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ABSTRACT

An efficient micro-channel heat Exchanger was designed which can be used for heat removal from the
components requiring micro level heat extraction. The heat exchanger was designed and simulated
numerically using the non symmetric pattern multi frontal finite element method for predicting the flow
behavior in Micro channels. Three geometries were proposed and simulated in two dimensions to show that
geometry directly affects the velocity distribution in the micro channel. The simulation demonstrated that
the efficiency of the micro-heat exchanger vary with pressure difference, velocity distribution and heat
transfer. The results were quite useful for the design of micro fluidic device for IC cooling.
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1. INTRODUCTION

It is quite obvious that over the past few decades and
with the refinement of micro fabrication techniques, the
use of micro-channels has become promising for a
variety of industrial applications. Examples include
biological applications for front end sample preparation
(purification, separation, and concentration), cell sorting,
and even more. Micro-channels continue to play an
integral part in thermal management (microchip cooling,
micro reactors) and energy systems (fuel cells, micro
combustion) applications. Moreover, Energy
conservation and sustainable development demands have
been driving research efforts, within the scope of thermal
engineering, towards more energy efficient equipments
and processes. In this context, the scale reduction in
mechanical fabrication has been permitting the
miniaturization of thermal devices, such as in the case of
micro-heat exchangers [1]. Recent review works [2,3]
have pointed out discrepancies between experimental
results and classical correlation predictions of heat
transfer coefficients in micro-channels. Such deviations
have been stimulating theoretical research efforts
towards a better agreement between experiments and
simulations, through the incorporation of different
effects that are either typically present in micro-scale
heat transfer or are effects that are normally disregarded
at the macro-scale and might have been erroneously not
accounted for in micro-channels.

Decreasing feature sizes and increasing package
densities are making thermal issues extremely important
in integrated circuit (IC) design. According to recent
statistics, a large proportion of field failures can be
attributed to overheating, which in turn is caused by
inappropriate thermal design. Uneven thermal maps and
“hot spots” in ICs cause physical stress and reduce
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reliability. High die temperatures affect circuit behavior
in a number of adverse ways. For example, the
mean-time-to-failure due to electro migration decreases
exponentially with rise in temperature.

A number of techniques have been proposed in the
literature for chip cooling. Initially Tuckerman and Pease
[4] proposed micro channel heat sinks fabricated onto the
back of a silicon chip substrate. Later on, other means
were employed to cool the chips by: immersing the
electronic chips in a pool of inert dielectric liquid [5],
thermosyphons, where a liquid evaporates with applied
heat and condenses dissipating that heat elsewhere, in a
closed system [6], and heat pipes, where the liquid
evaporates, condenses at another region and reaches the
hot area through wick structures that line the heat pipes
thus ensuring uniform distribution of heat [7]. These
techniques are inherently unsuitable for compact,
embedded systems. Thus, there remains a technology
void and a pressing need for dynamically cooling hot
spots in embedded ICs and compact packages used for
portable applications.

A wide range of research has been carried out on
different processes and application. For instance, Kang
and Tseng [8] developed a theoretical model for
predicting the thermal and fluid characteristics of a cross
flow micro-heat exchanger. In micro-structured devices,
homogeneity of the fluid is very important. Tomonomura
et al. [9] designed a micro device using CFD. The
simulation illustrates that the uniformity of flow greatly
depends on the geometry of the shape of micro channels.

The present research effort was related to the
fundamental analysis of flow behavior and forced
convection within micro-channels without slip flow, as
required for the design of micro-heat exchangers. Three
different geometries were simulated using non-
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symmetric pattern multi frontal finite element method
and compared.

2. DESIGN AND SIMULATION

In this work, different micro-channel geometries were
designed and analyzed but only four of them are
discussed. These geometries were simulated and results
were compared to identify the best channel
configuration.

2.1 Mathematical Formulations

The basic mathematical equations in determining the
flow behavior through the micro-channel are
Navier-Stokes equation for momentum conservation and
continuity equation for mass conservation.

p%+pu.?u=—?p+ uviu — pg 1)

Viu=20 (2

For getting temperature distribution, law of convection
and conduction for energy conservation was used.

V.(—kVT) = Q — pCu. VT (3)

2.2 Assumptions

In the present work, there were some assumptions
made for simplifying the problem. The assumptions
taken were:
a. Fluid flow (M=0.04) was incompressible though
density varied with temperature.
b. Fluid was considered as continuum. In this case,
Knudsen number (Kn) < 0.01 where Knudsen number is
defined as:

A

Kn = Amin (4)
Here A is the mean free path [10] which is defined as:
BT
A= A IPAC? (5)

c. The flow regime was laminar. So, Reynolds number
should be less than 2300 for rectangular micro-channel
[11]. Reynolds number (Re) is defined as:

VD
Re = ”T (6)

2.3 Micro-Channel Design

For simulation process various geometries were
evaluated and the best four convenient ones are stated
here. The basic difference among the four was in the
inlet and outlet geometries. For Type-01, inlet and outlet
accommodation of the flow were sidewise and
geometries were triangular. For Type-02, the fluid inflow
was in the central part and the distribution was triangular.
In the third proposal (Type-03), the distribution is
circular and central inflow. We also proposed a modified
model of Type-03 by introducing two baffles at the inlet.
The Type-01 geometry is given below for detailed
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information:
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Fig 1. Type-01 geometry
Three micro-channels (Type 01, Type 02, and Type
03) were designed in COMSOL Multiphysics according
to the design specifications of Table 1.

Table 1: Proposed Micro-channel dimensions

Characteristics Types
Sym | Name Unit | 01 02 03
bol
n No. of | Dim | 21 21 21

channel -enti

onle
ss
W, Channel | um 350 350 350
width
L Channel | pm 13000 | 13000 | 13000
length
W, Channel | pum 400 400 400
wall
width

2.4 Boundary Conditions
The boundary conditions as for fluid flow behavior
taken for the specific problem were:
a. No slip flow at channel walls
b. Zero relative pressure at the outflow
c. Fully developed inflow velocity
For temperature distribution, the boundary conditions
were as follows:
d. Constant inlet temperature
e. Constant channel wall temperature
f. Convective flux condition at outlet

2.5 Grid Independent Test

Grid independency test is important due to the
complexity of the computational domain. Therefore,
several grid size sensitivity tests were conducted on
Type-02 to determine the sufficiency of the mesh scheme
and to ensure that the solutions were grid independent.
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Eleven different non uniform grids of various numbers of
elements were considered for the grid refinement test. It
was found in Figure. 2 that 97694 non regular elements
were sufficient to provide accurate results.

Grid Independence Test
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Fig 2. Grid refinement test for Type-02

2.6 Simulation

The proposed geometries were simulated under the
mathematical model which is governed by the coupled
equations of continuity, momentum and energy and was
solved by employing non symmetric pattern multi frontal
finite element method. For the simulation purpose,
Nitrogen gas of inlet average velocity of 10 m/s was
considered. The channel wall temperature was taken as
constant 350 K and the inlet temperature of the gas was
taken 300 K.

The physical problem was considered as damped
Newtonian and highly non linear problem. The analysis
was considered continuum and is divided in to a set of
non-overlapping regions called elements. In addition, to
discretize the physical domain triangular mesh elements
were taken for velocity and temperature simulations.
Substitutions of the proposed assumptions in to the
system of governing equations and boundary conditions
yield a very good result. More details about the solving
method are available at Rahman et al.[12] as well as
Zienkiewicz and Taylor [13].

2.7 Code Validation

The present results were validated based on the
problem of Vasquez-Alvarez et al. [14]. Some of the
present results were compared with those reported in
Vasquez-Alvarez et al. [14]. The comparison of the
average velocity has been shown in Table 2. The present
results have a very good agreement with the results
obtained by Vasquez-Alvarez et al. [14].

Table 2: Code validation for Type-01

Channel Average velocity(m/s)
no present reference
1 2.34 2.3
5 2.50 2.45
10 2.61 2.6
11 2.63 2.65
20 2.83 2.7
21 2.80 2.71
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3. RESULTS AND DISCUSSIONS

The simulation results (velocity and temperature
distribution) for all the proposed three geometries were
as following.

3.1 Simulated Figures

Velochy fiekd [m/s] Max: 15605
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Fig 5. Velocity distribution for Type-02
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Fig 9. Velocity distribution for Type-03(with baffle)

Temperature (K] Max

Fig 7. Velocity distribution for Type-03(without baffle) Fig 10. Velocity distribution for Type-03(with baffle)
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Fig 12. Temperature distribution of different geometries
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Fig 13. Velocity distribution of Type 03
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Fig 14. Temperature distribution of Type 03

The wvarious parameters obtained in different
geometries are given in Table 3. The simulation results
were plotted so as to compare the velocity and
temperature distribution among the channels of different
geometries. The results demonstrated that velocity and
temperature distribution are most uniform in Type-03
(without baffles) geometry. From simulation data, in
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case of Type-01 geometry the maximum velocity was
obtained 15.605 m/s. Reynolds number was 327.667
which ensures the laminar flow. Pressure difference was
300.11 Pa. For geometry Type 02 and Type-03 maximum
velocity obtained was approximately same but in case of
model Type-03 with baffles had lower Reynolds number
which depicted good laminar flow. However, pressure
difference between the inlet and outlet was lowest for
Type-03 having no baffle. So, it will require less
pumping effort. Velocity distribution among the channel
was quite sound.

Table 3: Results

Para | Uni Types
m-et |t 01 02 03(with | 03(with
ers out baffle)
baffle)
Vimax | M/s | 15.60 | 14.992 | 14.991 | 15.00
5

Ren, | Di | 327.6 | 27457 | 158.25 | 83.412

nsi
onl
€ess
AP Pa | 300.1 | 284.08 | 241.29 | 257.55
1 9
Omax | W/ | 5.378 | 5.194E | 5.193E6 | 5.196E6
m? | E6 6

4. CONCLUSION

The numerical investigations of flow and thermal
fields and heat transfer behaviors in a micro channel heat
exchanger have been presented in this study. The basic
differences in the results were because of the difference
in inlet and outlet configurations of various geometries.
After simulation process, velocity field, pressure
difference, temperature distribution etc were analyzed
for solutions of current field problems. Four geometries
were proposed and Reynolds number, pressure difference
and velocity, temperature distributions were obtained.
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7. NOMENCLATURE

Aimin Minimal m
characteristic
dimension
g gravitational m/s?
acceleration
Kn Knudsen number  Dimensionless
k Thermal W/im.K
conductivity
L Channel length pm
M Mach number Dimensionless
n Channel number  Dimensionless
P minimum Pa
operating
pressure
AP Pressure Pa
difference
Q Heat source w/m?
Qmax Maximum W/m?
convective heat
flux
R universal gas J/mol.K
constant
Re Reynolds number  Dimensionless
Remax Maximum Dimensionless
Reynolds number
T Temperature K
Tavg Average K
temperature
u fluid velocity m/s
Vavg Average velocity m/s
Vm average flow m/s
velocity used
to calculate the
Reynolds
Vmax maximum m/s
velocity
Wa Channel wall  pm
width
Wc Channel width pm
u Dynamic Pa.s
viscosity
A Molecular mean M
free path
p Density Kg/m®
T Molecular m
diameter
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