Weilin Qu

Issam Mudawar’
e-mail: mudawar@ecn.purdue.edu

Boiling and Two-Phase Flow Laboratory,
School of Mechanical Engineering,
Purdue University,

585 Purdue Mall,

West Lafayette, IN 47907-2088

'.) Check for updates

Experimental and Computational
Investigation of Flow
Development and Pressure Drop
in a Rectangular Micro-channel

Flow development and pressure drop were investigated both experimentally and compu-

tationally for adiabatic single-phase water flow in a single 222 um wide, 694 um deep,

Sang-Youp Lee
Steven T. Wereley

Microfluidics Laboratory,

School of Mechanical Engineering,
Purdue University,

585 Purdue Mall,

West Lafayette, IN 47907-2088

Introduction

Hydrodynamic and thermal transport aspects of liquid flow in
micro-channels with characteristic dimensions from 10 to
1000 pm are of considerable interest to many emerging technolo-
gies. One application that is of particular interest to the electronics
community is thermal management of high-power-density micro-
processors. Micro-channel flow has recently been widely identi-
fied as a prime contender for cooling of next generation cutting-
edge electronics [1].

Micro-channel flow is achieved inside a specialized heat sink
that is attached to the surface of an electronic device. Typically
fabricated from a high-thermal-conductivity solid substrate such
as copper or silicon, a micro-channel heat sink contains a series of
parallel micro-channels that serve as flow passages for the liquid
coolant. The heat generated by the electronic device is transferred
by conduction to the micro-channels through the solid substrate of
the heat sink, and carried away from the heat sink by the liquid
flowing through the micro-channels.

Micro-channel heat sinks are capable of dissipating large
amounts of heat from small areas. The merits of liquid flow in
small channels and micro-channel heat sinks were first conceived
for gas turbine blade cooling applications [2,3]. The same concept
was proposed for electronic cooling by Tuckerman and Pease [4],
who used chemical etching to form parallel rectangular micro-
channels (50 wm wide by 302 wm deep, and separated by 50 um
walls) in a 1 cm? silicon wafer. Using water as a coolant, their
heat sink was capable of dissipating 790 W/cm? with a maximum
substrate temperature rise of 71°C above the water inlet tempera-
ture and a pressure drop of 2.2 bar. Several experimental studies
followed Tuckerman and Pease’s work, where micro-channel heat
sinks with different solid substrates, channel geometries, dimen-
sions, and cooling liquids were fabricated and tested [5-9]. These
studies further demonstrated the merits of micro-channel heat

'"To whom correspondence should be addressed.

Contributed by the Electronic and Photonic Packaging Division of ASME for
publication in the JOURNAL OF ELECTRONIC PACKAGING. Manuscript received June 18,
2004; final manuscript received August 10, 2005. Review conducted by Koneru
Ramakrishna.

Journal of Electronic Packaging

Copyright © 2006 by ASME

and 12 cm long rectangular micro-channel at Reynolds numbers ranging from 196 to
2215. The velocity field was measured using a micro-particle image velocimetry system.
A three-dimensional computational model was constructed which provided a detailed
description of liquid velocity in both the developing and fully developed regions. At high
Reynolds numbers, sharp entrance effects produced pronounced vortices in the inlet
region that had a profound influence on flow development downstream. The computa-
tional model showed very good predictions of the measured velocity field and pressure
drop. These findings prove the conventional Navier-Stokes equation accurately predicts
liquid flow in micro-channels, and is therefore a powerful tool for the design and analysis
of micro-channel heat sinks intended for electronic cooling. [DOI: 10.1115/1.2159002]

sinks for electronic cooling: very small convective thermal resis-
tance, large surface area to volume ratio, small heat sink mass and
volume, and small coolant inventory.

The design of a micro-channel heat sink requires accurate de-
piction of micro-channel flow. Two approaches are commonly
used to describe fluid flow and heat transfer in micro-channel heat
sinks. The first employs simplified analytical methods [10-13],
assuming the solid walls separating micro-channels behave as thin
fins, and relying on such approximations as uniform fluid tem-
perature, one-dimensional heat transfer, and constant convective
heat transfer coefficient along the micro-channel walls, evaluated
from empirical heat transfer correlations. The other approach in-
volves solving the three-dimensional Navier-Stokes and energy
equations [14,15].

Both of these approaches are based on prior understanding of
fluid flow and heat transfer in macro-channels, and are therefore
valid only if liquid flow in micro-channels follows the same con-
servation laws as in macro-channels. Several studies have been
conducted to explore this important fundamental issue. Most of
these studies relied on bulk flow measurements, comparing pres-
sure drop measurements across the channel to macro-channel
model/correlation predictions. The results show significant dis-
agreements. Some studies showed the measured pressure drop is
higher [16-19] or lower [20-22] than the macro-channel model/
correlation predictions, while others indicated macro-channel
models/correlations adequately describe micro-channel flow
[23-25].

Single-phase liquid flow in a channel with a constant cross
section can be divided into two regions: a developing region,
where the velocity profile changes from some initial profile to an
invariant one downstream, and a fully developed region, where
the velocity profile is independent of stream-wise distance. For
laminar flow in a rectangular channel with a uniform velocity
profile at the inlet, the length of the developing region has been
discussed in detail by Shah and London [26] and approximated by

Ly=(0.06+0.078 - 0.04%)Red, (1)

where S, Re,, and d;, are the channel aspect ratio, Reynolds num-
ber, and channel hydraulic diameter, respectively. Since micro-
channel heat sinks are typically used in high-heat-flux applica-
tions, a relatively large liquid flow rate is required to maintain a
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Fig. 1 Schematic of flow loop

small stream-wise temperature rise in both the heat sink and elec-
tronic device. Even through micro-channels possess very small
cross-sectional dimensions, a large flow rate can result in devel-
oping regions that are comparable to, if not larger than, the entire
micro-channel. Understanding the developing flow behavior in a
micro-channel is therefore vital to understanding the cooling per-
formance of a micro-channel heat sink. This is clearly evident is a
recent study by Qu and Mudawar [27] which revealed that em-
pirical heat transfer correlations that account for entrance effects
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Fig. 2 Construction of micro-channel test module
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provide fairly accurate predictions of the cooling performance of a
micro-channel heat sink, while those utilizing fully developed
flow correlations show appreciable error.

In this study, adiabatic flow development of water in a rectan-
gular micro-channel is investigated both experimentally and com-
putationally. The local velocity field was measured by a micro-
particle image velocimetry (micro-PIV) system. The experimental
results are compared to computational predictions to assess the
suitability of macro-transport models to depicting the transport
characteristics of developing micro-channel flow. A detailed de-
scription of the development behavior is presented and discussed.
The results provide fundamental insight into the complex three-
dimensional characteristics of micro-channel developing flow. Fi-
nally, predictions based on the three- dimensional computational
model are compared to pressure drop data.

This study constitutes a crucial step towards validating the con-
ventional Navier-Stokes equation for complex three-dimensional
hydrodynamically developing liquid flows in micro-scale chan-
nels. This validation represents a necessary precursor to any ther-
mal analysis of a micro-channel heat sink.

Experimental Apparatus

Flow Loop. Figure 1 shows a schematic of the flow loop that
was constructed to supply deionized water to a micro-channel test
module at room temperature. The water was circulated through
the flow loop from a reservoir with the aid of a variable speed
gear pump. The flow first passed through a filter to prevent solid
particles from blocking the micro-channel. The water then entered
one of two rotameters for volume flow rate measurement. The
rotameters were calibrated at different water temperatures using
the standard weighting method, and their measurement accuracy
was better than 4%. After the flow rate measurement, the water
flowed through the micro-channel test module where the velocity
field and pressure drop were measured using a micro-PIV system
and pressure transducers, respectively. Exiting the test module, the
water returned to the reservoir. Two thermocouples were installed
both upstream and downstream of the test module to measure the
water temperature that was used for determination of thermo-
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physical properties. Several pressure gauges were incorporated
throughout the flow loop to aid the operator in monitoring the
system pressure.

Test Module. Figure 2 illustrates the key components of the
micro-channel test module: a base plate, a thin plastic adhesive
film, a cover plate, a top (support) plate, and four sets of clamps.
The based plate, cover plate, and top plate were all fabricated
from transparent acrylic to facilitate optical and visual access to
the flow within the micro-channel. A rectangular 222 pum wide,
694 pm deep, and 120 mm long micro-slot was machined into the
top surface of the base plate by a precision saw. The 25.4 um
thick transparent adhesive plastic film (Adhesive Research Inc.)
has an optical transmission rate over 95%. It was taped down to
the 1.6 mm thick cover plate that was pressed against the base
plate with the aid of the four clamps to form a closed micro-
channel. The top plate was hollowed out in the middle so that the

Table 1 Dimensions of micro-channel computational domain

Wch (/.Ll’l’l) Hch (Mm) Lch (mm) W])Z (mm) Lp2 (mm)
222 694 120 6.35 12.7
15 T T T T
2'=347 ‘mm (theo.) X'W_at1e5 0cm
---------- 2'=347 ‘mm (num. = 2
(num.) Re, = 1895
10 b
7
E
=
5 4
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y' [um]

Fig. 5 Comparison of numerical predictions of horizontal
middle-plane (z'=347 um) velocity profile for Re,=1895 at x’
=10 cm with analytical fully-developed profile
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microscope objective lens of the micro-PIV system could be
brought to within a very short distance from the flow. An O-ring
in the base plate maintained a leak-proof assembly.

The base plate contained deep plenums leading to shallow ple-
nums both upstream and downstream of the micro-channel. The
shallow plenums were 6.35 mm wide, 694 um deep, and
12.7 mm long. Two absolute pressure transducers were connected
to the base plate’s deep plenums to measure the inlet and outlet
pressures. The pressure transducers were calibrated against a
known standard and their measurement uncertainty was less than
3.5%. Pressure drop across the micro-channel was determined
from the measured inlet and outlet pressures

Achpzpin_ Poul (2)

The pressure drop measurements were conducted at Reynolds
numbers of 196, 1021, 1895, and 2215.

Micro-PIV System. Figure 3 shows a schematic of the micro-
PIV system that was used to measure the velocity field in the
developing and fully developed regions along the micro-channel.
A brief overview of the micro-PIV system is given below; further
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Fig. 6 Comparison of measured with numerically predicted
velocity profiles at two horizontal planes (z'=347 um and z’
=555 um) and x’'=1 cm for (a) Re,,=196 and (b) Re.,=1895
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details are available in Ref. [28].

The micro-PIV system is composed of three major components:
a two-cavity frequency-doubled Nd:yttrium-aluminum-garnet
(YAG) laser (New Wave Inc.), an inverted epi-fluorescent micro-
scope (Nikon TE200), and an interline transfer charge coupled
device (CCD) camera (LaVision Inc.). The laser is used for illu-
mination. The wavelength and pulse width of the laser beam are
532 nm and about 3—5 ns, respectively. A beam expander assem-
bly is installed between the laser and the microscope to match the
quality of the laser beam to that of the white light source. The
beam expander is configured with a negative and a positive lens in
a Galilean telescope arrangement, and a 5 deg diffuser is situated
between the two lenses to preclude damage to the internal optics
of the microscope.

After passing through the beam expander assembly, the laser
beam enters the microscope. The microscope consists of an epi-
fluorescence filter cube and an objective lens. As illustrated in Fig.
3, the filter cube consists of an exciter (green filter), an emitter
(red filter), and a dichroic mirror. After passing through the ex-
citer, the incoming laser beam reaches the dichroic mirror, which
is designed to reflect short-wavelengths (A<<610 nm) and trans-
mit long ones. The laser beam (A~532 nm) is therefore redi-
rected to the objective lens.

The laser beam coming out from the objective lens was used to
illuminate the flow field in the micro-channel. Fluorescent par-
ticles about 1 um in diameter were suspended in the flow and
served as seeding particles, absorbing the illuminating laser beam
(A~532 nm, green) and emitting the longer wavelength light (A
~610 nm, red). The light emitted from the seeding particle car-
ried the image of the flow field. The light passed through the
objective lens, dichroic mirror, emitter, and eventually reached the
CCD camera. After a specified time delay, the same process was
repeated to acquire a second image of the flow field. The velocity
field was obtained from the two images using cross-correlation
based interrogation [28].

In the present study, the micro-PIV measurements of local ve-
locity field were performed at Reynolds numbers of 196 and 1895.
The uncertainty in these measurements is less than 1%.

Computational Model

Figure 4 shows the computational domain that was adopted for
analysis of flow development and pressure drop in the micro-
channel. The computational domain contained half of the inlet
shallow plenum, the micro-channel, the entire outlet shallow ple-
num, and two solid regions adjoining the micro-channel.

As illustrated in Fig. 4, two coordinate systems were employed:
an x-y-z coordinate system that was applied to the entire compu-
tational domain, and an x’-y’-z’ system that was used to describe
the flow field in the micro-channel alone. Dimensions of the com-
putational domain are given in Table 1.

The following assumptions were adopted before applying dif-
ferential conservation equations to the computational domain

(1) steady flow

(2) incompressible fluid

(3) laminar flow

(4) constant solid and fluid properties

For the water flow in the micro-channel as well as the inlet and
outlet shallow plenums, the above assumptions reduce the conti-
nuity and momentum equations, respectively, to the following

Vv=0 (3)

and pV-VV) == VP + u V>V )

For the solid regions, the continuity and momentum equations are
simply

V=0 (5)

The boundary conditions for the computational domain were
specified as follows. As indicated in Fig. 4, the inlet of the com-
putational domain was located half-way along the inlet shallow
plenum, where the flow was assumed fully developed. A fully-
developed velocity profile [26] was therefore applied at the com-
putational domain inlet

h ol il
cosh( nm|z— nwly——
o (_ 1)(;1—1)/2 2 p2 Y 2
48 E 1- cos
n=13,... n’ cosh[nmH/(2W,,)] W,
o i 192(w,,\ = 1 H
2 nTTH
I 1——<—p) 2 —tanh( - )
™ \Hy/n=13...10° 2W,,
v=0, w=0 (6)
forx=0,0sys=Wy,, and 0 sz<Hyg
[
where 1, i, is the mean velocity in the inlet shallow plenum 3L,

v,
up2,in,m = A_e:zE (7)

The flow was assumed fully developed at the computational do-
main outlet

du Jdv aw

—=0, ——=0,
ax ax

E -
(8)
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forx:Lch+Tp, O0sysWp, and 0 sz Hy,.

The velocity is zero along all other boundaries.

The governing differential equations, Eqs. (3)—(5), together
with the above boundary conditions, were discretized along the x,
v, and z coordinates using the finite difference method, which
resulted in a system of algebraic equations. The grid system for
the entire computational domain had 262, 81, and 51 nodes in the
x, y, and z directions, respectively. The micro-channel itself con-
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Fig. 7 Comparison of measured with numerically predicted
velocity profiles at two horizontal planes (z'=347 um and z’'
=555 um) and x’'=10 cm for Re.,=1895

tained 160 X 39 X 51 nodes in the x’, y’, and 7’ directions, respec-
tively. A nonuniform grid consisting of a larger number of grid
points near the channel inlet and outlet as well as the channel
walls was employed to better resolve the velocity field. The
SIMPLE algorithm [29] was used to solve the resulting system of
algebraic equations in primitive variables, namely u, v, w, and P.
When solving the momentum equations, water viscosity was
evaluated at the average of the measured inlet and outlet tempera-
tures. This viscosity value was used throughout the micro-channel
and shallow plenums. A very large viscosity value was assigned to
the solid, essentially yielding zero velocity throughout the solid
regions. The Gauss-Seidel iterative technique was employed in the
solution process, with successive over-relaxation to improve con-
vergence time. The solution was considered convergent when the

Fig. 8 Comparison of measured with numerically predicted
central line velocities along stream-wise direction for Reg,
=196 and 1895

criterion max|(¢™ —¢7)/ ™| <10* was satisfied, where ¢
represents any velocity component, namely u, v, or w, and 7is the
iteration number.

The computational code was verified by comparing the results
with available analytical solutions. Figure 5 shows numerical pre-
dictions for the horizontal middle-plane velocity profile (at z’
=H,/2=347 pm) near the micro-channel exit (x’=10 cm) at
Re.,=1895 are in excellent agreement with the analytical fully-
developed velocity profile [26]. The micro-channel Reynolds
number Re, is defined as

e Water
u-v vector Re =196
)2 X % % 1 X p1 1
i _F_F F i i i i
0.001 0.0015 0.002
x' /(Re-d,)
0 , 0.0001
x' [m] (a)
— Water
u-v vector Re =1895
T 1 ! 1 % 1 3 1 % 1
N S S S i i i i i
0.001 0.0015 0.002
x'/(Re-d,)
0 0.001
x' [m] (b)

Fig. 9 4-v vector fields at horizontal
(a) Re,,=196 and (b) Re.,=1895
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middle-plane (z'=347 um) and 0=<x'/(Re.,d;)<0.002 for
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Results and Discussion

Flow Development. Figures 6(a) and 6(h) compare measured
and numerically predicted velocity profiles at two horizontal
planes, 7' =347 and 555 um, and at a stream-wise position close
to the micro-channel inlet, x"=1 cm, for Re,=196 and 1895, re-
spectively. Notice that z'=347 um corresponds to the micro-
channel’s horizontal middle plane, while z’'=555 um is in the
upper portion of the micro-channel close to the cover plate. Fig-
ures 6(a) and 6(b) show fairly good agreement between the model
predictions and micro-PIV data with percentage differences
smaller than 3% and 10%, respectively.

Figure 7 shows a similar comparison between measured and
predicted velocity profiles at z'=347 and 555 wm for Reg,
=1895 at a downstream location close to the micro-channel outlet,
x"=10 cm. Fairly good agreement is realized at this downstream
location as well with a percentage difference smaller than 9%.

Figure 8 compares the micro-channel central line velocity u,
measured along the stream-wise direction with model predictions
for Re,=196 and 1895. Notice that the central line velocity in the
inlet shallow plenum is much lower than in the micro-channel
because of the much larger flow area of the former. There is a
rapid increase in u, once the flow reaches the micro-channel inlet.

6 / Vol. 128, MARCH 2006

At the relatively high Reynolds number of 1895, u,. shows a sig-
nificant overshoot and reaches a local maximum within the devel-
oping region. This phenomenon is not observed for Re.,=196.
Figure 8 shows the flow is still developing for Re,,=1895 at x’
=1 cm but fully developed for Re.,=196. On the other hand, the
flow at x’=10 cm is fully developed for both Reynolds numbers.
Figure 8 shows fairly good agreement between the model predic-
tions and experimental data for both Reynolds numbers.

The good agreement between the measured and predicted flow
velocities in the micro-channel proves the conventional Navier-
Stokes equation predicts liquid micro-channel flow fairly
accurately.

Figures 9(a) and 9(b) show non-dimensional u#-v vector fields
in the middle horizontal plane, z' =347 um, immediately down-
stream of the micro-channel inlet (0<x'/(Reyd,) <0.002) for
Re.,=196 and 1895, respectively, where & and 0 are nondimen-
sionalized with respect to the centerline velocity at the micro-
channel outlet

“ and 17:L (11)

c,out Ue,out

<

u

When the flow enters the micro-channel from the shallow plenum,
the abrupt contraction causes flow separation at the channel inlet
and forms vortices near the sidewalls. These vertexes are confined
to a short distance from the channel inlet. Comparing Figs. 9(a)
and 9(b) shows the vertexes are more pronounced for Reg,
=1895, penetrating deeper into the channel, which explains the
overshoot in the central line velocity in Fig. 8 for the same Rey-
nolds number.

Figures 10(a)-10(d) illustrate nondimensional & profiles for
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Re,=196 at four y’-z’ planes, x'=0, x'=0.0002Re,d), x'
=0.002Red),, and x’=L,. Similar plots are shown in Figs.
11(a)-11(d) for Re.,=1895. Some interesting features of the flow
development are readily observed in these figures. For Regy,
=1895, four vortices are observed at x’ =0.0002Re,d;, Fig. 11(b),
and these vortices appear to have a significant effect on the flow
development downstream. Overall, flow development is far
smoother at Re,,=196 than at Re,=1895.

Pressure Drop. The measured pressure drop was compared to
predictions based on (a) the computational model and (b) empiri-
cal correlations. The results are shown in Fig. 12 for four
Reynolds numbers. Numerical predictions of pressure drop are
readily available once Egs. (3)—(5) are solved numerically. Predic-
tions based on empirical correlations were based on the following
relation, which neglects the small pressure drop in the shallow
plenums

APperzAP(‘l +AP(‘2+AP(1+APM+AP82+AP(,1 (12)

where AP, and AP, are the inlet contraction pressure losses,
AP,, and AP, are the outlet expansion pressure recoveries, and
AP, and APy, denote pressure drops in the developing and fully-
developed regions. Correlations for the individual pressure drop
components in Egs. (12) are summarized in Table 2 [26,30]. The
length of the developing region, L, is calculated from Eq. (1), and
the length of the fully-developed region, Ly, from

Lyy=Lyp—-Ly (13)

Figure 12 shows both the computational model and correlations
can adequately predict pressure drop across the micro-channel.

Figure 13 shows numerically predicted pressure distribution
along the stream-wise direction for the same four values of Re,.

Journal of Electronic Packaging

The pressure is nearly constant in the inlet and outlet shallow
plenums. There is a sudden decrease in pressure immediately after
the micro-channel inlet corresponding to the rapid increase in u,
illustrated earlier in Fig. 8. The three larger Reynolds numbers
show a local minimum pressure corresponding to the overshoot
in u,.

3 T T T T
2t i
-
©
(=1
o
<
1| i
0 1 1 1 1
0 500 1000 1500 2000 2500
Re,,

Fig. 12 Comparison of measured pressure drop and predic-
tions based on numerical analysis and correlations for Re.,
=196, 1021, 1895, and 2215
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Table 2

Micro-channel pressure drop components

AP,

cl 30
AP, (301
APelv [30]
AP,,
APy [26]
AP, [26]

1 2 2 K o
APL’] = zpf(upz,in,m_upl,in,m)+ 2 pfupZ,in,m

K
AP(2=%p/(ui_ulein,m)*—fpfulz‘ﬂ
K. =0.6740+1.25018,,+0.34178,~0.8358 8); B,o=W,»/ Hey
K,=0.6740+1.25015+0.341782~0.83588%; B= W,/ He,

1 2 2y, K 9
APe2= Epf(upZ,ouLm_ um) +5 Py,
1 2 2 Ket =2
AP(’I = Epf(upl,ou(,m_ up2,0ul,m) + Tpfupz,uul,m
2 2
Ko=(1-44/4,)" Ku=1-4,,/4,))

2/P/M,2and
APg= —a,

fRey=24(1-1.3558+1.94782~1.70183+0.956 3* - 0.254 %)

2 appPritiLa
AP,= _ET
]

Fan== (34400054 [K(2) (L) + fReg-3.44(15) 051 /11 + 1) 1]
Li=L,/(Reqd,): K()=0.6740+1.25018+034175°~0.83588
C=(0.1811+4.34888—1.60278%) X 10-*

Conclusions

Flow development and pressure drop were investigated both
experimentally and numerically for adiabatic single-phase water
flow in a single 222 um wide, 694 um deep, and 12 cm long
rectangular micro-channel at Reynolds numbers ranging from 196
to 2215. A micro-PIV system was used to map the velocity field,
and pressure drop was measured with the aid of pressure trans-
ducers that were situated both upstream and downstream of the
micro-channel. A three-dimensional computational model was
constructed which provided a detailed description of the liquid
velocity field in both the developing and fully developed regions.
Key findings from the study are as follows

(1) Fairly good agreement is achieved between the model
predictions and measured velocity field both in the de-
veloping and fully-developed regions of the micro-
channel

(2) At high Reynolds numbers, sharp entrance effects pro-
duce pronounced vortices immediately downstream of
the inlet. These vortices produce a local maximum in

25 T r T T T T T
-“3 Water
20 4 Re_c_h=196 ]
|8 — Re_c_h=1021
oo --- Re_c_h=1895]
T Re_c_h=2215]
15 F E
=
©
£
2
a 10 ~
05 F E
0.0 i
. . . . . . L .
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
x [m]
. . . . . . .
.00 0.02 0.04 0.06 0.08 0.10 0.12
x' [m]

Fig. 13 Numerically predicted variation of pressure along
stream-wise direction for Re.,=196, 1021, 1895, and 2215
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centerline velocity and local pressure minimum, and
have a profound influence on flow development down-
stream.

(3) The computational model shows excellent agreement
with pressure drop measurements. Good agreement is
also possible with conventional pressure drop correla-
tions.

(4) This study proves the conventional Navier-Stokes equa-
tion accurately predicts liquid flow in micro-channels,
and is therefore a powerful tool for the design and
analysis of micro-channel heat sinks intended for elec-
tronic cooling.
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Nomenclature
Ay, = cross-sectional area of micro-channel
Ap = cross-sectional area of deep plenum
Apy = cross-sectional area of shallow plenum

C = parameter in pressure drop correlation
d;, = hydraulic diameter
f = friction factor
Sapp = apparent friction factor for developing flow
«n» = height of micro-channel
K(*) = entrance loss coefficient
K.\, K., = contraction loss coefficient
K., K,, = expansion recovery coefficient
Ly, = length of micro-channel
L} = Nondimensional length of developing region
L, = length of developing region
L¢y = length of fully developed region
L,, = length of shallow plenums
P = pressure
AP = pressure drop across micro-channel
AP,.,, AP., = contraction pressure loss
AP,, AP,, = expansion pressure recovery
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AP, = pressure drop in developing region

APgy = pressure drop in fully-developed region
Re = Reynolds number

u = velocity component in x direction

u. = central line velocity
u,, = mean velocity in micro-channel

1 = nondimensional velocity component in x
direction

= velocity component in y direction

= nondimensional velocity component in y
direction

V = volume flow rate
w = velocity component in z direction
W, = width of shallow plenum
x,y,z = full domain coordinates

x',y",z’ = micro-channel coordinates

Greek Symbols

B = aspect ratio

M = viscosity

p = density

T = iteration number
Subscripts

ch = channel; micro-channel
d = developing region
exp = measured

f = fluid
fd = fully developed region
in = inlet

m = average

out = outlet
pred = predicted

pl = deep plenum
p2 = shallow plenum
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