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fluid flow characteristics in MCHS differ from con-
ventional ones because of the scaling effects. This
review summarizes the studies that are mainly based
on heat transfer and fluid flow characteristic in
MCHS. There is no consistency among the published
results; however, everyone agrees on that there is no
new physical phenomenon in microscale that does
not exist at macroscale. Only difference between
them is that the effect of some physical phenomena
such as viscous dissipation, axial heat conduction,
entrance effect, rarefaction, and so forth, is negligibly
small at macroscale, whereas it is not at microscale.
The effect of these physical phenomena on the heat
transfer and flow characteristics becomes significant
with respect to specified conditions such as Reynolds
number, Peclet number, hydraulic diameter, and heat
transfer boundary conditions. Here, the literature was
reviewed to document when these physical phe-
nomena become significant and insignificant.
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1 | INTRODUCTION

The size of electronic components decreases due to the trend of miniaturized and lightweight
component trend, whereas computational and heat generation requirements increase. There-
fore, the volumetric heat generation rate in electronic components increases steadily, and
thermal management is vital due to capability of eliminating possible failures. Microchannel
heat sinks (MCHS) are capable of enhancing heat transfer rate due to their high surface to
volume ratio relative to the conventional heat sinks.' ® Tuckerman and Pease demonstrated that
heat transfer rate in MCHS (up to 790 W/cm?) are significantly greater than macroscale heat
sinks (20 W/cm?).” However, increase in the heat transfer surface area yields the penalty of
increased pressure drop.”**"® The feasibility of MCHS can be uncovered by finding a max-
imized heat transfer rate for acceptable pressure drop values.

In the literature, heat sinks are classified with respect to their channel length scales such as
macro, mini, micro, and nano. Tuckerman and Pease’ stated that a channel can be classified as
microchannel if the hydraulic diameter range is in between 10 and 200 um. Table 1 shows the
classification of heat exchangers based on their channel sizes.'*'” Gad-el-Hak'® and Morini'’
also stated a device can be categorized as microdevice when its hydraulic diameter is between
1um and 1 mm.

Microchannel heat exchangers (HEX), that is, heat sinks, have been utilized in numerous
fields of engineering applications, such as electronics, automotive industry, fuel cells, air
conditioning, and some of them are shown in Figure 1.

A simple structure of the rectangular shape of MCHS is shown in Figure 2."° It is con-
structed with many channels (having characteristic dimensions of the order of micrometers)
arranged parallel to each other and each channel contact with the boundaries on which heating
load exists. Heat transfer in MCHS is carried out in two ways: conduction and convection. First,
the heat sink (generally made from a high thermal conductivity material) absorbs the dissipated
heat by conduction. After that, the absorbed heat emitted by the coolant (usually liquid) via
forced convection. Hence, conjugate heat transfer is generally pronounced in the study of heat
transfer in MCHS.

There are a number of publications on heat transfer characteristics of microscale heat sinks,
and their performance comparison relative to the conventional (macro) length scales. However,
the results of the publications are not consistent. Some studies show that heat transfer coeffi-
cient and pressure drop values can be calculated by using macroscale approach.'®*’*” However,
others state that is not the case.”*”” There are various claims why there may be a mismatch in
between micro- and macroscale calculations such as scaling effect, fluid viscosity, variable
thermophysical properties, entrance effect, and conjugate heat transfer.”**”° In addition, the
effect of surface roughness,”’""**" electrical double layer (EDL),"”* axial heat

TABLE 1 Classification of heat exchangers (HEX) with respect to hydraulic diameter

Mehendale et al'* Kandlikar and Grande"”

Micro-HEX lum < dp < 100 um Transitional channel 0.1um < dy < 10pum
Macro-HEX 100pum < dp < 1mm Microchannel 10 pm < dj < 200 um
Compact HEX 1mm < dj < 6mm Minichannel 200 um < dp, < 3mm

Conventional HEX 6mm < d, Conventional channel 3mm < dj
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(A) (B)

FIGURE 1 Microchannel HEXs utilized in (A) electronic cooling,' (B) natural gas cooling in
automotive industry,'® (C) air conditioning,'” and (D) fuel cells.”” HEX, heat exchangers [Color figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 2 A simple structure of MCHS: (A) stacked model and (B) computational domain."*> MCHS,
microchannel heat sinks
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conduction, aspect ratio, and viscous dissipation
reasons for the deviation from classical theory.

The documented critical Reynolds number values, which indicate transition from laminar
to turbulent flow, vary also greatly in the literature.”® Furthermore, the flow in MCHS is
generally laminar due to relatively small hydraulic diameter comparison to the conventional
scales.”

Here, the microchannel heat sink literature was reviewed with the focus of heat transfer and
pressure drop characteristics. In addition, the aim of this paper is to document the significance
of physical phenomena on heat transfer and pressure drop at microscale. Therefore, this review
uncovers which physical phenomena should be considered or neglected at microscale when
defining for the heat transfer and pressure drop calculations with respect to specified conditions
such as Reynolds number, Peclet number, and hydraulic diameter.

are addressed as the possible

2 | GENERAL OVERVIEW OF MCHS LITERATURE

There are numerous studies uncovering heat transfer and pressure drop characteristic of MCHS
with analytical, numerical, and experimental methods. Experimental studies are dominant in
the literature between 1980s and 2000.”’ There is no consistency between the results of mi-
croscale studies and predicted conventional length scale values in the published documents
during this era. After year 2000, numerical models began to be used commonly in MCHS
research; and variation between the results was diminished gradually by incorporating physical
phenomena, which can be ignored at macroscales, such as axial heat conduction, viscous
dissipation, surface roughness, rarefaction, EDL effect, and so forth.

Various channel geometries were studied in the literature such as circular, rectangular,
trapezoidal, triangular, hexagonal, and many more.”’ > Perret et al’' numerically in-
vestigated the effect of channel shape on thermal resistance. They concluded that thermal
resistance is smaller with rectangular microchannels in comparison to diamond- and
hexagon-shaped channels. In addition, experimental and numerical studies with laminar and
turbulent flows are documented in the literature. However, the majority of the cases are
laminar because of relatively small hydraulic diameters in microchannels. Water and me-
thanol are two of the most common liquids discussed in the literature. Generally, transition
from laminar to turbulent flow occurs earlier than in conventional devices with macrolength
scales (Re., = 2300).”"”"” Some of the obtained critical Reynolds number values for MCHS
are given in Table 2.

TABLE 2 Transition from laminar to turbulent flow for MCHS

Study Critical Reynolds number
Wu and Little™ 400-900

Peng and Peterson’’ 1000

Harms et al™ 1500

Yuan et al*’ 1500

Li et al 1700

Abbreviation: MCHS, microchannel heat sinks.
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MCHS literature can be categorized with respect to heat transfer mechanisms, fluid flow
characteristics, and solution methods. The schematic representation of how the studies can be
categorized is shown in Figure 3.

2.1 | Governing equations and boundary conditions for
rectangular MCHS

In the literature, most of the studies treated flow (especially for liquids) as a continuum medium
at microscale and utilized conventional correlations to solve continuity, momentum, and energy
equations. Following assumptions are commonly used in the mathematical modeling of MCHS:
(a) the flow is steady, single-phase, incompressible, and laminar; (b) constant thermophysical
properties for both solid and liquid; (c) no gravitational force; and (d) no radiation and natural
convection.” > "°® After that simplifications, conservation of mass, momentum, and energy
equations become

Vi =0, @
pr(V - V¥) = =VP + pu; V7, 2)
prps (- VT) = kp V2T, ®3)

where pf, ¢pr, ky, and u, are the density, specific heat, thermal conductivity, and kinematic
viscosity of the fluid, respectively. v is the velocity vector in the fluid domain.

To represent EDL effect, a body force term is added to the momentum equation and
Equation (2) becomes

py(¥ - V¥) = =VP + F + V37, “4)
MCHS

Flow Boundary Solution

Characteristics eatTxamafex Conditions Approach
Flow Regime Fluid Type Single Phase  Constant Heat Continuum
Laminar Gaseous Two Phase Constant wall Molecular

Temperature
Turbulent Liquid

FIGURE 3 Schematic representation of MCHS categorization. MCHS, microchannel heat sinks [Color
figure can be viewed at wileyonlinelibrary.com]
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where F can be defined as the multiplication of induced electric field and net charge density.*
Viscous dissipation effect on the heat transfer at microscale is represented by a term Q.4 in
the energy equation and Equation (3) becomes

Prepf (V- VT) = ks VT + Qua. (5)
For solid regions, the energy equation reduces to
ks V2T = 0, (6)

where kg is the thermal conductivity in the solid domain (ie, the thermal conductivity of solid
channel).
2.2 | Boundary conditions
The literature includes distinct boundary conditions; here, the most general boundary condi-
tions are documented to give an insight. The coolant is driven by the pressure difference in
between the inlet and outlet surfaces of the microchannel shown in Figure 2. The temperature
and velocity of the coolant at the inlet boundary is generally described as

T=T,andV = V,,. (8

The outlet boundary is defined as pressure outlet and temperature gradient is equal to zero
in any coordinate system at the outlet’*"’

P = By and 6T/dn = 0. )
At the left and right side of the domain, symmetry boundary conditions exist
0T/ox = 0. (10)

The boundaries of the microchannel surrounded by the solid surface is defined as no slip
wall boundaries with stationary wall

u=v=w=0. (11)
Generally, at the bottom wall uniform heat flux is applied

g = ksa—T. 12)

The remaining outside walls of the solid domain surrounding the microchannel are adia-
batic. The continuity of energy at the interfaces of solid and fluid surfaces satisfy
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oT
= ky—
fdn

oT
*on

k 13)

wall wall

3 | SCALING EFFECTS IN MCHS

In the continuum approach (macroscale), some physical phenomena can be ignored while
evaluating heat transfer and pressure drop characteristics. However, as length scale decreases
from macro to micro, effect of the neglected physical phenomena become essential, and,
therefore, they needed to be considered to evaluate heat transfer and flow characteristics ac-
curately. Validity of continuum approach in microscale needed to be carefully investigated,
especially for gaseous flow.” Knudsen number (Kn), (ratio of free molecular path over char-
acteristic flow dimension), is utilized to characterize the flow regime of gaseous flow in MCHS.
The flow is treated as continuum if Kn number is smaller than 0.001. Continuum assumption
cannot be used as Kn number becomes greater than 0.001 and rarefaction effect becomes
significant on heat transfer for gaseous flow.””*® Researchers® " indicated that Nu number
decreases as the rarefaction effect increases in MCHS. Flow regimes with respect to Kn number
and the main solution approaches are listed in Table 3.””*”" In slip flow regime, temperature
and velocity profiles differ from continuum regime because of slip velocity and temperature
jump.”’

3.1 | Surface roughness

Relative surface roughness can be defined as the ratio between the roughness of the surface
material (€) and hydraulic diameter (d,) of a microchannel. In macroscale (conventional)
channels, the importance of surface roughness pronounced only in turbulent regime.’® "’
However, it is essential for microchannels even in laminar region’’; although it is a debated
topic in the literature.””"*"*****%"*%5 gurface roughness along the microchannel™ is sche-
matically shown in Figure 4. € is the roughness height, and the effect of surface roughness
increases as the height increases.

Steinke and Kandlikar’” stated that researchers should consider surface roughness effect in

their studies. Most of the studies state that Nusselt number®>**’>” and friction

TABLE 3 Flow regimes for gaseous flow at various Kn number”’*"*

Knudsen number Flow regime Solution method

Kn -0 Continuum (no molecular diffusion) Euler equations with slip-BCs
Kn < 0.001 Continuum (with molecular diffusion) NS equations with no-slip-BCs
0.001 < Kn < 0.1 Slip flow (slightly rarefied) NS equations with slip-BCs

0.1 < Kn <10 Transient flow (moderately rarefied) Burnett equations with slip-BCs

Moment equations
Lattice Boltzmann
Direct simulation Monte Carlo

Kn > 10 Free molecular flow Collisionless Boltzmann
Direct simulation Monte Carlo
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FIGURE 4 Schematic
'« L .| representation of the surface
roughness in the
microchannel®’
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factor”?"**7>7%7%% increase as surface roughness increases. Guo and Li’ state that early

transition from laminar to turbulent flow in MCHS is due to surface roughness. Some re-
searchers””"’* also state that the distinction in between experimental and theoretical values are
due to surface roughness. Liu et al’’ stated that the effect of surface roughness cannot be
neglected when Reynolds number is greater than 1500. In addition, Dai et al** stated that
the roughness effect on friction factor and critical Re number need to be considered at high the
relative surface roughness values (>1%). Moreover, researchers state that at low Kn number
values (<0.02), the effect of surface roughness on friction factor becomes greater.®' Kandlikar
et al®’ experimentally investigated the effect of surface roughness on friction factor and heat
transfer rate using two pipes with different inner diameters: 0.62 and 1.067 mm. They document
that for 1.067-mm pipe diameter, the effect of surface roughness on heat transfer and pressure
drop is insignificant when compared to 0.62-mm pipe diameter. Zhang et al®” stated that Nu
number and Po number in rough microchannels are not only related to shape of cross section of
the channel but also related to the Re number of liquid flows. However, Croce and D'Agaro’®
indicated that the effect of surface roughness on heat transfer is insignificant (within experi-
mental error limits) and it highly depends on tube geometry. In addition to that, some of the
researchers stated that overall thermal performance of a HEX does not change with surface
roughness.’”’”” Furthermore, Pelevic and Meer”® indicated that surface roughness has minor
effect (only 4% increase in heat transfer for 2.93% relative roughness) on heat transfer en-
hancement in their numerical study.

3.2 | Electrical double layer

EDL is related to electrostatic surface charge on the heat transfer surfaces, and it is formed on the
heat transfer wall surfaces as reformation of charges on the solid surface and balancing charges in
the liquid. It affects heat transfer and fluid flow due to interaction between the solid surfaces and
aqueous solution.”** EDL effect is essential for flow of liquids in microchannels.*”*>*” Schematic
representation of the EDL at the channel wall*’ is shown in Figure 5. £ and 1 are electric potential
at the boundary between the diffuse double layer and the compact layer (zeta potential) and
electrostatic potential at any point in the electric double layer, respectively.
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Ng and Tan" stated that EDL effect decreases the effectiveness (actual heat transfer rate
over maximum possible heat transfer rate) of the microchannel. They define EDL effect as a
body force in the z-direction momentum equation.”"*” Ren et al*””’ and Li”' showed that EDL
effect increases pressure drop in microchannels. Mala et al*” state that the heat transfer rate in
microchannels decreases because of EDL effect, and it is dominant at the vicinity of walls. The
literature documents that friction factor increase’”**”” and Nu number decrease due to
EDL."*** The mean increment in the friction factor and decrement in Nu number was recorded
as 17% and 8%, respectively, in the study of Yang et al** for 200 mV zeta potentials and 10~* M
ionic concentration.

3.3 | Axial heat conduction

Maranzana et al*® numerically and theoretically studied the effect of axial heat conduction on
heat transfer of MCHS. They stated that the efficiency of heat exchanger is reduced in the
presence of axial heat conduction. They point out that axial heat conduction is the reason why
numerical and theoretical results do not match. They suggested that axial heat conduction
needed to be defined during the numerical solution phase to overcome the mismatch. In
addition, they defined a new dimensionless quantity, M axial heat conduction number. They
indicated that under specific conditions (M < 0.01), the effect of axial heat conduction can be
neglected. However, Lin et al’® and Zhang et al”* stated that M can be inadequate to judge
whether the effect of the axial heat conduction on heat transfer if the uniform outside wall
temperature boundary condition was existing. Moreover, Hetsroni et al’” stated that the effect
of axial heat conduction can be ignored when Re <150 and M =0.01. However, axial heat
conduction should be considered when Re > 150 and M > 0.01. In addition, the effect of axial
heat conduction is neglected in the studies of Cole and Cetin”® and Yu et al”’ for high Pe
number values (Pe > 100). Cole and Cetin”® also stated that the thermal conductivity of the wall
should be lower than the thermal conductivity of the fluid to neglect axial conduction. Fur-
thermore, Barisik et al’” stated that the effect of axial heat conduction can be ignored in pipe
flow even for relatively small Peclet number values (Pe < 100) with the existence of viscous
dissipation. The effect of axial heat conduction changes with respect to Knudsen number, Peclet
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number, thermal conductivity, and thickness of the separating wall.”” An increment in Kn

number, Pe number, and hydraulic diameter decreases axial heat conduction rate.”"'*'%* In
contrast, the effect of axial heat conduction on heat transfer increases as Re number, thermal
conductivity, and thickness of the separating wall increase.””'”” At the entrance region, the
presence of axial heat conduction increases heat transfer rate.””'’" However, axial heat con-
duction result in the reduction in Nu number in fully developed region.”” Lin and Kandlikar'”®
stated that the effect of axial conduction can be neglected if the conductivity of channel material
is lower than thermal conductivity of the fluid as indicated in the study of Cole and Cetin.”® In
addition, Kakac et al'®* proved that the effect of axial heat conduction can be neglected when
Kn is number greater than 0.1 and temperature difference between the wall and fluid exceeds
1.667 (x =1.667). In Figure 6, the effect of axial heat conduction on the heat flux distribution
along the wall is represented schematically.”” The figure shows that axial heat conduction yields
heat flux distribution to vary along the solid-fluid interface even though applied heat flux to the
solid region is uniform.

3.4 | Aspect ratio

Channel aspect ratio definition varies the literature. Generally accepted definition is the divi-
sion of channel height to channel width. The orientation of the channel is not crucial for fluid
flow due to fixed cross-sectional area.”” However, channel orientation cannot be ignored for
heat transfer and it is critical to define heat transfer boundary conditions.”***°*'%"1%” In the
rectangular cross sections, Nusselt number depends on the aspect ratio (&), and Nu increases
from square channels (@ = 1) to deep rectangular channels (for parallel plates, &« = 0).’° Zhimin
and Fah'’® numerically studied the optimization of rectangular microchannels. They stated that
channel aspect ratio in laminar flow region must be as high as possible to obtain minimum
thermal resistance. They also indicated that the lowest thermal resistance can be achieved in
turbulent region; however, this is not preferred because of high pumping power requirements.
Furthermore, numerically showed that low thermal resistance (<0.1 W/mK) and high pressure
drop (>250 kPa) in microchannels are obtained for high aspect ratio (20.333) and small hy-
draulic diameter (0.172). In addition, they concluded that the rectangular MCHS with the
aspect ratio range of 8.904 to 11.442 have the best performance in terms of heat transfer and
pressure drop. The change in friction factor with respect to aspect ratio was studied by Sahar

r
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FIGURE 6 Schematic representation of the effect of axial heat conduction on the wall heat transfer
per unit length”
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et al'” and Kim and Kim.'”” According to them, friction factor decreases as aspect ratio

increases from 1 to 2, then it starts to increase as aspect ratio keeps increasing.

3.5 | Viscous dissipation

Pressure drop in MCHS is relatively greater than macroscale ones. Therefore, viscous heating
effect cannot be neglected as in macroscale heat sinks. Brinkman (Br) number is the ratio of
viscous heating over heat conduction in the fluid domain which flows along microchannel, and
it is used to determine the effect of viscous dissipation on heat transfer mechanism in MCHS."'"’
Kalyoncu and Barisik’' numerically showed that viscous dissipation increases and decreases
heat transfer rate for positive and negative Br cases, respectively. However, they indicated that
developed Nu number values are the same for both cases. Morini''' stated that decrease in
friction factor as Re number increases can be explained with the reduction of viscosity because
of viscous heating effect in MCHS. He also stated that viscous dissipation effect becomes
significant for liquid flow when the hydraulic diameter is smaller than 100 um. In addition, Koo
and Kleinstreuer''* documented that viscous dissipation should not be ignored for small size
channels (dj, < 50 um). Chen'"’ stated that Nu number increases in the fully developed region
with viscous dissipation when the value of Kn number is small (<0.03). In contrast, Morini and
Spiga''* numerically indicated that heat transfer in MCHS is adversely affected by viscous
heating due to reduction in Nu number. In addition, Mukherjee et al''” stated that Nu number
is inversely proportional to the Br number for constant heat flux boundary condition. Fur-
thermore, Zhai et al''® stated that the effect of viscous dissipation on temperature rise is
insignificant when compared to convective heat transfer for water flow. In addition, they also
stated that flow distribution and temperature field is affected by the length of entrance region.
To eliminate entrance effect and obtain more uniform flow field, entrance length should be as
long as possible. Morini''” stated that at high Re number (>1000) entrance effect with viscous
dissipation needed to be considered to define flow characteristic and temperature field cor-
rectly. In addition, Fani et al''® stated that the effect of viscous dissipation becomes more
important with increasing the Re number and volume fraction.

4 | UNCERTAINTIES IN EXPERIMENTAL STUDIES AND
SUMMARY OF THE LITERATURE

The results of experimental studies in the literature are not consistent. There are three main
reasons behind the different results from the experimental studies: (a) fabrication of micro-
channels'”””; (b) errors in measurement; and (c) misalignments in the experimental setups.
Pfund et al''” raise awareness to the uncertainties in the experimental studies, and they stated
that to understand phenomena in microlevel correctly, experiments should be done precisely.
Some researchers stated that experimental results are in good agreement with theoretical re-
sults, and conventional correlations can be used in microscales."'*""” Missaggia et al'*’ ex-
perimentally confirmed the utilization of microchannels in the cooling of a laser diode which
dissipates 500 W/cm? heat flux. They also stated that experimental values are in good agreement
with the theoretical calculations.

To sum up, the effect of some physical phenomena (ignored at macroscale) on heat transfer
and fluid flow becomes significant in microscale studies. To evaluate heat transfer and fluid
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flow characteristics accurately, these phenomena should be considered. Table 4 documents the
specification of the research papers based on the methodology, geometry, flow characteristics,
and so forth. Furthermore, Table 5 summarizes which research papers focus on which specific
phenomena such as surface roughness, EDL, and so forth.

5 | CONCLUSION

The literature documents heat and fluid flow characteristic in microscale heat sinks. According
to the literature, heat and fluid flow characteristics are not fully understood and there is
inconsistency between documents. To better understand heat and fluid flow characteristics at
microscale levels, following should be considered.

1. There is no new physical phenomenon in microscale literature. Only difference between the
macroscale is that the effect of surface roughness, EDL, axial heat conduction, aspect ratio,
rarefaction effect, viscous dissipation, and so forth, are negligibly small in macroscales.

2. Experimental and numerical research is suggested to be conducted simultaneously to in-
crease the accuracy of the results. Viscous dissipation, axial heat conduction, and rarefaction
(for gaseous flow) effects should be considered while evaluating heat transfer and fluid flow
in MCHS.

3. Continuum assumption in microscale is validated for liquid flow and generally problematic
for gaseous flow. If Kn number is lower than 0.001, the gaseous flow can also be treated as
continuum.

4. Viscous dissipation can increase or decrease heat transfer depending on Br number (heating
or cooling). The friction factor reduces due to a decrease in apparent viscosity as temperature
increases in the heating case.

5. The effect of axial heat conduction in MCHS becomes negligible when Pe < 100.

6. The effect of surface roughness on heat transfer is generally insignificant; however, the
change in friction factor with surface roughness is remarkable according to the literature.
Surface roughness effect on the friction factor and heat transfer is generally pronounced with
rarefaction effect for gaseous flow, and it becomes significant at low Kn number values.

7. EDL affects liquid flow in microchannels and creates resistance to the fluid flow at the
vicinity of the solid wall, that is, rise in apparent viscosity. This increases pumping power
requirements in MCHS.

Overall, geometrical parameters should be defined as certain as possible and manufacturing
constraints needed to be defined clearly before the experiments. When comparing the results of
experimental studies, all of the assumptions should be in agreement with the methodology. The
literature shows that there is disagreement in MCHS literature, and the physics of fluid flow
should be focused more. To increase consistency between the literature and to understand the
physical phenomena at microscale accurately, experimental and numerical studies should
consider all physical phenomena in their studies and state all assumptions and criteria to justify
the reason of why some phenomena are neglected if applicable. Thus, would enable the au-
dience to compare the microscale heat transfer literature and realize the effect of each physical
phenomena on heat transfer and pressure drop accurately.



13

e rnsren SR

COSKUN anp CETKIN

(senunuo))

000T-00T

008-69

LSTT-C9T

00S€-00€

00€C-8

CLIT-6CT

0St€-09

0001-0¢

006CT-€LT

000T-00€

000¢

Joqunu ay

L0OE€-90T

008-00€

€06-81¢

9 60T G8-GS
0ST-ST
98-S 00Z-00T C65-8Y¢
TTS-8¢1
Pre-0¢
691-1S

691-29

L9E-€ET
IVL-T1E
99-T1¢
(417 00S 09T
90¢C 06L 96-C6

edy ‘doap aanssaxg U9/ M Xn[J JedH wirl “Ip

O™H

OH
OH
O'H

O‘H
O‘H
HOHD/OH
O°H
O‘H

O‘H

O‘H

O%H "uolq
O°H
HO®HD/OH
HO®HD

O‘H

O°H

juE[00)

1/1
L/1

L
T
ad£y morg

M oM oMM X

-dex],

S/0

‘dexy,
-dex],

[~ - -

A119w1099)

‘wnN
‘wnN

dxg

dxg

dxg

“dxq

dxg

dxg

dxg

dxg
‘wnN/-dxg
dxg

dxg

dxg
‘wnN/-dxg
dxg

dxg

dxg

“dxq

dxg

“dxq

adAL,

-.[® 30 ueredeseuuny
,,NiSomrzex pue Aedmp,
-, Uound pue yIed

M CEERICTN

(18 10 Sueyz

1B 39 997

., 8uayD pue nm
1B 39 99T

T8 33 0'D

-Ie 30 Apnr

2o JEMEPNIN pUE NO
cr118 39 pPunjd

. Je 3 nx

ocl® 19 Ul
ESLLEERC

(I8 19 swIeyq

4 U0SIaNRg pue Susd
,U0s1913g pue Susd
o1& 10 Suad

oz T8 39 BI3SESSIN

ﬁow,mwm pue uewIayon]g,

Apmg

2INJBIdN] YY) UI SIAPNIS [edLIdWNU pue [ejudwiradxy ¢ 4 TdV.L



COSKUN anp CETKIN

wiLe - [N

14

000T-00T
00S-00T
009T1-008

00¢-0S

000T1-00¢

000T-00C

00S¢T-0¢

00T12Z-00T

000C-SLE

009C-91¥

Iaquinu 3y

0S

Ge-S

0€-S

ey ‘doap aanssaig

Juadnginy ‘1, ‘remsuern “1f, ‘prozaden “dei], ‘orenbs ‘g ‘remSue)oar Y ‘Teuruwre] “ (IB[NOID ) SUONRIAIQQY

00T-0S 1Ty
00y
€1-9
0¢-S 00t
00T
6'8v¢
1'c 08S-GST
00t
€701
019
00S
8L'S-LE'T

LU/ M XN[F JedH wir “Up

Oc¢H
OCH

O‘H
OZH
O‘H
O‘H
O‘H

OH

BPETY- O°H
O%H

v

O‘H
OH
pmbrt
O‘H
O‘H

ue[00)

S B B B

L/1
ad£y morg

~

M M M K X rnn O O

a1enbg
a1

d

d

d
arenbg

d
A1390m1099)

‘wnN
‘wnN

dxg
“WnN
‘wnN
‘wnN

‘wnN

‘wnN/-dxg

‘wnN
NN

‘wnN

‘wnN/ dxg

dxg
dxg
‘wnN
dxg
dxg

‘wnN/-dxg

“dxq
dxg
adAy,

2 IB 30 UBRWYSY
¢ BUBIBUOIN PUB LIBMIT,
;I® 30 Sueyz

< BUBIRYOJN| PUE [eWIeS
oe T8 39 IpRWIIRyOW(ey
I8 30 uBWRINYSEY
57118 39 preunz
orrl® 39 TeYZ

<018 39 TeYeS

ps WA PUe UB3]
o8 30 Suem

I8 19 TeUES

o W

B CEERG|

2o.1® 39 uBseH
,,Ie 30 Sueny
..[® 10 BWLIRYS
Lorl® 3 NIUD
,z11® 19 sakay
oz T8 30 BN

Apmis

(ponunuo)d) ¢ ATAV.L



15

e rnsren SR

COSKUN anp CETKIN

(senunuo))
Vs iy CECR G|
Va Va sen o hmbﬁmcu\wom
/ Va Va 1 ,,N[donizex pue Lesing,
/ ,,01e8Y,d pue 001D
Vs .,SusyD pue npm
Va Va Vs seH [ SlIstreq pue nouoKTes|
, pmbry o8 19 uepm
, pmbry o W
, pmbr ,.1e 19 Sueny
, 0,18 13 BURZURIRN
Va ., Uel, pue 3N
, pmbrt +»uod pue SN
, pmbr .8 19 Suex
Vs pmbry 18 19 BB
, pmbr VT PUE B[e]N
Va 1 pmbry I8 32 uays
Vs [ 30 uenx
1 pmbry .c0BX pue noyz
, pmbr ocT® 30 UM
/ Va sen T pue ono
19932 uonoejIIey uonyedissip onex uoroONpuod JI9Ke| ssouySnox jue[00) Apms
SNOJSIA 100dsy 19y [BIXY  9[qNOPp [edLIIddH oeyINg

sordoy oy 03 30adsa1 Yym saIpnys oY) Jo uonnquisiq S HIAV.L



COSKUN anp CETKIN

wiLe - [N

16

, gor W pue wry
/ pmbry sorl® 10 TEUES
, pmbry Lorl® 32 YD
, oo Ued PUB UTWIYZ
/ / VA sen bor18 10 oByE
, corTedIpuesy] pue ury
Va o118 30 UBseHq
, L1830 UI'T
oorPuIS
Va sen pue nounuejsuodifpey
, o TOAIUSIL pue [uyey
, , , sen g6[B 19 MIsLIeg
/ pmbry 0sU19D PUE 9[0D
, pmbr V1 pue uex
/ pmbry oc[8 10 Uy
, pmbr PRLEERICH |
/ ,<SN pue ueg,
, pmbr 258 10 IeYIpuey]
Va pmbry 12003 pU® I9NaISUId[Y
Va Va sen cx_Ewmm pue ung
3995J9 uonoejaIey uonyedissip onex uonoInNpuod JI9A%] ssauySnox jue[o0) Apms
SNOJSIA 30adsy Jedy [RIXY  9[qNOP [edLI)d3H ddeyIng

(ponunuo)) <€ HT1dV.L



17

e e YT

COSKUN anp CETKIN

(senunuo))

Vs

3J99)J° uomnodejaIey

SN N NS SN NN

uonyedissip
SNOJSIA

onex
joadsy

, pmbry
sen
, sen

, sen/'bry

sen
pmbry
pmbry
pmbry
pmbry

SN N NN

pmbry
pmbry
, pmbry
pmbry

pmbry
pmbr

Vs

uonINpuUod BEYN | ssouySnoax jue00)
189 [BIXY  9[qNOp [BILII3[H Joeyang

¢ 1ONBNSUIR[Y pue 003
2+, T8 10 TWeIyeq

R BER LIt

op1I® 39 UBSD

eil® 30 T

oo [® 19 IMNQZISUY
Lo.IB 19 uRg

oe, T PUR USY

o PIEL

1 TOSUFIND pUE UIRIYSUIEA

¢¢U0d pue SN

oz T® 10 UeWRINySRY
z1l® 19 no

o UHON

N R EIEETRELp 1)
e 4D
,881ds pue ruLoN
+,1oNdISUIR[Y pue 003
| [UHO

orr[® ¥° UB®D

Apmg

(ponunuo)) <€ HT1dV.L



COSKUN anp CETKIN

wiLey- R

18

‘Jua[nqany ‘[, ‘rernduern 1y, ‘prozeden “deif, ‘orenbs ‘g ‘reynSuejoar Y ‘eurwe] T IR[NOIN ) SUONBIAIGQY

1 1 +<,T® 19 IJOYoRIRINSH

1 1 Vs (¢, 8uosr pue 3uosf

Vs Vs se9 o< OBFT PUE NYZ

/ Ve sen o 1B 10 puBRWIZRIN

1 pmbry  , ussuslsLy) pue uefeneN

, pmbr L1181 UBUSIA

s pmbr op 18 39 USYD

Vs seD oy 18 19 Weypy

s s seD w118 19 08D

19933 uonoejIey uonedissip onex uonINpuUod BEYN | ssouySnoax jue00) Apmig
SNOJSIA 10adsy 189 [BIXY  9[qNOp [BILII3[H Joeyang

(ponunuo)) <€ HT1dV.L



COSKUN anp CETKIN 19
HEAT TRANSFER g3 | LEYJ—

NOMENCLATURE
Br Brinkman number
dy, hydraulic diameter

EDL electrical double layer
HEX  Heat exchanger

Kn Knudson number

M axial conduction number

MCHS microchannel heat sink

Nu Nusselt number

Pe Peclet number

Po Poiseuille Number

q heat transfer per unit length, W/m
Re Reynolds number

GREEK SYMBOLS

1 zeta potential, V

P electrostatic potential, V
x temperature jump parameter
a aspect ratio

€ surface roughness

€ roughness height
SUBSCRIPTS

cr critical

wi inside wall

WO outside wall

ORCID
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