tested microchannels. An interesting characteristic of theseness of the microchannels and the irregular cross-section
experimental results is that the role of the relative roughnessgeometry due to the microfabrication technique used.
in anticipating theransition, as underlined by Wu and Little Gao et al. [65] measured the friction factor along rectan-
[16], appears not to be confirmed. gular microchannels having a fixed width of 25 mm and a
Celata et al. [53] tested a capillary tube and found height variable between 1000 to 100 um. The tested mi-
that the transition from laminar to turbulent regime was in ¢rochannels had a low aspect rai0.008 < y < 0.04).
accordance with the predicticof the conventional theory  The critical Reynolds numbers observed ranged between
for continuum flows; the authors evidenced the role that the 2500 fory equal to 0.04 and 4000 for equal to 0.012.
high relative roughness could play on the transition. The authors underlined that there is no evidence of a faster
Li et al. [55] deduced from their experimental results on transition to turbulence compared to conventional chan-
the friction factors for circular microtubes that the transition q|s.

from laminar to turbulence in microtubes occurs at Reynolds Qu and Mudawar [69] did not experience early transitions
number equal to 2300; this result is consistent with the well- f5m 1aminar to turbulent regime for Reynolds numbers

known result of the conventional theory for continuum flows. ranging between 139 and 1672: only the laminar regime was
In a further work [56] the same authors concluded that the ohseryed in this range. The same conclusion is valid if one
transition from lammar to turbulent occurred at Reynolds  on 51y ses the experimental data of Judy et al. [67] for circular

numbers between 1700 gnd 2000. . and square microchannels for Reynolds numbers ranging
Yang et al. [57] experienced that the transition occurred between 0 and 2000

when the Reynolds numbers varied from 1200 to 3800 for

: ‘ 4 R134a th h microtubes. Th ¢ Hegab et al. [68] found that the transition from laminar
a, water an a through microtubes. 1he 1ange ol . v,y 1ent flow occurs for a Reynolds number between

frglc?jl_ Reypoldsﬂr:urpti)ers_mc:jeasesdwnh t_he decrease_t_mzooo and 4000 in the case of rectangular microchannels
ube diameters. The tube size dependency IS more SensIivg, ., hydraulic diameters ranging from 112 to 210 um. They
for water flow than for air flow. The authors concluded

. . evidenced that the aspect ratio of the channels and the
that, for all the tested fluids, the conventional theory can be : : . - .
. relative roughness did not influence the transition region.
adequately used to estimate the pressure drops.

Pfund et al. [58] observed that the laminar to turbulent ReB;Igﬁjl nejmagégg{)é?;ggiﬁgaﬂ}ﬁarem?r;n:]ear\]/tiil (;'gi(fal
transition occurred at Reynolds numbers that were lower yt £ 290 ith P Sp %pE tg i
than the critical Reynolds number for macroscopic ducts ameter o Hm wi reger->amolienko equations vall-

(1700-2800); the critical Reynas number decreased with dated for commercial tubes. They found a poor prediction

decreasing channel depth. The flow regime was observed b)Pf these equations, which they explair_ned by observin_g t_hat
means of a microscope, a pulsed laser and a CCD videothe surface roughness of the tested pipe was at the limit of

camera; fluorescent dye streams were analysed in order2lidity of the Preger—Samoilenko equations. _
to determine if the flow was laminar or turbulent. They LI €t al- [72] observed that for smooth microtubes with

observed that the transition in microchannels was sudden bu Nydraulic diameter ranging between 79.9 and 166.3 pm
not discontinuous. the transition from laminar to turbulent regime occurs at

Debray et al. [59] found that the transition from laminar Reynolds numbers equal to 2000-2300; this fact under-
to turbulent regime can be predicted by using the conven- lined that the conventional theory for incompressible laminar
tional theory for continuum flow. The microchannels tested flow still works for microtubes with diameters larger than
were rectangular, with a very low aspect ratio. The range 80 um. They observed that for rough stainless steel micro-
of Reynolds numbers in which the transition region drops tubes 0, = 1365-1798 um) having a relative roughness
goes from 2000 to 3000 for an isothermal flow. For a non- equal to 5% the flow transition occurred at lower Reynolds

isothermal flow the values of the critical Reynolds numbers number ¢1700-1900). By using their experimental data,
increase (from 3000 to 16 000). the authors underlined that the conclusion of early transi-

The tests of Jiang et al. [62] on a non-isothermal single- tion for fluid flow in rough microtubes cannot be drawn con-
phase flow of water through a copper micro-heat exchangercretely.
revealed that the transition from laminar to turbulent flow  In Table 3 are quoted the main experimental results
occurs much earlielRe= 600) than the predictions of the reported in the open literature on the laminar-to-turbulent
conventional theory. The fully developed turbulent regime transition in microchannels.
is present forRe> 2800. It is particularly important to It is possible to sum up the main results obtained on the
underline that, when a non-isothermal flow is considered, value of the critical Reynolds number linked to the laminar-
it is important to specify to which microchannel section to-turbulent transition in MFD by highlighting the peculiar-
Reynolds number considered refers. In fact, since the proper-ities with respect to the conventional macrochannels:
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Table 3
The experimental data on the laminar-to-turbulent fteamsition in microchannels quoted in the open literature
Cross-section e/Dy y Critical Reynolds Notes
I F = isothermal flow
N F = nonisothermal flow
Wu and Little [16] Trap. Not meas. 0.445 1000-3000 Gas flbiv;
Acosta et al. [17] Rect. Not meas. 0.019 2770 Gas flbw;
Not meas. 0.033 2770
Not meas. 0.05 2770
Choi et al. [22] Circ. Not meas. - 500-2000 Gas flawr,
Wang and Peng [73] Rect. Not meas. 0.875 300-800 Liquid fiow;
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,
Gui and Scaringe [35] Trap. 0.015 0.079 1400 Liquid flowe
Peng and Peterson [74] Rect. Not meas. 0.875 400-1000 Liquid Midw;
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 flou,
Peng and Peterson [75] Rect. Not meas. 0.75 300-700 Liquid Naw;
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 F
Pfund et al. [42] Rect. Not meas. 0.05 1450 Liquid flaw,
Harms et al. [40] Rect. ~0 0.04 1700 Liquid flowN F
0.02 0.244 1510
Mala and Li [44] Circ. Not meas. - 300-1500 Liquid flow
Ding et al. [51] Rect. 0.0075 1 1500-1800 Liquid flong
0.005 1 1400-1500
Celata et al. [53] Circ. 0.0265 - 1881-2479 Liquid flafwF
Li et al. [55] Circ. Not meas. - 2300 Gas flowF
Li et al. [56] Circ. 0.04 - 1700-2000 Gas flowF
Yang et al. [57] Circ. Not meas. - 1200-3800 Gas and liquid flbiv;
Pfund et al. [58] Rect. 0.037 0.026 1700 Liquid flaig
Debray et al. [59] Rect. 0.0001 0.019 2000-3000 Liquid flow;
0.0002 0.009 2000-3000
0.0004 0.005 2000-3000
Jiang et al. [62] Rect. 0.1 0.333 600-2800 Liquid flowg
Gao et al. [65] Rect. 0.000052 0.04 2500 Liquid flaWw,
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;
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 flowr
Lietal. [72] Circ. 0.05 - 2000 Liquid flowi F

e an earlier laminar-to-turbulent transition with respect
to the predictions of the conventional theory has been
observed [16,35,44,51,62,73-75];

e the transition is characterized by critical Reynolds

numbers larger than the conventional value [77];

e the critical Reynolds numbers depend on the wall
roughness in a different way with respect of the large-
size channels [16,35,44,53,62,70];

e the critical Reynolds numbers decrease with the mi-
crochannel hydraulic diameter [22,57].
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2.3. Nusselt number Choi et al. [22] presented experimental data on the
Nusselt numbers for Reynolds numbers ranging between 50
and 20 000. Both laminar and turbulent regimes are studied,;

In Table 4 the experimental results on the Nusselt number the Nusselt number depends on the Reynolds number and on
in silicon microchannels are summarized and compared.  the Prandlt number in the laminar regime. They found that in

Wu and Little [78] tested the heat transfer characteristics the turbulent regime the Colburn analogy was not valid. The
of nitrogen gas flowing through micro-heat exchangers. Nusselt numberwas larger than the prediction of the Colburn

The microchannels tested were the same used in [16]. Theanalogy. The authors proposed two new correlations for the

tests involved both laminar and turbulent flow regimes. average Nusselt number in laminar and turbulent regime.

The authors found average Nusselt numbers higher thanThe correlations proposed by Choi et al. [22] for microtubes

those predicted by the conventional correlations for fully are not in agreement with the correlation proposed by Wu

developed laminar flows and for fully developed turbulent and Little [78].

flows. They proposed a new correlation in order to predict ~ Rahman and Gui [24] tested the laminar forced convec-

the average Nusselt numbers in the turbulent regime. In thetion of water in etched silicon microchannels; they found

laminar regime the Nusselt numbers depend on the Reynoldshat the Nusselt numbers were higher than those predicted
number. The authors evidenced that the very large relativeby analytical solutions for developing laminar flows through
roughness of the microchannels could improve heat transferrectangular channels.

coefficients. Yu et al. [33] investigated p#cularly the heat transfer in

By using the electrochemdl technique to obtain mass microtubes in the turbulent regim@®000< Re < 20000;
transfer coefficients for rectangular microchannels Acosta they proposed a correlation for the average Nusselt number.
et al. [17] concluded that the smooth channel correlations Also in this case, the Nusselt numbers in turbulent regime
for large-sized channels hold for smooth microchannels in are larger than those predicted by means of the conventional

laminar and turbulent regime. theory. Peng and Wang [79] investigated the forced convec-
Table 4
Experimental results on the Nusselt number fagig-phase internal flows through microchannels

Nu Dy, [um] Cross-section Test fluids
Wu and Little [78] M 55.8-72.4 Trap. M
Choi et al. [22] M 3-81 Circ. N
Yu et al. [33] M 19-102 Circ. Water, Bl
Rahman and Gui [24] M 176-325 Trap. Water
Peng and Wang [79] W 646 Rect. Water
Wang and Peng [73] W 311-747 Rect. Water Methanol
Peng et al. [80] W 311-646 Rect. Methanol
Peng et al. [31] W 133-367 Rect. Water
Peng and Peterson [74] W 311-747 Rect. Water

Methanol

Peng and Peterson [32] W 133-367 Rect. Water
Acosta et al. [17] ~ 369-990 Rect. He
Harms et al. [40] ~ 404 Rect. Water
Cuta et al. [81] M 425 Rect. R124
Ravigururajan et al. [82] M 425 Rect. R124
Nguyen et al. [76] M 690 Trap. Water
Adams et al. [83] M 102-1090 Circ. Water
Adams et al. [84] ~ > 1200 quasiTri. Water
Tso and Mahulikar [85] W 717-741 Circ. Water
Celata et al. [53] M 130 Circ. R114
Qu et al. [86] W 62-169 Trap. Water
Rahman [87] M 299-491 Rect. Water
Debray et al. [59] W 590-2218 Rect. Water
Jiang et al. [62] M 300 Rect. Water
Kandlikar et al. [64] M 620-1067 Circ. Water
Gao et al. [65] W 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

4+1+—Nu higher than the conventional theory.
1 {—Nulower than the conventional theory.
~—Nu agrees with the conventional theory.
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tion of water in rectangular microchannggd0x 700 um). the hydraulic diameter and the microchannel width (a).
The average convective heat transfer coefficient was deter-The authors concluded that the geometric configuration of
mined experimentally. The variation of the Nusselt number the microchannel has a critical effect on the single phase
with the Reynold number exhibited an unusual behawor: convective heat transfer.

decreasing witlincreasingRein laminar regime. They com- This conclusion is remarked by the same authors in
pared their experimental data with the Sieder-Tate corre-[74]; the geometric parameters, particularly the hydraulic
lation and with the correlation for microchannels proposed diameter and the aspect ratigy) were found to have
by Wu and Little for laminar regime; it was found that the significant effects on the heafatrsfer characteristics. It is
experimental data for low values of the Reynolds number interesting to note that the post-processing of the same data
disagree with the correlations used. In general, the experi-of Peng et al. [31] effectuated by Obot [10] does not confirm
mental Nusselt numbers was lower than the predictions of the significant effects of the aspect ratio and of the hydraulic
the correlations used. Wang and Peng [73] conducted ex-diameter on the Nusselt number for laminar and turbulent
periments on forced convection through stainless steel rec-flow. The lack of a strong effect of the aspect ratio and of
tangular microchannels; they employed as test fluids waterthe hydraulic diameter is consistent with the well-established
and methanol. The Nusselt numbers in turbulent regime canbehaviour for macrochannels.

be predicted by means of a simple correlation of Reynolds  Cuta et al. [81] measured the Nusselt number for the
and Prandlt numbers. The correlation proposed is a modi-rectangular microchannels of a micro-heat exchanger. The
fication of the Dittus—Boelter equation where the empirical microchannels had a hydraulic diameter of 425 um and R124
coefficient 0.023 is replaced with 0.00805; that means that was used as test fluid. They found that Nusselt humber
in this case the experimental Nusselt numbers were lowerwas larger than the expected values in laminar regime. Also
than the predictions of the conventional theory. Peng et al. in turbulent regime the Nusselt number increased with the
[31] analysed the role of the dimensions of the rectangu- Reynolds number in a different way with respect to the
lar microchannels on the Nusselt numbers in laminar and conventional results for larggized channels (the Nusselt
turbulent regimes. They evidenced a strong dependence ohumber seems directly proportional R€® instead of

the Nusselt number on the aspect ratio of the microchannelR&8).

and proposed some correlations in which the empirical con- The same heat exchanger was tested by Ravigururajan
stants are functions of the microchannel dimensions. Theseet al. [82]. They studied experimentally the convective heat
data are inconclusive in order to comprehend the role of the transfer coefficient inside rectangular microchannels with a
microchannel aspect ratio on the Nusselt number. The Nus-height of 1 mm and a width of 270 um. R124 was used as
selt numbers determined experimentally were lower than thetest fluid. During the single phase flow experiments the heat
conventional values in laminar and in turbulent regime. transfer coefficient was found 300 to 900% higher that the

Peng and Peterson [74] investigated the effect on the heatcorresponding values predicted by the conventional theory.
transfer of the variation with the temperature of the fluid Nguyen et al. [76] proposed a correlation in order to
thermophysical properties. The experimental data showedpredict the Nusselt number for water flow through trape-
that the heat transfés influenced by the temperature of the zoidal microchannels in laminar and in turbulent regime; the
liquid, the velocity, Reynolds number and the microchannel Nusselt number is correlated with the Reynolds number by
aspect ratio. The data demonstrated the existence of armeans of an unusual expression. The experimental Nusselt
optimum channel size in terms of forced convective flow numbers are larger than the predictions of the Dittus—Boelter
heat transfer. correlation in turbulent regime.

Peng et al. [80] conducted an experimental analysis of Adams et al. [83] tested Gnielinski’s correlation for the
the influence of liquid velocity, property variations and prediction of the Nusselt number in turbulent regime for
cross-section configuratiomahe convective heat transfer capillary tubes having a hydraulic diameter between 0.76
behavior. The author underlined that through microchannelsand 1.08 mm(3200< Re < 23000 to complement the
there usually exists a sharp liquid temperature rise which data provided by Yu et al. [33]. Their experimental results
causes significant liquid thermophysical property variations have suggested a modification of Gnielinski’s correlation; in
with a correlated increase in the Reynolds number along fact, the experimental Nusselt numbers were usually higher
the channel. This fact affects the thermal performance of than those predicted by Gnielinski’s correlation. Gnielinski’s
the microchannel. No comparison with the conventional correlation has been modified by means of a fagtathat
correlations was carried out. depends on the Reynolds number and on the hydraulic

Peng and Peterson [32] proposed two correlations in diameter of the capillary tube.
order to consider the effect of the aspect ratio of the  Successively, Adams et al. [84] conducted further exper-
microchannels (defined as = min[b, a]/ maxb, a]); the imental tests on turbulent convective heat transfer through
correlations are valid in laminar and in turbulent regime. non-circular microchannels with a hydraulic diameter of
In laminar and in turbulent regime, the Nusselt number 1.13 mm. The shape of the cross-section was designed to
is found to depend on the Reynolds number, the Prandltsimulate the interior subchannels of a triangularly arranged
number, the microchannel aspect ratio and the ratio betweerrod bundle with rod diameters of 3.2 mm and a pitch to di-
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ameter ratio of 1.15. They observed that their experimental and of Dittus—Boelter, Gnielinski and Adams—Gnielinski for
Nusselt numbers were well-predicted by Gnielinski’s corre- turbulent flow. The authors found that the experimental data
lation; bearing in mind the results obtained in their previ- were underpredicted by the correlations tested for Reynolds
ous work [83], they concluded that the hydraulic diameter of numbers in the range of 100—7000.
1.2 mm can be assumed as reasonable lower limit for con- Rahman [87] conducted experimental measurements for
ventional correlations for the Nusselt number. pressure drop and convective heat transfer in microchan-
Harms et al. [40] measured experimentally the thermal nel heat sinks with water as coolant. The measured Nusselt
resistance as a function of the aspect ratio for the samenumbers are compared with the conventional forced convec-
pressure drop and pumping power. They evidenced that thetion correlations for laminar and turbulent regime. The re-
thermal resistance was smaller for deeper channels. Thesults showed that the measured values of the average Nusselt
authors concluded that the predictions of the conventional number were usually larger than those predicted by the con-
theory on the Nusselt humber continue to be valid for ventional correlations. In order to explain the larger values
microchannels. of the Nusselt numbers the author highlighted the role of the
Tso and Mahulikar [85] effectuated an experimental surface roughness on the breakage of the velocity boundary
analysis of circular microchannels taking into account the layer.
effect of the viscous dissipation by means of the Brinkman  Debray et al. [59] determined experimentally the convec-
number. They found that the experimental data for laminar tive heat transfer coefficient in a rectangular microchannel
flow can be correlated well by using the Brinkman number. for water. The smallest microchannel test evidenced lower
In their experimental analysis the authors found very small Nusselt numbers that those predicted by the conventional
values of the Brinkman number (of the order of £, too Colburn correlation for turbulent flow. The difference seems
low to affect directly the watdbulk temperature by means of  to augment for higher Reynolds numbers. In laminar regime,
the viscous dissipatiomp(imary effect of Brinkman number the deviations confirmed the behaviour evidenced by Wang
The author underlined that, for the microchannels, the effectand Peng [73]. The authors explained the observed devia-
of the Brinkman number is linked to the reduction of the tions by considering the lack of the wall heat flux uniformity
dynamic viscosity between the inlet and the outlet of a atthe walls of microchannel.
microchannel due to the increase in the bulk temperature; Jiang et al. [62] determined experimentally the axial
this fact can reduce the Brinkman number at the exit by average Nusselt number distribution for rectangular mi-
about 50% of its inlet value. The authors concluded that crochannels of two micro heat exchangers. A correlation
the axial variation of the Brinkman number affects the for the developing Nusselt number was made for water
convective heat transfer in microchannededondary effect  flow as a function of the dimensionless axial lengi™ =
of Br). L/Re/Pr/Dyp). The experimental values are higher than the
The authors demonstrated that the secondary effect ofvalues predicted by means of Petukhov’s correlation for the
the Brinkman number can be used in order to explain the thermal entry region of circular tubes for the constant heat
decrease in the Nusselt number when the Reynolds numbeflux boundary condition.
increases in the laminar regirraes experimentally evidenced Kandlikar et al. [64] experienced that the relative rough-
by some authors [71,73,78]. In conclusion, since the axial ness affects the Nusselt number; in particular for a 620 pm
variation of the Brinkman number induces a variation of the tube, the heat transfer increased with higher relative rough-
velocity and temperature profiles the authors concluded thatness. For smooth microtubes their experimental values of lo-
there is never a fully developed regime in microchannels cal Nusselt number are in good agreement with theoretical
and that the flow friction models proposed in literature correlation in the thermal entry region of a hydrodynami-
without considering heat transfer must be re-examined for cally fully developed flow.
their applicability with heat transfer. Gao et al. [65] measured the axial distribution of the local
Qu et al. [86] investigated thesht transfer characteristics  Nusselt number inside rectangular microchannels with a
of water flowing through trapezoidal silicon microchannels fixed width of 25 mm and a height ranging from 1 to 0.1 mm.
with a hydraulic diameter ranging from 62 to 169 um. It was observed that for microchannels having a height
The experimental results were compared with the numerical larger than 0.4 mm the measured average Nusselt number
predictions by considering the conjugated heat transferagreed with the conventional correlations in the laminar
between the solid and the fluid region. The assumption of regime. For microchannels of a height less than 0.4 mm a
constant thermophysical properties and of fully developed significant decrease in the Nusselt number was observed. On
flow were used in the numerical analysis. They found that the contrary, the friction factor for any microchannel agreed
the measured Nusselt numbers were lower than the predictedvith the conventional theory. The authors underlined that
numerical values. They concluded that the lower Nusselt this factis in contradiction with the Reynolds analogy, which
numbers can be due to the effect of surface roughness ofat least predicts variations difie friction factor and of the
the microchannel walls also in the laminar regime. Nusselt number in the same direction.
Celata et al. [53] compared the experimental Nusselt  Warrier et al. [66] measured the axial distribution of the
numbers with the correlation of Hausen for laminar flow local Nusselt number for single-phase convection through
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rectangular microchannels as a function of the dimension- deviations by invoking rarefaction, compressibility, viscous
less axial distance. The experimental results were in gooddissipation effects, surface conditions (roughness), property
agreement with the prediction of the conventional theory for variation with temperature, electosmotic effects (Electric
the developing laminar flow in rectangular ducts. Double Layer) and so on. Some authors proposed new

Qu and Mudawar [69] investigated the heat transfer char- correlations in order to predict the friction factors and the
acteristics of a single-phase micro-heat sink experimentally. Nusselt numbers in microchannels. These correlations are in
The three-dimensional conjugate heat transfer problem wasgeneral based on few experimental points and no theoretical
solved numerically. The assumptions of constant solid and analysis originated them. For these reasons, the reliability of
fluid properties, excluding water viscosity, were considered the correlations proposed for microchannels is questionable.
in the numerical model. The comparison between the exper- Let us consider the following example; Peng and Pe-
imental results and the numerical predictions was good. terson [31,32] analysed the friction factor in rectangular

Bucci et al. [70] found that in the laminar regime the microchannels by using water as the working fluid. The ex-
Nusselt number increases with the Reynolds number with perimental friction factors ere not in agreement with the
an exponent larger than that used in the Hausen correlationtheoretical predictions in the laminar regime as in the turbu-
In the turbulent regime, they found that the Gnielinski lent one. In particular, they found that in the laminar regime
correlation holds up to a Reynolds number equal to 6000. the fully developed Poiseuille numbefRe was a function

Wu and Cheng [88] investigated experimentally 13 differ- of the Reynolds number. Based on these data, Peng et al.
ent trapezoidal silicon microchannels (25.9-291 um). They [31] proposed the following correlation to predict the fric-
found that the laminar Nusselt number and apparent friction tion factor in metallic rectangular microchannels in laminar
constant increase with the increase of surface roughness andegime:
surface hydrophilic property. The Nusselt number increases C
almost linearly with the Reynolds number at low Reynolds fRe= f’és Q)
numbergRe< 100). R

It is possible to sum up the main results obtained on the Where Cy; is an empirical coefficient; this coefficient
value of the Nusselt number for single-phase flow in MFD depends upon the microchannel geometrical configuration

focusing on the main features, compared to the conventional(aspect ratioy = b/a).
macrochannels: On the contrary, the conventional theory based on the

Navier-Stokes equation for laminar fully developed flow

e in the laminar regime the Nusselt number increases with through rectangular microchannels indicates that the friction
the Reynolds number with an exponent ranging from 0.3 factor can be calculated as follows:
to 1.96 [22,24,62,76,78,81,82,88]; _

e in the laminar regime the Nusselt number decreasesze_ ) )
when the Reynolds number increases [31,32,59,65,73,where constanC depends on the rectangular aspect ratio
79,86]; (y) only. The values o€ for the three cross-sections shown

¢ in the turbulent regime, the Dittus—Boelter correlation in Fig. 1 have been calculated by Morini [89].
and the Gnielinski correlation have to be corrected for  In Table 6 the values o€ and Cy; are quoted as a

microchannel flows [32,33,73,76,79,82,83]; function of the aspect ratip of the microchannels.
e the Reynolds analogy fails for microchannels [22,24, The value assumed by the empirical coeffici€ny are
31-33,53,59,65]; given in [31] for 12 different rectangular microchannels.

¢ the high relative roughness of the walls increases the How Cy; depends on the microchannel aspect ratis
convective heat transfer in microchannels [64,86—88]; not clear. As it is possible to note in Table 6, fpr= 0.5
e the variation of viscosity with the temperature affects the authors found two different values 6f;; (28 600 and
the heat transfer [80,85]. 5200); the same occurs for = 1 (109000 and 32 400).
The authors concluded théts; has to be considered as a
function of other geometrical parameter; they proposed to
3. Someremarksabout the experimental results link C, with the ratio between the hydraulic diameter of
the channel and the center-to center distance between two
From the experimental data quoted in the open literature adjacent microchannels. This conclusion is unexpected if
on the convective flow through microchannels it is evident one considers that the friction factor for a channel cannot
that, if the experimental results are used in order to establishdepend on the near channels.
the validity of the conventional theory for microchannels, In Fig. 2 the experimental data of Peng and Peterson [32]
the answer obtained is not univocal. In fact, some authors (solid symbols) are quoted and compared with the predic-
found that the predictions of the conventional theory agree tions of Eq. (1) (dashed line). Obviously, the agreement be-
with the experimental results; on the other hand, for the tween the experimental data of Peng and Peterson [32] and
same range of hydraulic diameter, some found the oppositethe correlation of Peng et al. [31] is good; in this comparison
result. Various reasons have been proposed to explain theséwo rectangular microchannels having a hydraulic diameter
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10 — D v=0.347 D;=63.09 pm (Xu et al. [50])
- - © y=0.106 D;=79.08 pum (Xu et al. [50])
£ m y=1 Dy=200 um (Peng et al. [32])
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Fig. 2. Comparison between the experimental resulbéuoét al. [50] and the correlation of Peng et al. [31].

of 133 and 200 pum are considered. The value of the fric- calibration is not performed, this uncertainty can be much
tion factor predicted by the conventional theory is quoted in greater and this fact can explain some anomalous deviations.
Fig. 2 with a solid line. It is interesting to note that the fric- In addition, in several experimental works, the incorrect
tion factor measured by Peng and Peterson is higher than theevaluation of the manifolds pressure drop could be responsi-
expected value when the Reynolds number is low. In Fig. 2 ble of the deviation of the experimental friction factor from
are quoted the experimental data on the friction factor ob- the classical value of laminar theory. All of the friction fac-
tained by Xu et al. [50] for silion rectangular microchan- tor measurements were conducted in a similar fashion. The
nels having a smaller hydraulic diameter than those used bymicrochannels are connected with two manifolds (inlet and
Peng and Peterson [32]. For smaller microchannels, the de-outlet) and the measured pressure differential is the potential
viation of the conventional theory should be greater. On the between the two reservoirs. Minor losses due to the inlet,
contrary, it is possible to note that the results of Xu et al. outlet and hydrodynamic development are considered into
[50] are in good agreement with the predictions of the clas- the measured total pressure drop.
sical theory and the correlation of Peng et al. does not hold The data of Harms et al. [40] can be used to test the
for these data. In order to explain this different behaviour it influence of this point. The experimental data of Harms
is important to underline that the microchannelstested by Xu et al. on the total pressure drop (channrelinlet and
et al. were made in silicon wafers by means of a photolitho- outlet manifolds pressure drop) for laminar flow through
graphic technique and the microchannels tested by Peng andectangular microchannels as a function of the flow rate
Peterson were made in a stainless steel plate by means ofmake it possible to observe that the agreement with the
micro-machining. For this reason the microchannels used byconventional theory is good for lower flow rates.
Peng and Peterson could have a higher wall relative rough-  This fact underlines the role of the manifold pressure drop
ness with respect to those of Xu et al. (the relative rough- on the total pressure drop. The authors evidenced that, at
ness of the microchannels tested by Peng and Peterson isow flow rates, the channel core dominates the flow friction
unknown). The relative roughness could be important also (Apch/Ap ~ 93%) and the experimental results follow the
in the laminar regime for michannels because of the large laminar theory. At a high flow rate the manifold pressure
surface-to-volume ratio typicalf these systems. This could drop is significant and the deviation of the theoretical
be a “scaling effect” linked to the smaller dimensions of the prediction augments.
microchannels. Itis interesting to observe that in the experimental works
Another possible explanation for this difference can be where the inlet and outlet manifold pressure drops are
given by observing the uncertainty in measuring of the considered, the conventional correlations are used in order to
Poiseuille numbeK fRe. It can be demonstrated that the calculate these minor losses. This fact underlines that many
diameter measurement is the most critical parameter to theauthors used therhplicit hypothesisthat the minor losses
overall fRe uncertainty measurement. The diameters of in microchannels have to be well predicted by means of the
these small channels have to be characterized with SEM andconventional theory!
the very best uncertainty for these instruments is about 1%. In addition, in the paper of Harms et al. [40] the authors
More realistically, this uncertainty will be 2—3% contributing correctly used the apparent Poiseuille number instead of
alone to an 8-12% uncertainty ifiRe[11]. If appropriate the fully developed Poiseuille number by emphasizing the
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important role of the developing flow in the entrance isothermal tube, the Dittus—Boelter correlation [90] and the
region of microchannels. These effects have been considerednielinski correlation [90] for turbulent flows are shown.
negligible in many other works. In the laminar regime, the correlation proposed by Choi

In Figs. 3 and 4 a comparison of the main correlations et al. [22] predicts a lower Nusselt number than the Hausen
proposed to calculate the Nusselt number for microchannelscorrelation. It has been evidenced by several authors that the
is shown for laminar and turbulent regime. For gas flow Nusselt number increases with the Reynolds number more
(Pr=10.7) the correlations propesl by Wu and Little [78], quickly than the prediction of the conventional theory in the
Choi et al. [22] and Yu et al. [33] are considered in Fig. 3.  laminar regime.

These correlations are quoted in Table 5. In Fig. 3, the  In the turbulent regime, the correlations of Wu and Little
Hausen correlation [90] valid for a laminar flow through a [78], Choi et al. [22] and Yu et al. [33] are not in agreement
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Table 5
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Summary of correlations for laminar convective heat transfer inside microchannels

Cross-section

Correlation

Wu and Little [78]

Choi et al. [22]

Yu et al. [33]

Wang and Peng [73]

Peng and Peterson [32]

Nguyen et al. [76]

Adams et al. [83]

Jiang et al. [62]

Wu and Cheng [88]

Trap.

Circ.

Circ.

Rect.

Réct.

Trap.

Cirg:34

Red.

TraP.

Nu= 0.0022Pr0-4R¢l-08

for Re> 3000

Nu= 0.00097Re!-17pr1/3
for Re< 2000

Nu= 3.82 x 10~ 6Re-96pr1/3
for 2500< Re< 20000

Nu= 0.007Re-2pr0-2

for 6000< Re< 20000

Nu= 0.0080R&-8prl/3

for Re> 1500

Nu= 0.1163Dh/WC)O'81)/O'79Ré)'62PI’l/3
Laminar regimé

Nu= 0.072 Dy, / We)1-151 — 2.421(y — 0.5)2)R&-8prl/3
Turbulent regime

Nu= 8.39R&®> — 1.33R&/3
Laminar regime

Nu= 4.73R&> — 0.22R&/3
Turbulent regime
Nu=Nug,(1+ F)

Turbulent regime
Nu=0.52(x+)~0.62

for XT <0.05
Nu=2.02(xt)~031

for X+ > 0.05

Nu= R 946p[0488(1 _ (/413547 (¢ ), )0.041, 35771y, /1 11.369

for 10 < Re< 100

Nu= C,Re148p[0.163(1 _ /4)0908, / y, )0.033,, ~1.00 1y, /70.798

for 100< Re< 1500

AW N R

NUGn =
5 xt =RePm,,/L.

W, = center-to-center distance between two adjacent microchannels.
F =7.610"5Re1— (D/1.1642)D in mm.
f = (1.82logRe— 1.64)2,
(f/8)(Re=1000Pr

T 1+127(£/89)05(Pr2/3-1)

6 ¢, =6.7 for silicon surface<; = 6.6 for thermal oxide surfac€, = 47.8 for silicon surface€’; = 54.4 for thermal oxide surface.

Table 6

Values ofC andC,; defined in Egs. (1), (2) as a function of the microchannel cross-section geometry

y Microchannel cross-section

Rectangular Trapezaid Double-trapezoidal
C [89] Cyy[31] y C [89] y C [89]

0 24 - 0 24 0 24

0.01 23.677 - 0.01 23.597 0.1 21.507

0.05 22.477 - 0.047 22.174 0.2 19.501

0.1 21.169 — 0.088 20.737 0.4 16.746

0.2 19.071 - 0.156 18.650 0.5 15.923

0.3 17.512 — 0.211 17.244 0.6 15.403

0.333 24200

0.4 16.368 - 0.293 15.565 0.7 15.126

0.5 15.548 28600 0.352 14.690 0.8 15.027
5200

0.6 14.980 - 0.414 14.063 0.9 15.043

0.667 42600

0.7 14.605 - 0.522 13.654 1 15.111

0.75 44800

0.8 14.378 - 0.583 13.679 1.2 15.081

0.9 14.261 — 0.660 13.622 1.3 14.785

1 14.227 109000 0.707 13.308 1.414 14.055

32400
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