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ABSTRACT

A numerical study on flow and heat transfer of de-ionized NOMENCLATURE
water over in-line and staggered micro-cylinder-groups had a  Constant
been performed with Reynolds number varying in the range
from 0 to 150. A 3-D incompressible numerical model was b Constant
employed to investigate the vortex distributions and the D  Micro-cylinder diameter m
influences of the vortexes on the flow and heat transfer o
characteristics at low Re numbers in micro-cylinder-groups f Friction factor
with different geometrical parameters, including micro-cylinder H  Micro-cylinder height m
diameters (100pum, 250pm and 500um), ratios of pitch to L Length of micro-cylinder-groups m
micro-cylinder diameter (1.5 2 and 2.5) and ratios of micro-
cylinder height to diameter (0.5, 1, 1.5 and 2), etc. The vortex N Micro-cylinder column number
distributions, the flow and temperature fields, and the D Pressure Pa
relationships among them were investigated by solving the
numerical model with the finite volume method. It was found 4p  Pressure difference between inlet and outlet Pa
that the vortex number became larger with the increase of pitch Heat flux
ratio, and the change of flow rate distribution affected the heat ) ] ] )
transfer characteristics apparently. The appearance of vortexes S Micro-cylinder-pitch ratio m
in micro-cylinder-group increased the differential pressure S, distance between the first row and the wall
resistance; as a result the total flow resistance in micro- . L
cylinder-groups correspondingly increased. Meanwhile, the u  Velocity of x-direction m/s
local heat transfer coefficients nearby the locations of vortexes Uin  x velocity at inlet m/s
greatly increased due to the boundary lay.er sepafatlon, which v Velocity of y-direction m/s
further enhanced the heat transfer in micro-cylinder-groups.
The new correlations which could predict Nusselt number of w  Velocity of z-direction m/s
de-ionized water over micro-cylinders with Re number varying X x-coordinate
from 0-150 had been proposed considering the differential
pressure resistance and the natural convection based on y  y-coordinate

numerical calculations in this paper.
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z z-coordinate

p  Density of liquid water kg/m®
u  Viscosity of liquidwater m*/s
in Inlet

outlet Outlet

symmetry  Symmetry surface
wall_a Adiabatic walls
wall_h Heating walls

max Maximum

INTRODUCTION

Driven by the rapid development of complementary metal
oxide semiconductor, there are more and more investigations
focusing on the enhanced micro-scale heat exchanger and the
heat transfer mechanisms in these high efficiency structures in
recent years. Micro-cylinder-groups can be used to enhance the
convective heat transfer considering the perturbation of the
micro-cylinders which may advance the flow transition from
laminar to turbulent flow. However, the existence of the micro-
cylinders may result in more complicated flow and heat transfer
in micro-cylinder-groups.

Zhang et al. [1] experimentally investigated the friction
factor characteristics of de-ionized water flow for both in-line
and staggered arranged micro-cylinder-groups when the Re
number varied in the range of 0 to 800. The friction factors in
in-line and staggered micro-cylinder-groups with different
micro-cylinder heights were obtained, which could be used to
validate the numerical methods for the single flow of the
micro-cylinder-groups.

Besides, some researchers carried out investigations on the
flow and heat transfer of micro-pin-fins, which were also
important references to explore the flow mechanism in micro-
cylinder-groups. Mizunuma et al. [2] experimentally and
numerically studied forced convective heat transfer from a
micro-finned surface. It was found that the increased flow
velocity in the free flow area above the fins in higher height
channels yielded high heat transfer coefficients. Marques and
Kelly [3] investigated heat transfer and pressure drop results
for flat parallel plate and curved pin fin micro heat exchangers
with a staggered arrangement with application to gas turbine
blade cooling. It was concluded that the micro pin fin heat
exchanger performance was better than a parallel plate
counterpart, and the k—¢& turbulence model was the most
commonly used model for prediction of thermal and
hydrodynamic  characteristics of pin—fin micro- heat
exchangers. Lind [4] employed finite element method and
several turbulence models to predict heat transfer and
temperature distributions of pin fin micro-heat exchangers. The
models included the standard k-& model (SKE), the

renormalized group model (RNG), and the new k-¢
model.Galvis et al. [5] investigated the numerical models of
pin-fin micro heat exchangers by employing several turbulence
models using a 3D finite element model of a MHE. It was
found that the flat micro pin fin heat exchanger overall thermal
performance always exceeded that of the parallel plate
counterpart (smooth channel) by a factor of as many as 2.2 for
the 8.5mm diameter pins, and 4 for the 0.5 mm diameter pins in
the investigated Reynolds number range. Further, the RNG
model tended to be the best model to predict both the Nusselt
number and the friction factor and capture the main feature of
the flow field in MHE. Kosar et al. [6] carried out an
experimental investigation on the pressure drops and friction
factors associated with the forced flow of de-ionized water over
staggered and in-line circular/diamond shaped micro pin-fin
bundles 100 um long with hydraulic diameter of 50 and 100
pm over Re number ranging from 5 to 128. Pin fins were
arranged according to two different horizontal and vertical
pitch ratios (1.5 and 5). This research found that the available
large-scale correlations did not adequately predict the pressure
drop at the micro scale. A modified correlation based on the
experimental results obtained using micro scale devices had
been proposed. The refined correlation accounted for in density
and the endwall effects encountered in micro scale
configurations. In addition, Kosar and Peles [7] also
experimentally investigated the heat transfer and pressure drop
of de-ionized water over a bank of shrouded staggered micro
pin fins 243um long with hydraulic diameter of 99.5 um.
Average heat transfer coefficients had been obtained for
effective heat fluxes ranging from 3.8 to 167W/cm” and Re
numbers from 14 to 112. It was found that for Re below 50
long tube correlations overpredicted the experimental Nu
number, while at higher Re numbers existing correlations
predicted the results moderately well. Endwall effect, which
diminishes at high Re numbers, and a delay in flow separation
for compact pin fins were attributed to the obtained trend. Peles
et al. [8] investigated heat transfer and pressure drop over a
bank of micro pin fins. A simplified expression for the total
resistance was derived, discussed and experimentally validated.
Geometrical and thermo-hydraulic parameters affecting the
total thermal resistance were discussed. It was found that very
low thermal resistances were achievable using a pin fin heat
sink. The thermal resistance values were comparable with the
data obtained in microchannel convective flows. In many cases,
the increase in the flow temperature resulted in a convection
thermal resistance, which was considerably smaller than the
total thermal resistance. Naphon et al. [9] experimentally and
numerically investigated the heat transfer characteristics of in-
line and staggered taper pin fin heat sink under constant heat
flux conditions. Experiments were performed at various Re
numbers in the range of 1000-9000 and heat fluxes in the range
of 0.91-3.64kW/m’. The number of pin fins for in-line and
staggered configurations were 16 and 17, respectively. The k-¢
standard turbulence model was employed to simulate the
turbulent heat transfer characteristics. Compared with the
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experimental results, the numerical predictions were in
reasonable agreement with the experiments. OHADI et al. [10]
overviewed several thermal management techniques that could
serve as an effective means to cool the next generation high
flux electronics. These included the immersion cooling, jet
impingement and spray cooling, and ultra thin film evaporation
(UTF), particularly to serve at the chip level for hot spot
cooling of the chip. The potential of these techniques for
thermal management of current high flux electronics as well as
the promise they hold for spot cooling of the next generation
high flux electronics for commercial and military sectors were
also discussed. Diez et al. [11] calculated the performance of
micro-pin fins of variable diameter and rough surface by means
of an approximate procedure based on truncated power series.
Influence of surface roughness was evaluated for a wide range
of heat transfer conditions; the results were discussed in terms
of the two primary quantities of interest in fin design, viz.,
efficiency and effectiveness; then it could be safely applied to
other geometric arrangements involving straight and annular
fins due to the easiness of the present methodology.

Reviewing the literatures it can be known that the
investigations on the single phase flow all focused on the
pressure drops and the frictions factor characteristics, but
detailed flow and temperature fields in micro-cylinder-groups,
especially the vortex and temperature distributions in micro-
cylinder-groups had not been investigated. Therefore, the
present research numerically simulated laminar flow and heat
transfer characteristics in the micro-cylinder groups and
investigated the velocity field, the streamline distributions and
the temperature field. Besides, the effects of the configurations
of the micro-cylinder-groups on the flow field, the vortex
distributions, and the heat transfer characteristics were also
systematically analyzed.

NUMERICAL MODELS
The physical geometry of the model for the micro-cylinder-
group is schematically shown in Fig.1.
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Fig. 1 Schematics of micro-cylinder-groups

The flow and heat transfer characteristics of seventeen
micro-cylinder-group chips with different axial pitches S, the

micro-cylinder heights H, the micro-cylinder diameters D and
columns N, were numerically calculated in this paper. The
widths W of all of the chips are 3.5mm and the detailed
dimensions of the micro-cylinder-groups are listed in Table 1.

Table 1 Detailed dimension of the calculated chips of micro-cylinder-groups

N S D/jum H/pm Lmm N  arrangemen
D t

o

1 1.5 500 250 14 5 in-line

2 2 500 250 14 5 in-line
325 500 250 15 5 in-line

4 25 500 500 15 5 in-line

5 25 500 750 15 5 in-line

6 25 500 1000 15 5 in-line
7 2 100 50 2.9 5 in-line

8 2 250 125 7.5 5 in-line

9 1.5 500 250 12.6 5 staggered
10 2 500 250 13.5 5 staggered
11 25 500 250 14.3 5 staggered
12 2 500 500 13.5 5 staggered
13 2 500 750 13.5 5 staggered
14 2 500 1000 13.5 5 staggered
15 2 500 250 16.9 10 staggered
16 2 500 250 204 15 staggered
17 2 500 250 23.8 20 staggered

Considering the structural symmetry of the micro-cylinder-
group, a 3-D grid was generated based on 1/2 of the physical
model (as shown in the left view of Fig.1) in the calculation, as
shown in Fig.2. The girds of other chips were separately
generated for the 17 micro-cylinder-groups listed in Tab.1.

heating walls
adiabatic walls

Fig.3 Boundary conditions for numerical models

In order to check the independency of the grid, the friction
factor and Nu number was calculated based on four different
girds with cells of 144000, 186000 and 255000, respectively.
The deviation of friction factors among the three different grids
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was less than 5.1%, and the deviation of NU number was less
than 7.4%. Therefore, the grid with 144000 cells achieved
independent solution and was used to simulate the flow and
heat transfer characteristics in present investigation.

In micro-scale flowing models, the Knudsen number is the
criterion to judge whether the continuum model or rarefied
flow model should be used. In this study the Kn was found to
be much less than 107, so that the continuum model could be
used without any significant error to predict the flow field and
the heat transfer characteristics of micro-cylinder-groups
presented in Table 1. The 3-D laminar incompressible model
was used to simulate the flow field when the liquid water
flowed through the micro-cylinder-groups with Re ranging
from 0 to 150. Considering the natural convection in micro-
cylinder-groups at high heat flux may affect the heat transfer
characteristics, the Boussinesq assumption was employed to
simulate the significance of mixed convection in present
investigation. The governing equations of the model are:
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The parameter Upsy is the average velocity on the minimum
flow cross section along flowing direction, which can be
calculated by the following equation:

S
Unax = Uin S-D (7)
The boundary conditions (as shown in Fig.3) for the
numerical model consisting of walls (including heating walls
and adiabatic walls), a velocity inlet, a full developed outlet
and two symmetry planes are expressed as follows:
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The finite volume method was used to obtain the discrete
models of the governing equations which can be solved by
SIMPLE algorithm. The equations (1)-(6) are solved by C++
language program.

The 3-D velocity fields and temperature fields in micro-
cylinder-groups listed in Table 1 can be predicted by the
numerical methods above and then the friction factor f and Nu
number of the laminar flow in the micro-cylinder-group can be
calculated by:

2ApD

f =——, Nu=hD/A 8
purznaxL o ®
RESULTS AND DISCUSSIONS

Figure 4 shows the velocity fields and enlarged velocity
distributions on the symmetry faces along the x-direction
(which is also the flowing direction) in in-line arrayed micro-
cylinder-groups with different pitches of S/D=1.5, 2, 2.5,
respectively.

0 omomn1ze

(b) S/D=2, H=250pm

avmiooty 0 004008212018 63 0 ]

(c) S/D=2.5, H=250um

Fig.4 Velocity fields of the micro-cylinder-groups with different pitches (in-line
array arrangement) at Re=75

In Fig.4 (a), five high-speed narrow regions appear in area B
between the two micro-cylinders of each column. The area of
the high-speed region corresponding to the first four columns is
reduced and the value of the highest speed in this region
decreases along the flowing direction. However, the area of
high-speed region between the two micro-cylinders of the fifth
column is larger than that of the fourth column, and the highest
speed increases simultaneously. Different from the micro-
cylinder-groups with S/D=1.5, the high-speed regions for the
chip NO.2 of S/D=2 in area B are so large that they link with
each other and form a interchange region which is almost
parallel with the high-speed region in area A, as shown in
Fig.4(b). Besides, the total area of the high-speed region in area
A is almost equal with that of area B, because the width of area
B is almost the same as that of area A. Increasing the pitch to
S/D=2.5, as illustrated in Fig. 4(c), the velocity distributions in
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areas A and B are opposite to those of S/D=1.5. Five high-
speed narrow regions appear in area A near the wall. Similar to
S/D=1.5, the area of the high-speed region and the value of the
highest speed in the region are both reduced along the flowing
direction until the location of the fourth micro-cylinder, but the
fifth high-speed region is almost the same as the fourth one.

woitex b

(b) S/D=2, H=250um

(c) S/D=2.5, H=250pum

Fig.5 Streamline distributions on the symmetry face with different pitches (in-
line array arrangement) at Re=75

Figure 5 shows the comparisons of the streamline
distributions in in-line arranged micro-cylinder-groups with
different pitches. In Fig. 5(a), there is no vortex along the
flowing direction behind the first and the second micro-
cylinder in the row close to the wall due to strong interaction
among micro-cylinders at S/D=1.5, although a part of fluid
flows into area A behind the first two columns micro-cylinders.
As the increase of the flow resistance, a counter-clockwise
vortex whose center is below the axis of the micro-cylinder
appears in the leeside of the third micro-cylinder in the row
close to the wall and there is still some fluid flowing into area A
from area B. Then a clockwise vortex appears behind the fourth
micro-cylinder due to the increase of the viscous resistance
loss, so some fluid begins to flow into area B from area A.
Increasing the micro-cylinder pitch to S/D=2, the interactions
among the micro-cylinders decrease apparently compared with
S/D=1.5. As a result, a couple of vortexes appear behind each
micro-cylinder in the row close to the wall, as shown in Fig.
5(b). For the first three vortex couples, the clockwise vortex t is
a little nearer to the micro-cylinder and it is smaller than vortex
b, so some fluid flows into area B from area A through the
leesides of these three micro-cylinders. However, the location
of clockwise vortex becomes further from the micro-cylinder,
and its area is a little larger than the counter-clockwise one
when the fluid flows by the fourth micro-cylinder, so some
fluid flows into area B from area A across the leeside of this
fourth micro-cylinder, as shown in Fig. 5(b). Keep increasing
the pitch to S/D=2.5, the total number of vortexes appearing in
the micro-cylinder-group is equal to that in the one of S/D=2,

but the vortexes behind the micro-cylinders become small and
the evolution law of the vortexes along the flowing direction is
opposite to that of S/D=2. In Fig. 5(c), the clockwise vortex
behind each micro-cylinder in the row close to the wall is larger
at first and then is smaller than the counter-clockwise one along
the flowing direction, so the flow rate distribution of the fluid
in area A and B is opposite to the micro-cylinder-group with
S/D=2.

1strow 2ndrow 3rdrow
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Fig.6 Velocity fields of micro-cylinder-groups with different pitches (staggered
array arrangement) at Re=75

The three-dimensional velocity field of the liquid water
flowing through the staggered micro-cylinder-groups with
different pitches of S/D=1.5, 2, 2.5, respectively, are illustrated
in Fig.6. It can be known that there are apparent differences
about the velocity distribution between in-line and staggered
micro-cylinder-groups. For in-line array arrangement, the
velocity in the leeside region of each micro-cylinder is low and
several high-speed regions induced by the fluid viscosity
appear between the micro-cylinders in each column. However,
a high-speed area like a butterfly appears in the leeside region
of each micro-cylinder for staggered array arrangement due to
the superposition of the velocity fields around the neighbor
micro-cylinders, as shown in Fig. 6. The shapes and the edges
of the high-speed regions like butterfly in the micro-cylinder-
group with smaller pitch of S/D=1.5 are not as clear as those of
S/D=2 and 2.5, as shown in Fig. 6(a), (b) and (c), In addition,
the areas of low-speed region behind each micro-cylinder with
the pitch of S/D=1.5 are smaller than those of S/D=2 and 2.5
due to the strong interaction among the micro-cylinders.
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(a) S/D=1.5, H=250pum (b) /D=2, H=250um

(c) S/D=2.5, H=250um

Fig.7 Temperature fields of the micro-cylinder-groups with different pitches (in-
line array arrangement) at Re=75

Temperature distributions at q=15W/cm®, Re=75 for in-line
arranged micro-cylinder-groups with pitch ratios of 1.5, 2, 2.5
are shown in Fig.7. It can be known that the temperatures in
upwind ward of the micro-cylinder are low, which is attributed
to the enhancement of heat transfer at high flowing velocities.
However, the heat transfer coefficient becomes smaller for the
lower flow velocity when the liquid flows into the lee ward of
the micro-cylinder, and thus a high temperature region appears
in the lee ward of each micro-cylinder. As it is known that the
boundary layer along the micro-cylinder surface separates from
the lee side due to the liquid viscosity, consequently the local
heat transfer coefficient increases apparently at this point, so
the temperatures is low in the region near the separating point,
as shown in Figs. 7. Besides, it also can be seen from the
comparisons among (a), (b) and (c) of Fig.7.that the area of the
high temperature region in the lee ward of micro-cylinder with
S/D=1.5 increases along the flowing direction until the fourth
column, and then it begins to decrease, especially for the 1%
row of micro-cylinders. As seen in Fig.4, we know that the
velocity distribution of incoming flow for each micro-cylinder
varies during the flow and the velocity at the same location
near the wall in the lee ward of the micro-cylinder decreases a
little along the flowing direction according to the simulation
results, although the total flow rate keeps a constant. Therefore,
the heat transfer in the lee wards of downstream micro-
cylinders is weaker than that of the upstream ones and the area
of high temperature region in the lee ward of micro-cylinder
increases along the flowing direction. Furthermore, a large
vortex (as shown in Fig. 5(a)) appears in the lee ward of the
fourth micro-cylinder due to the effect of the viscous force and
flow velocities in this vortex region become lower, so the local
heat transfer coefficient drops and the temperatures rises.
However, the average velocity in the lee ward of the fifth
micro-cylinder a little increases with the sudden disappearance
of the vortex, at the same time the area of the high temperature
region decreases slightly compared with that of the fourth
micro-cylinder. For the 2™ row of micro-cylinders on the
symmetry surface, the liquid flow rate distribution in different
regions changes along the flowing direction due to the
influence of the 1% row micro-cylinders, as shown in Fig.5 (a).
A part of fluid flows from region B to region A through the lee

wards of the first three columns, thus the flow rate and average
velocity of the lee ward of each micro-cylinder decreases, so
does the local heat transfer coefficient. However, the flow rate
distribution changes again with the appearance of the vortex in
the lee ward of the fourth column micro-cylinder in the 1% row
when the liquid flows by the fourth column micro-cylinder, and
a part of fluid flows from region A to region B through the lee
ward of the fourth micro-cylinder of the 1* row, as shown in
Fig. 5(a). As a result, the average velocity and the local heat
transfer coefficient in the lee ward of the fifth micro-cylinder in
the 2™ row increase, correspondingly, the area of the high
temperature region decreases. Increasing the pitch of micro-
cylinders to S/D=2, 2.5, the flow rate distribution changes not
as apparently as that of the micro-cylinder-groups with S/D=1.5
because one couple vortexes appear behind each micro-
cylinder, so the area of the high temperature region in the lee
ward of each micro-cylinder decreases along the flowing
direction. Besides, the average surface temperature of micro-
cylinder for S/D=1.5 is a little lower than that of S/D=2, 2.5 due
to the heat transfer enhancement as a result of strong changes
of flow rate distribution in the micro-cylinder-group with
smaller pitch ratios, which can be known from the comparison
among Fig.7(a), (b) and (c). In addition, the temperature
difference between the bottom and the top of the micro-
cylinder is higher in micro-cylinder-groups with S/D=1.5, 2
than that of S/D=2.5, so the natural convective heat transfer
becomes stronger and the total heat transfer in micro-cylinder-
groups is enhanced.

Figure 8 shows the temperature distributions at q=15W/cm?,
Re=75 in staggered arranged micro-cylinder-groups with
pitches of 1.5, 2, 2.5, respectively. It can be known by
comparing Fig.8 with Fig.7 that the temperature distribution on
the wall varies very little with the change of pitch ratio in
staggered micro-cylinder-groups compared with that in in-line
arrangement, and the area of high temperature region
continuously increases along the flowing direction. For the
staggered micro-cylinder-groups with S/D=1.5, the area of the
high temperature region in lee ward of the micro-cylinder is
smaller than that in micro-cylinder-groups of S/D=2, 2.5, which
resulted from the stronger interactions among the micro-
cylinders at lower S/D. Besides, the average temperature
difference between the upwind side and lee side of micro-
cylinders in micro-cylinder-group of S/D=1.5 is lower than that
of S/D=2, 2.5, as shown in Fig. 8(a), (b) and (c), therefore the
lower pitch ratio can enhance the heat transfer in micro-
cylinder-groups.

(a) S/D=1.5, H=250pm (b) S/D=2, H=250pm
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(c) S/ID=2.5, H=250um
Fig.8 Temperature fields of the micro-cylinder-groups with different pitches

(staggered array arrangement) at Re=75

Profiles of heat transfer coefficients vs. Re in in-line and
staggered arranged micro-cylinder-groups with different pitch
ratios and micro-cylinder heights are illustrated in Figs.9-10
and Figs.11-12, respectively.
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different heights of cylinders(staggered array arrangement)

It can be known from comparisons that the Nu number
increases with the decrease of the pitch ratio for both in-line
and staggered micro-cylinder-groups. This phenomenon is
caused by the stronger change of flow rate distribution and the
fluid mixture among different regions in micro-cylinder-groups
with S/D=1.5, as a result the heat transfer is enhanced.
Comparing the micro-cylinder-groups with different cylinder
heights, it is known that the Nu number increases with the
decrease of micro-cylinder height at low Re numbers,
especially when the micro-cylinder-groups height is larger than
the micro-cylinder diameter, as shown in Fig.10 and Fig.12. As
discussed by Sparrow[12], the wall boundary layer thickness
extends a few micro-cylinder diameters from the wall at lower
Re number, which can strongly affect the hydrodynamic field
(end-wall effect), so the total flow channel is immersed in the
fluid for the micro-cylinder-groups investigated in present
paper (0.5<H/D<2). Thus, the velocity gradients near the wall
in micro-cylinder-groups rapidly increase with the decrease of
micro-cylinder height, so the fluid velocity at the location with
same distance from the wall is higher in micro-cylinder-groups
with larger height and the heat transfer is enhanced. However,
the Nu number discrepancies in micro-cylinder-groups for
different micro-cylinder heights become smaller with increase
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of Re number, which is attributed to the weakness of end-wall
effect, especially for the micro-cylinder-groups with large
micro-cylinder height.

9.0
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Fig.13 Nu numbers of micro-cylinder-groups with different diameters

Comparisons of Nu numbers in micro-cylinder-groups with
different cylinder diameters are illustrated in Fig.13. It can be
known from Fig. 13 that Nu numbers become larger with the
increase of micro-cylinder diameter. This may be attributed to
the drastic change of thermal properties of the working fluid in
micro-cylinder-groups with small cylinder diameters. It is
known that the temperature of water increases rapidly along
flow direction at low Re numbers in micro-cylinder-groups
with smaller cylinder diameters, as a result, the Prandtl number
of water decreases more apparently than that in micro-cylinder-
groups with larger cylinder diameters under the same heat flux,
therefore the Nu number becomes smaller with the decrease of
cylinder diameter, as shown in Fig.13.

The flow and heat transfer characteristics in micro-cylinder-
groups can be evaluated by friction factor f and Nu,
respectively. The friction factor in micro-cylinder-groups is
decided by p, Umax, 4 H, S, D, L, S, and Nu is decided by the
parameters of p, Upn, 4 Cp, A, H, S, D, L. According to
Rayleigh dimensional method, the friction factor f and Nu
number of the liquid flow in micro-cylinder-groups can be
described by:

f :kpaluﬁéxﬂa3H a4S as Da6La7SV6\118 (9)

NU = kpblugéx/tb3Cpb4/1bSSb6Db7Lb8H b9 (1

0)
According to the dimensional analysis, the following
equation can be obtained from Eq. (9)-(10):

=3.ail Y —1,a3, a4+as+aec+ar+as
(11)

f=kMLH L HP et L
~1.b2 —1,-1.b3 3_-1 b5 b6+b7+bs+bo

Nu = k(ML) (Lt )2 MLt et ) et 7 L
(12)

The relationships of the powers in Eq. (9) and Eq.(10) are

given by following equations respectively:
a,=a,=-a, a,=-a;—-a,—a;—a,—ag (13)
b =b, b,=-b, b =b,+b, +hy +b, (14)

Therefore, Eq. (9)-(10) can be re-written as:

—3,-& =8
fok P Tme gt pi sy (15)
b b
o[ 2D ) (o) SPLAH 6
W T ) ) o (1o

Basing on the numerical results for different cases, the
powers in Eq. (11)-(12) can be obtained. Then the friction
factor f and Nu number of the laminar liquid flow in the micro-
cylinder-group with Re ranging from 0 to 150 can be predicted
by the following correlation:

In-line array arrangement

2o 26ReOA765(HJ—0.717(S)0‘0151(le.l92(swjl.158
' D D D D

For 0<Re<150, 100pm<D<500um, water a7
0rs2 o6 (S VO (L0203
Nu=1.073Re"" "~ Pr~ (—) (—j (—j
D D D
For 0<Re<150, 100um=<D<500pm, water (18)

Staggered array arrangement:

—-0.722 -3.051 1.904 —1.469
o8] (3] (5 (3
D D D D

For 0<Re<150, 100um=<D<500pm, water (19)
) o (§ )00 (| \0356 £ \-0273
Nu = 1.059 Re"*"" pr?” (7) (7) (fj
D D D
For 0<Re<150, 100um=<D<500um, water (20)

The predictions of correlation Eq. (19) are compared with
experimental results [1] and prediction of Kosar’s correlation
[6], as shown in Fig.14.

Kosar Correlation is as follows:

—0.4 0.7
f_7259( H/D j” 2], s ( 1 )2"’ s
"R \H/D+1) (Ac Re%] \I+H/D Ac

pumaxdh 4Amin|- zD?
Reg="—"8" dy=—T""—,  A=zDHN+2 WL-Z=N |,
A 4
Anin=RH(S-D) (21)

249 -, ——5/D=2,H=250um(by Eq.17)
224 \ = = S/D=2,H=500um(by Eq.17)

i N "\ ®  5/D=2,H=250um(Experimental results [1])
204 . ®  S/D=2,H=500um(Experimental results [1])
18 AN - = - $/D=2,H=250um(by Eq.21)

7] '\ — - = §/D=2,H=500um(by Eq.21)

1.64
1.4
Y1
1.24
1.0
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0.6
0.44
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Re

Fig. 14 Comparisons of friction factors for in-line arrangement
between predictions and experimental results and Kosar’s correlation
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From the comparisons of the numerical and experimental
friction factor in Fig.14, it is known that the deviations between
the predictions of Eq. (21) and the experimental results are
apparently larger than those of Eq. (19), especially for Re<100.
The predictions of Eq.(19) are higher than experimental
results[1], and the maximum discrepancy is 22.3% for micro-
cylinder-groups of H=250pm, and 13.2% for that of H=500pm.
These discrepancies may be attributed to the tip clearance in
the experimental investigations. Considering the ratio of the tip
clearance to the height may be larger in micro-cylinder-groups
of H=250um than that of H=500um, so the influence of tip
clearance on flow characteristics becomes more obvious with
decrease of micro-cylinder height. Moreover, the end-wall
effect affects the flow in micro-cylinder-groups of H=250um
more apparently than that of H=500pum, so the decrease of flow
resistance caused by tip clearance may be larger for micro-
cylinder-groups with H=250um, as shown in Fig.14.

Eq(20)

m_ Experimental results by Kosar[7]

Nu

T T T T T 1
0 20 40 60 80 100 120

Re

Fig. 15 Comparisons of heat transfer coefficients for staggered
arrangement between predictions and experimental results [7]

Figurel5 illustrates the comparisons between the correlation
Eq. (20) and the experimental results [7]. It can be known that
the predictions of correlation obtained in present investigation
are higher than experimental results, and the maximum
deviation is about 35.2% (Re=112). As mentioned above, two
assumptions have been made in boundary conditions: the heat
fluxes on bottom wall and micro-cylinder walls are constant
(15W/cm?); the top wall and side walls are adiabatic. But in
experimental investigations, heating elements were deposited
on the back side of the silicon chips, and experimental chips
were heated by the heating element from the bottom side.
Considering the thermal conductivity of silicon is relatively
low, the heat flux on the micro-cylinder walls is lower than that
on the bottom walls of micro-cylinder-groups in experiments.
As a result, the experimental Nu numbers are lower than the
predictions of correlation. Besides, a part of fluid may flow
through the tip clearance between the micro-cylinder tips and
the top wall, and thus the effect of tip clearance further reduces
the experimental results. Therefore, the predictions of
correlation are higher than experimental results with
comprehensive actions of these factors although there is heat
loss that may influence the experimental Nu numbers during

the experimental process. In addition, the ratio of the flow rate
flowing through the tip clearance to the total flow rate may be
large with the increase of Re number, and so the discrepancies
of Nu number between the predictions and experimental results
become large with the increase of Re number, as shown in
Fig.15.

5. Conclusions

The flow and heat transfer characteristics of laminar state in
staggered and in-line arranged micro-cylinder-groups were
numerically investigated with Re number varying from 0-150.
The vortex distribution and temperature field of laminar flow
were analyzed for micro-cylinder-groups with different pitch
ratios, micro-cylinder heights, micro-cylinder diameters and
column numbers. The concluding remarks are as follows in
present paper:

(1) For in-line arrangement, the vortex number and area
changes with the pitch ratio of micro-cylinder-groups
attributed to in laminar flow field. The friction resistance
and differential pressure resistance varies with the change
of pitch ratio in micro-cylinder-groups, and the friction
factors increases with the decrease of pitch ratio due to
stronger interactions among the micro-cylinders;

(2) A high temperature region exists in the lee ward of every
micro-cylinder for in-line and staggered micro-cylinder-
groups, and the area of this region increases at first and
then decreases along the flowing direction for the in-line
arrangement with S/D=1.5. For staggered arrangement, the
area of this high temperature region decreases along the
flowing direction and it becomes larger with the increase
of pitch ratio. As a result, the heat transfer in micro-
cylinder-groups can be enhanced by decreasing the pitch
ratio for both in-line and staggered arrangement;

(3) The structural parameters of the micro-cylinder group,
such as pitch ratio, micro-cylinder height, column number
and micro-cylinder diameter, etc., may all influence the
heat transfer characteristics, among which the effects of
micro-cylinder height and diameter on heat transfer
coefficients are more significant than the other parameters.
For Re<150, the discrepancy of heat transfer coefficient in
micro-cylinder-groups with different micro-cylinder height
becomes smaller with the increase of Re number, but it
becomes larger for the micro-cylinder-groups with
different diameter;

(4) New correlations of f and Nu accounting for the effect of
structural parameters and the mixed convection had been
developed for in-line and staggered micro-cylinder-groups
(without considering the tip clearance effect), which can be
used to predict the characteristics of laminar flow and heat
transfer.
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