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ABSTRACT

For many years, several experiments have been conducted to analyze the fluid flow
and heat transfer parameters in microchannel heat sinks which are designed for
applications in electronic cooling. These microchannels provide high surface area
per unit volume and large potential for heat transfer. The present work addresses
and investigates the study of a single-phase water cooled circular microchannel
heat sink for electronic packages with forced convection of water by the help of a
commercial CFD software FLUENT. The geometry of the problem and meshing
has been done in ANSYS Workbench. The models of the problem have been solved
by Fluent solver. In this report, a computational fluid dynamics (CFD) model for
fully developed turbulent flow (k- model) has been implemented with the help of
FLUENT 14.5 software.

In the present work Nusselt number has been calculated for the given flow
conditions and the result has been compared with the results of T.M.ADAMS’
experimental work. The hydrodynamic and thermal behaviour of the system have
been studied in terms of velocity, pressure and temperature contours. Variation of
temperature and pressure along centerline, outlet temperature variation and wall
shear profile have been plotted. Axial velocity profile and temperature profiles at
three different locations have been compared. In the present work simulation has
been done for microchannel with diameter 0.76mm and 1.09mm with water as a
coolant. Simulation has also been done for microchannel of diameter 0.76mm

diameter with air as the coolant.

Key words: microchannel, heat sink, Nusselt Number, CFD, velocity, temperature,
pressure, FLUENT.
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NOMENCLATURE

Symbols

A area of cross-section
Cp  specific heat

Dh  hydraulic diameter

f friction factor

K thermal conductivity
Vv velocity

U dynamic viscosity

density

ie)

heat flux
Gk generation of turbulence K.E due to mean velocity gradient
Gb  generation of turbulence K.E due to buoyancy

Ym fluctuating dilatation in compressible turbulence to the overall dissipation
rate

C1¢ constant =1.44

C2& constant = 1.92

C3¢ constant = 0.09

o k turbulent Prandtl number for K
or turbulent prandtl number for &
Sk user defined source term

SE  user defined source term
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Non-Dimensional Numbers

Re  Reynolds Number
Nu  Nusselt Number

Pr  Prandtl Number

Abbreviations

VLSI very large integration

CFD computational fluid dynamics
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1. INTRODUCTION

1.1 General

Recently a lot of developments have taken place in the field of VVLSI technology
and MEMS. These demand electronic chips to be manufactured which are
embedded with microchannel. The thermal energy developed during the operation
of these chips needs to be dissipated by providing microchannel on these chips. It
has been found that the main reason for the failure of chips is primly due to
accumulation of heat. So microchannel embedded chips comes as a feasible and
efficient solution of this problem. These microchannel combined with forced
convection cooling ensures effective and proper working of these electronic chips.
Thus these electronic chips serve as heat sink. These heat sinks have been
categorized into single phase and two-phase depending upon whether boiling takes
place inside the microchannel or not. The primary factors that determine single
phase and double phase flow are heat flux on the wall of microchannel and the
coolant flow rate. Low flow rate of coolant may result in boiling of the coolant and

hence it will be considered as two phase flow.

Microchannels find its applications in, microprocessors, radars, laser diode arrays
and high energy laser mirrors [1]. For the same Re number and hydraulic diameter,
rectangular channels have lower thermal resistance while circular microchannels

dissipate more heat per unit pumping power [2].

The trend towards higher circuit density got accompanies by more and more heat
production which demanded increased power dissipation rate. The demand of

increased packaging density of chips led to substantial increment in heat flux.

[1]
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Fig.1.1 The chronological evolution of chip level heat flux [3]

The main reason for the failure of electronic chip is temperature rise (55%) while
other factors contributing to chip failure are vibration (20%), humidity (19%) and
dust (6%).

Fig. 1.2 Major causes of electronics failure [4]

(2]



1.2 Cooling Methods Used in Industries

Different methods used in electronic industries for cooling modules, systems and

data centers are as follows:

1.2.1 Module Level Cooling

It is done in two ways i.e; cooling external and internal surface of chip module.
1.2.1.1 Internal Module Cooling

The mode of heat transfer in this method is by conduction. The internal thermal
resistance is determined by construction of modules and physical properties. Heat
Is transferred from internal surface to the outer surface by conduction which can be

further removed by different methods.

Heat Sink ~
External

External

Interface -
g 22277777, ey

: ; Substrate
Lid or Cap
Chip

Internal Interface (TIM1)

Fig. 1.3 Cross-section of a typical module denoting internal cooling region and

external cooling region [5]
1.2.1.2 External Module Cooling

In this method a heat sink is attached to the module which is cooled by air or some

other means. Preferably it is done by air because of availability and low cost.

3]



1.2.1.3 Immersion Cooling

In immersion cooling coolant is brought in direct contact of the chip. Liquid
ammonia is generally used for this purpose which provides high heat transfer
coefficient. The mode of heat transfer in this process includes natural convection,

forced convection and boiling as well.
1.2.2 System Level Cooling

In this system like computers are cooled by different methods which are as

follows:
1.2.2.1 Air Cooling

In this method air is used and the mode of heat transfer is forced convective heat
transfer that cools the electronic modules and packages. The rate of cooling is

controlled by varying rate of flow.
1.2.2.2 Hybrid Cooling

In this system, hot air is cooled by heat exchanger which in turn is cooled by water.
Here the module is still cooled by air only but the heated air is cooled by water
cooled heat exchanger. Generally finned tube heat exchanger is used for this

purpose.
1.2.2.3 Liquid Cooling System

Electronic chips or packaging is enclosed inside a frame around which a closed
loop is made. This loop forms the primary loop through which water runs in and
out of the frame. This primary loop is cooled by a secondary loop running water
through it.

[4]



1.2.2.4 Refrigeration Cooled System

In this type of system the electronic packaging is cooled by a loop or channel,

running refrigerant through it.
1.3 Heat Sink

It is an environment that absorbs heat and thereby helps other systems in

dissipating heat.
Applications of heat sink:

1. It finds its application in cooling electronic devices like microprocessors etc.
2. It is of great use in Refrigeration.

3. One of classic example of heat sink is heat engines.
1.4 Microchannel Heat Sink

With advancement of microelectronics heat removal becomes of great importance.
This is due to integrated density of chips and increased current and voltage

handling capacity of these devices.

The heat removing capacity of microchannel is 50 times higher than conventional
heat sinks. These microchannel induce thermal stresses on the system which are
being cooled. In order to avoid these thermal stresses large pressure drop is
required which further needs a pumping system. Several improvements have taken
in the field of microchannel. One of such example is multilayered microchannel.
The main advantage of multilayered microchannel is that it needs less pressure
drop across the microchannel and it offers less thermal resistance as well. Obot in
2003 gave a simpler classification which is based on hydraulic diameter.

[5]



According to his classification channel whose hydraulic diameter is less than 1mm

Is called microchannel. Hydraulic diameter can be defined as
Dh=4A + P;

Where A = area

P = perimeter

Dn = hydraulic diameter

Microchannels provide one of the alternatives to finned tube heat exchanger.
Microchannel heat sinks are usually made of material of high thermal conductivity
such as copper and silicon using precision machining of micro machining
processes. Microchannel is actually composed of a number of parallel micro
channels and coolant is forced through this microchannel. It is the coolant that
takes away heat from the heated surface. Advantages of using microchannel are as

follows:

1. It provides large surface area to volume ratio.

2. It facilitates a high value of convective heat transfer coefficient.
3. It has small mass and volume.
4

. It requires less inventory.

Because of these merits microchannels are well suited as heat sink for devices like
high performance micro processors, laser diode array, radars and high energy laser

MIrrors.

[6]



1.5 ASSUMPTIONS:

(a) Steady state heat conduction.

(b) No heat generation within the microchannel.

(c) Uniform heat transfer coefficient over the entire surface of the microchannel.
(d) Homogeneous and isotropic microchannel material (i.e. thermal conductivity of
material constant).

(e) Negligible contact thermal resistance.

(f) Heat conduction one-dimensional.

(9) Negligible radiation
(h) Thickness of microchannel is negligible and is placed horizontally.

(i) Density of the coolant is constant.

[7]



2. LITERATURE REVIEW

2.1 Introduction

Some experimental and theoretical work on micro channel heat exchanger has been
done in the last decades. Both the industrial and academic people have taken
interest in this area. This chapter can be broadly classified under three categories.
The first part of the survey deals with analytical studies. The second part of the
survey deals with the experimental studies and the third part of the survey deals
with the numerical studies. The following is a review of the research that has been
completed especially on microchannel heat exchangers. The literature review is

arranged according to similarity to the work done in this report.

2.2 Analytical Study of Fluid Flow and Heat Transfer in Microchannels

Y. S. Muzychka [6] analyzed constructional design of forced convection cooled
microchannel heat sink and heat exchanger in 2005. He examined heat transfer
from arrays of circular and non circular duct subjected to finite volume and
constant pressure drop. He concluded that optimal duct dimension is independent
of array structure. He presented the solution for optimal duct dimension and
maximum heat transfer per unit volume for the parallel plate channel, rectangular
channel, elliptical duct, polygon ducts and rectangular ducts. Approximate
analytical results show that the optimal shape is the isosceles right triangle and

square duct due to their ability to provide the most efficient packing in a fixed
volume. Whereas a more exact analysis reveals that the parallel plate channel array
Is in fact the superior system. An approximate relationship is developed which is
very nearly a universal solution for any duct shape in terms of the Bejan number

and duct aspect ratio.

[8]



Ravindra Kumar, Mohd. Islam and M.M. Hasan [7] reviewed experimental
investigation on heat transfer characteristics of single phase liquid flow in
microchannel in 2014. In this paper heat transfer characteristics of single phase
liquid flow in microchannel by different researchers has been reviewed and
discrepancies and possible causes between experimental observation and
theoretical predictions have been analyzed. It has also been observed that nano-
fluids as coolant in microchannel have excellent potential to enhance heat transfer

performance establishing as future coolant.

Sambhaji T. Kadam and Ritunesh Kumar [8] suggested microchannel heat sink
as 21% century cooling solution. In his paper experimental studies on flow
visualization, pressure drop and heat transfer characteristics of microchannel by
different researchers have been summarized. The influence of vapour quality, heat
flux, mass flux and channel geometry on pressure drop and heat characteristics of
microchannel have been reported. Different correlations for single phase and two

phase heat transfer characteristics have been compared.

2.3 Experimental Study of Fluid Flow and Heat Transfer in Microchannels

Microchannel heat sink was first proposed for heat sinking of VLSI electronic
components in 1980s. Tuckerman and Pease [9] used silicon microchannels, with
water as the working fluid, to dissipate power from an electronic chip. The
microchannels were etched in a silicon sample with an overall dimension of 1cmz2.
They had a channel width of approximately 60 pm and a parameterized channel
height varying between 287 pum and 376 pum. These microchannels effectively
dissipated heat up to 790 W/cm”2 while maintaining a chip temperature below 110
°C.

[9]



Wong and Peck [10] evaluated experimentally the effect of altitude on electronic
cooling. As material properties of air vary as a function of altitude due to changes
In atmospheric pressure and temperature, these changes have a negative impact on
the heat transfer effectiveness and result in higher component temperature when
compared to sea level conditions. They carried out the experiments in a hypobaric
chamber using electronic printed circuit boards populated with heated rectangular
blocks placed in a small wind tunnel. The altitude was varied between 0 and 5000
m above sea level and the air speed is varied between 1 and 5 m/s. The results
show the local adiabatic heat transfer coefficient and thermal wake function
diminish with altitude. This information is useful for design and analysis of
electronic equipment for operation over a range of altitudes and air speeds

typically encountered in forced air convection cooling applications.

Recently Lee and Garimella [11] investigated heat transfer in microchannels
made of copper for Reynolds number 300 to 3500. Width of studied channels
ranged from 194 to 534 um while the depths were five times the widths. In
deducing the average Nusselt number, an average wall temperature based on a one-
dimensional conduction model was used. For laminar flow the measured Nusselt
number agreed with predictions for thermally developing flow over the entire
length of the channel. They found that a classical macro scale analysis can be
applied to microchannels, although care must be taken to use the proper theoretical
or empirical correlation. Many of the empirical correlations available did not
match with their experimental data. However, their numerical analysis showed
good agreement with their experimental results in the laminar regime. They
indicated that considerations of entrance regions and turbulent transitions must be

accounted for.

[10]



Choi et al. [12] also suggested from their experiments with microchannels that the
Nusselt number did in fact depend on the Reynolds number in laminar
microchannel flow. They also found that the turbulent regime Nusselt numbers
were higher than expected from the Dittus- Boelter equation. Rahman and Gui
[13, 14] found Nusselt numbers to be high in the laminar regime and low in the

turbulent regime.

Adams et al. [15] tested investigated the turbulent single phase forced convective
heat transfer when water flow in circular microchannels of hydraulic diameter of
760 um and 1090 um. The measured values of Nusselt number were significantly
higher than the predicted by conventional correlations. Further deviation in the
value of Nusselt number from the convention prediction increased with the

increased Re and with decreasing the channel diameter.

The single phase forced convective heat transfer and flow characteristics of water
in micro channel structures/plates with small rectangular channel hydraulic
diameters of 0.133-0.367 mm and distinct geometric configurations were
investigated experimentally by Peng and Peterson [16]. The laminar heat transfer
was found to be dependent upon the aspect ratio and the ratio of hydraulic diameter
to the center-center distance microchannel. The flow resistance of the liquid flow
in the microstructures was also investigated experimentally and analytically, and

correlations were proposed for the calculation of the flow resistance.

Mokrani et al. [17] developed a reliable experimental device and adequate
methodology to characterize the flow and convective heat transfer in flat micro
channels. The study was concerned with measurement of pressure drop and heat

transfer by a Newtonian fluid flow inside a flat micro channel of rectangular cross

[11]



section whose aspect ratio is sufficiently high that the flow can be considered two
dimensional They considered the hydraulic diameter as twice of the channel
height. The mathematical model used to describe the convective heat transfer
between the walls and the fluid takes into account the whole field (solid wall and

fluid layer) and the coupling between the conduction and the convection modes.
Finally they concluded that the conventional laws and correlations describing the
flow and convective heat transfer in ducts of large dimension are directly

applicable to the micro channels of heights between 500 and 50 microns.

Mahalingam and Andrews [18] investigated a high-performance air cooling
technique for electronic devices and packages that involved high-velocity air flow
through micro-structured compact heat sinks of large surface area. The heat
transfer calculations performed for the air-cooled narrow channels were described
in detail. The channels considered were 0.13 to 0.25 mm wide with an aspect ratio
of 10, resulting in heat transfer surface areas of 47 to 63 cm”2 per m”3 of heat sink
volume. Experiments and predictions showed that these heat sinks were an
attractive alternative to conventional forced air circulation heat sinks in terms of

improved electrical performance.

Yu et al. [19] reported experimental investigations on an air-cooled microchannel
heat sink. The microchannels considered were of large aspect ratio (62.5) with the
expectation that the pressure drop would be lower. The experimentally determined
total thermal resistance was found to be in good agreement with that determined
from a thermal resistance model, with the assumption of a Nusselt number of 6.5 in
the model. The pressure drop was found to have a large discrepancy, up to 18%,
from the predicted values, especially at high air flow rates; this was attributed to

the entrance and exit losses in the heat sink which were ignored in the pressure

[12]



drop calculations. The cooling capacity of the heat sink was approximately 1700 W
with a heat flux of approximately 15 W/cm”2 . With a volumetric flow rate of 140

m”3/hr, the pressure drop encountered was found to be as low as 400 Pa.

Aranyosi et al. [20] reported a parametric analysis and experiments on compact
heat sinks for power packages, which utilized air impingement cooling in
microchannels. A thermal resistance model was developed and used to determine
the influence of the operational (static pressure and pumping power) and geometric
parameters on thermal resistance. Measured thermal resistances and pressure drops

agreed with model predictions to within 20%.

2.4 Numerical Study of Fluid Flow and Heat Transfer in Microchannels

C. J. Crocker, H. M. Soliman, S. J. Ormiston [21], investigated the effect of
various geometric parameters, material properties and Re on the thermal
performance of the heat sink. They also made comparison between circular and
rectangular microchannel at the same Re and hydraulic diameter and showed that
sinks with rectangular channel have lower thermal resistance while sinks with
circular microchannel dissipate more heat per unit pumping power. Numerical
solution of the above was using finite control volume method together with finite

element approach.

Reiyu Chein and Janghwa Chen [22], conducted the numerical study of inlet and
outlet arrangement effect on microchannel heat sink performance. Because of
difference in inlet and outlet arrangement, other remaining same, resultant flow
field and temperature distribution are different for a given pressure drop. Using

average velocity and fluid temperature in each channel, it was found that better

[13]



uniformity in velocity and temperature can be found in the heat sink having
cooling supply and collection vertically.

H. Ghaedamini, P.S. Lee , C.J. Teo [23], studied the effect of geometric
configuration on the heat transfer performance and fluid flow of converging-
diverging microchannel numerically. For five different aspect ratios and wall
curvature, Nu and f were defined for three different Re 200, 400 and 600. For the
regular advection region, increasing in waviness will result in better heat transfer
performance as long as two counter rotating vortices are not present in trough
region. For chaotic advection, heat transfer rate increases with higher pressure

drop.

2.5 Closure

The literature review above reveals the fact that numerical simulation i.e; CFD
analysis of experimental work done by Adams et al. i.e forced convective heat
transfer with turbulent flow through circular microchannel of diameter 0.76 mm
subjected to uniform heat flux of 3000 W/m”"2, has not been undertaken and
validated. Moreover sinks with circular microchannel dissipate more heat per unit
pumping power when compared to rectangular microchannel [2]. This is the main

motivation behind the present work.

Finally the experimental investigation results are practically needed results because
experimental results are required to validate the CFD codes. In this study the
governing equations has been solved by SIMPLE method and analyzed the results

obtained.

[14]



2.6 Objective of the Present Work

There has been limited number of research work on the performance of
microchannel heat sink using CFD model. Therefore, the objective of the present

work is

e To do the simulation of a circular microchannel of diameter 0.76mm and
1.09mm using water as a coolant, the central part of which is subjected to
uniform heat flux.

e To compare the simulation of microchannel when using water and air as
coolant.

e To show the variation of temperature, velocity, pressure etc. along the
centerline of the pipe.

e To show the variation of wall shear along the pipe wall.

e To calculate the Nusselt in the heated region of the pipe.

e To compare axial velocity and temperature variation at different locations.

e To show velocity vector, pressure, temperature and pressure contour in the
entire flow regime.

e To show the variation in wall temperature of the microchannel.

e To validate the CFD simulation.

[15]



3. MATHEMATICAL FORMULATION

3.1 Introduction

A two dimensional analysis of single phase flow and heat transfer has been carried
in a circular microchannel of diameter 0.76 mm and of length 152.4 mm. Initial
length of 63.5 mm which is insulated, precedes the heated section. This ensures
that the flow is fully developed before entering the heated region. The heated
length of microchannel is subjected to uniform heat flux intensity of 3000 W/m”2.
After the heated region insulated microchannel of length 152.4 mm follows.
Distilled water has been used as the coolant which is entering inlet of the
microchannel with velocity of u = 18 m/s. the operating pressure is 1 atm in

absolute scale. A schematic diagram of the problem has been shown in the figure

below.
Heated Wall
q" = 3000 W/ m?
Insulated Wall \ l l l l l l l Insulated Wall
0
D=0.00076 m
+
u=18 m/s
h 4
[ F Y h
'% ITTTTTF -
' 0.0635 m 0.0381 m |
I < > ]
: 0.0508 m

Fig. 3.1 Fluid flow through a circular micro channel
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3.2 CFD Modelling

3.2.1 Introduction

Computational fluid dynamics (CFD) is a computer based numerical tool which is
used for analyzing flow of fluid, its heat transfer characteristics and to study other
parameters related to fluid flow and heat transfer. It imposes different equations
such as continuity, momemtum and energy equations etc. on the elementary cells
generated by meshing. Conservation laws are in the form of partial differential
equations. These equations are solved using FLUENT software. FLUENT is a
finite volume program with the help of which geometry is generated and meshing
is done. Thus fluid flow and heat transfer problems are solved with the help of
FLUENT. The solution converges after certain number of iterations and thereafter

in the post processor different results are shown, contours and graphs are plotted.
3.2.2 Advantages of Using CFD Modeling

It gives us better understanding of fluid flow heat transfer characteristics or

other parameters.

e CFD modeling helps in minimizing chances of errors.

e Once the result obtained by CFD gets validated, change in design, boundary
conditions along with results can easily be accompanied.

e [t is a cost effective method as experimental set up for every different design
and conducting the experiment is costly.

e [t saves time for studying flow parameters and analyzing results.

3.2.3 Governing Equations:

In axis symmetric geometry continuity equation gets transformed as

cp @ d . _
T}{+.\_[}GUT]+-_|:JGU- :I_
Cr cx . cr I

PU,

=0



Where, x is axial direction while r is radial direction.

In case of 2D axis symmetric problem the momentum conservation equation in
axial and radial direction is given as below:

é 1 6 1 6 ép
—(pv,)+——rpv,v, )+ —rpv,v, )= ——
or " ox P or ox

, du 2 16| (év duv,_ ||
+ —— r';s|2 X _ (Vo) |+ ——|ru| —=+ ~ ||+ F,
r ox | ox 3 - roor . or dv )
B T (2)
And
¢ 1¢ 10 . c { v v\l
—[pu I+——[:u v, I+——[:vu I_——P+—— ru ——+— ||
ct r e roor or rox| | ox ar )
1¢é (_dv, 2 A v, 2 u i vl
+——|ru| 2——-=\Vu) || -2u—+=-—=\VuU)+ p—+F,
o L ar 3 J ] A B & F (3)
Where
Vil e, v,
o cr 7
.......................................................... (4)

Since the microchannel thickness is small and it is horizontally placed,
body forces Fx and Fr is taken to be zero. This will modify eqn. 2 and

egn. 3 as below:

c 1 ¢ 1 ¢ 0

—(pv )+ ——I(rpv,v, )+ ——(rpv,v, )= _H_P

ot r ox ror ox
18] (,éu, 6| (év, év,)

+ —— r';s|2 - ——{"Fu‘i ——ﬂ— ru| —=+ —F
rox | ox - roor . or dav

: C (5)
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And

0 1 ¢ 1 ¢ op {cv, cdu, ||
—lpu, |+——Irv.v, |+——1ru,u, I_——+—— | +—|
cr réx ror ar  rox \ & or
18 (_cdvu, 2 A v 2 4 T
+——|ru| 2———-—=\Vu) || -2u—+==\Vu)+ p—
ror L or 3 /| e 3 F r

In the present problem standard k-¢ model has been selected as the flow is
turbulent. Transport equations that are used by ANSYS for single phase turbulent

flow are as follows:

2 (o) +—(pkv, ) =—= |.f£+—|d +G, +G, —ps—Y, +5,
ot i, Cx ; oy ) ox;
................ )

And
c c . C I i, ca_ gy . \ g’
—(pe) + — | pevy, I:ﬂ—.| 1+ |— +C,—|G, +C5,.G, |- C,.p—+ S,
ot o, ax; || o, )ox, | 'y ) B «

— ..(8)

3.3 Geometry in ANSYS Workbench

As per our problem specification cross-section of microchannel is
circular and heat flux is uniform, the flow is assumed to be axis
symmetric. When we opt for axis symmetric Cartesian coordinates gets
converted into cylindrical polar coordinates. It implies that flow
parameters vary in axial direction corresponding to x coordinate and
radial direction corresponding to y coordinates in 2-D geometry. The

properties are assumed to be independent of azimuthal coordinate 6.
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Therefore the above problem microchannel can be modeled in

rectangular domain.

Constant Heat Flux

Insulated l l l l l l L Insulated

—1
pr———
—t ——
pr—
—
— p—3

Inlet ol A T Outlet

Constant Heat Flux

e e
e E 3

0.0635 m 0.0508 m 0.0381m

A

4

Fig. 3.2 Schematic diag. of circular microchannel as per problem specification
In ANSY'S workbench it will appear as below:
4 r(y in FLUENT)

Wall

Inlet R Outlet

Axis

L
L 4

L

Fig 3.3 2D geometry in ANSYS workbench
R= radius of microchannel

L= length of microchannel

When we rotate the above geometry 360 degrees about the axis of the channel, the
entire geometry of channel is recovered.

From analysis system of ANSYS, FLUENT is launched. After FLUENT is

launched we go to the properties of geometry. In advance geometry option we
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change the analysis type to 2D from 3D which is by default the analysis type in
ANSYS 14.5. When the type of analysis is changed to 2D the graphics window of
ANSYS appears as below:

s S E———
?}\J Unsaved Project - Workbench

, Fle Vview Tools Units Extensions Help
]
L New [Z5 Open... [l save (& save as... | o] Import... | «0 Reconnect (@ Refresh Project  &F Update Project | (3 Project @Compact Mode

b

:| B Analysis Systems | Properties of Schematic A2: Geometry = X

r— N

! u Design Assessment A B

T i -

] Electric 1 Property o

| B Pt rion. o X
. E Enera

\ BE Fluid Flow - Blow Malding (Polyflow) 31 i z SHEls

] @ Fluid Flow- BExtrusion (Polyflow) 3 i 3 Companent ID Geometr

] G -

] Fluid Flow {CFX) - 4 Directory Mame FFF

i ) = ﬁ Setup = u

! Fluid Flow (Fluent) s 4 = MNotes

E | Harmonic Response 6 @ Results F .,

Last Update Used Licenses -

micrachannel 0.76 mm
Hydrodynamic Time Response

= Geometry Source

Geometry File Name -

4
3
&
7 2 Used Licenses
8
9
10

IC Engine

=]
=]
=
]
' @ HydrodynamicDiffraion
)
=
&

Linear Buckling
11 = Basic Geometry Options

' Magnetostatic

1

: i Modal 12 Solid Bodies

'? u‘n Modal (Samcef) 13 Surface Bodies

| filll RendomVibration 14 Line Bodies ]

E fili ResponseSpectum 15 Parameters

' & Rigid Dynamics 16 Parameter Key DS

i @ Static Structural 17 Attributes 3]

: Bz Static Structural (Samcef) 18 Named Selections 0

: ﬂ Steady-State'lﬁermal 19 Material Properties E

' ) Thermal-Electric .

| 8 T
; % Transient Structural 2 Analysis Type L ;I
E ﬁ Transient Thermal 22 Use Assodativity

Fig. 3.4 changing analysis type from 3D to 2D

Now Design Modeler is launched and meter is set as default unit. In the present
case geometry is a rectangle of length 0.1524m and 0.00038m height. First of all
XY plane is chosen for the geometry. From sketching tool box rectangle is
selected. Bt the present problem demands three separate section of the channel
namely two insulated and one heated region. For that purpose the geometry is
modified and drawn rectangle is split into three parts and thereafter top and bottom
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edges of splitted portion is set to be equal by subjecting the splitted portion to the

constraint of equal length.

Sketching Toolboxes X
Draw
Modify
Dimensions
—

Constraints

1% Symmetry
~ Parallel
Concentric
Py Equal Radius
@ Equal Length
{,";} Equal Distance
iN Auto Constraints

Sketching | Modeling |

Fig. 3.5 splitting the edge of rectangle into three section

Now dimensioning is done. In the present problem there are three horizontal edges
and one vertical edge. They are dimensioned as H1 = 0.0635m, H2 = 0.0508m,
H3 = 0.0381m and V1 = 0.00038m. As the analysis type is 2D, surface body is
created from the sketch by clicking on any edge of the sketch and applying the

base objects.

| File Create  Concept Tools View Help
| & i *~ Lines From Points
| m~ _£~ _ 3 Lines From Sketches
I xvPiane | @ Lines From Edges
| < Generate e 3D”Curve
™= Split Edges
Sketching Too w syrfaces From Edges
P=) surfaces From Sketches |
%2 Surfaces From Faces
Cross Section

[*n T~ |l

&8 Revolve
Graphics

»

| General
=+ Horizontal

Fig 3.6 creation of surface body from sketch
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| Sketching Modeling |

Details View a

= Details of SurfaceSkl
Surface From Sketches SurfaceSk1l

Cancel
Operation Add Material
Orient With Plane Normal? Yes
Thickness (>=0) Om

Fig 3.7 creation of geometry from the drawn rectangle

The generated geometry appears as below:

ol
J File Create Concept Tools View Help
[adB[& ]| ove Gho st b BRRE/C- KX [5+QAKARAE 46l W WS f f AT

| weane v | st H

J :} Generate  @Share Topology (5| Parameters

J.Eﬂmde ﬁanhe & Sweep & Skin/Loft

| BThinfSuface § Blend v & Chamfer & Slice H $oint 2 Conversion

B- ,, A: microchannel 0.76 mm
4)}. KVPlane
<y TiPlane
4)}. YZPlane
i SurfaceSkl
4. 1Part, 1 Body

Sketching  Modeling

Detals View 3
|-I| Details of SurfaceSk1

Surface From Sketches | Surfaceskl v

Base Objects 1 Sketch

Operation Add Material #

Orient With Plane Normal? Ves [ ¥

Thickness (»=0] om

0.000 0,025 0,050 )
| T ]

.01 0.024

Model View | Print Preview

|_Q Drag a boxto zoom in |NuSeIecliun |ME‘|EI |l) ‘l)

Fig. 3.8 2D geometry of circular microchannel generated by FLUENT
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3.4 Meshing of Geometry
Fluent mesher is launched and advanced size function is turned off.

Mapped Face Meshing is selected as meshing method.

| File Edit View Units Tools Help ||| 3 Generate Mesh tH ¥
"% - REOER &~ S ¢ aQa | maa
| 5 Show Vertices &2Wireframe | M Edge Coloring v A~ A~ /A-

] Mesh </ Update | ®Mesh ~ [ Mesh Control + | hiMetric Graph | !
Outline @ Method
(=) Project W, Sizing
= & Model (A3) . Contact Sizing
- @ Geometry £ Refinement
B>k Coordinate Systems
.. Mesh | _|Mapped Eace Meshing
@ Match Cofitrol
@ Pinch
A Inflation
M@ Gap Tool

Fig. 3.9 Mapped Face Meshing
Mesh size is controlled by providing element size to horizontal edges of

the rectangle and number of divisions to the vertical edges. In the

present work element size has been specified to be 8.82 x 10" (- 4).

M [ ]
| File Edit View Units Tools Help | = | °f GenerateMesh tJ 6 (A) @~ (JWorkshest ix

RYE-L-EEREE &S+ aQ QaEQRCENFE & O

| B ShowVertices §0Wireframe Il Edge Coloring = £+ A+ A+ A= A= A [l || Thicken Annotations TgShow Mesh & [l Random Colors ) Annotation Preferences

|Mesh </ Update | @3Mesh v B Mesh Control v | [\t Grapn

|Fiter: Name v .QE
] Project
= gl Model (A3)
&']---‘,. Geometry
-2k Coordnate Systems

El@nm

Detais of "Edge Szing’ - Szing 3 0.000 0.030 U.qW(mJ
5| Scope 0015 0,045
Stoping Method Geometry Selection Geo Prink Preiei], ]
Geometry 6 Edges
=/ Definition
Suppressed No
Trpe Element Size
Element Size 8 82e-004 m
Behavior soft
Bias Type No Bias

Fig. 3.10 sizing horizontal edges
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Now sizing of edge corresponding to inlet is done. It corresponds to edge sizing 2.
In the present problem the sizing type of inlet has been set as number of divisions

which is 30 and behavior is hard while 10 has been provided as bias factor.

M o[ ==
| File Edit View Urits Tools Help | i | of GenersteMesh £l a6 [A] 8w (JPWorlsheet Iy

FYELERRE & SHAQ QBAARNFE S O

| A Show Verices 0Wirefiame I Edge Coloring = £+ A= A+ A~ A~ A || ||Thicken Annotations g ShowMesh 55 B Random Colors 3 Annotation Preferences

|Msh 3} Updste | @ Mesh » @ Mesh Control v | 1etric Granh

] Filter. Name

- A Geometry
B3k Coordinate Systems
248 Mesn

Detas of *Edge Sing 2 - Scing P 0.000 - 0.030 - D060 {m)
=|Scope ' ‘
Scoping Method | Geamelry Selection (Pt Preven] |
Geometry ‘1 Edge 'x
| Definition Iw
Suppressed No Ted Association Timestamp
Tine Number of Divisions
Number of Divisians | 30
Behavior Hard
Bias Type o
Blas Option Bias Factor
Bias Factor 10.

Fig. 3.11 edge sizing 2 corresponding to inlet

Now edge sizing of outlet is done in the similar manner as that of inlet i.e sizing
type was set up as no of divisions which is 30 in this case also. Behavior is hard
and 10 has been specified as bias factor. The only difference being the type of bias

is selected as 1%t one while for the inlet it was 2",
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M
| File Edit View Units Tools Help | % | fGenemteMesh i i [A) @i+ (JWorkshest iy

[PYR-L-BEA0E & S¢QQQ@A0ENEFE S O

| showVetices §2Wireieme | Ml EdgeColoring > A+ A~ A= A= A+ A [l [IThicken Annotations TgshowMesh sk B Random Colors 5 Annotation Preferences
|Mesh 3} Update | @ Mesh v B Mesh Control v | \ietr - Grapn

oo s

J Filter Name

ERE]

Detisof “Edge Siing - ing 2 0.000 0.030 U.l!ﬁ?(m)
[ Scope 0015 0,045
Seaping Method | Geometry Selection |\ Geometry {Frint Preven/ I
Geometry |1 Edge
|| Definition
Suppressed No
Type Humber of Divisions
Number of Divisions |30
Benarior Hard
Bias Type e
Blas Option Blas Factor
Bias Factor 10.

fig. 3.12 edge sizing 3 corresponding to outlet

After providing these inputs mesh is generated that appears as below:

M

| File Edit View Units Tools Help || =i | o GenerateMesh Fl 6 [A] @~ (JfWorksheet in
RYP- C-EEREE & /S+al@agacaRngs v O
| F'showVetices §0Wireframe | I Edge Coloring = £+ A~ A< A~ A= A || |<IThicken Annotations ;%o = sk b Random Colors (7 Annotation Preferences
| Mesh </ Update | @ Mesh » @ Mesh Control | fj1ewric Grapn
Outline 1
(Filter: Name ¥ {j
) Project
S~ @ Model (A3)

#--,/ Geometry

B4 Coordinate Systems

2/ Mesh

Sl

Fig 3.13 mesh generated by FLUENT
The generated mesh is finer near the channel wall which facilitates accurate

calculation of flow property near the channel wall.
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3.4.1 Creation of Named Section

Edges are named so that proper specification of boundary condition may be

possible. Edges are named as inlet, outlet, centerline, wall, heated wall and flow
domain.

| File Edit View Units Tocls Help | =+ | -7 Generate Mesh [ |mi

|
FTYTR-C-EARODRER £S5 QAR SEQ
- A~ A~ A

| = Show Vertices 5 Wireframe Il Edge Coloring = &~ A
| Named Selection #%Named Selection

| Filter: mMame = a
| Project

= g@ Model (A3)
B4 Coordinate Systems
S 8 Mech

Details of "Mamed Selections” o

Show Annotations | Mo I Geometry £ Print Preview /
= | Worksheet Based Named Selections

Generate on Refresh | Yes Messages

Fig. 3.14 creation of named section
This completes meshing of the geometry generated.
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3.5 Physical Setup

Double precision solver is selected for the present problem.

I FLUENT Louncher (Setting Edit Ony) I beconilo) i

FLUENT Launcher
Options S

C 4 71| Doubla Pracision
& 2D Use Job Scheduler
Dutplay Opbians Processing Dphons
¥ Duplay Mesh Alter Reading @ Sena
| Embed Graphics Windows Pacalel
V! Workbench Colie Scheme

Do not show this panel agan | Showe Mote >>

[ oKk | [ Conced | [ Heo ~

Fig. 3.15 selection of double precision solver
As we select axis symmetric, Cartesian coordinates gets transformed into
cylindrical polar coordinates.
d d

V=6, — + 6, —

dr dz

E Aomicrochannel 0.76 mm Fluent [ad, dp, pbns, ske] [ANSYS CFD]
File Mesh Define 5obhe Adapt Swurface Display Report Parallel

R H-m@ SFEAQr QRO

Meshing General
Mesh Generabon qu:sh
Solution Setup [ ] = 5 i
Scale... Chexdk eport Quali
General
Madels Display...
Materials
Phases Sohver
Cedll Zone Conditions Type Velocity F dation
Boundary Conditions @) Pressure-Based @ Absolute
Mesh [Interfaces ) Density -Based ) Ruelative
DCrymames Mesh
Reference Walues
Tirne 20 Space
Solution @) Steady ) Planar
Solution Methods ~1 Transient @ Asdsymemetric
Solution Controls ) Asdsymmetric Swirl
Moritors . i .
Solution Initialization Ul Gravity [units....
Caloulation Activities
Fuun Caloulation
Results Help |
Graphics ard Animations
Plots
Reports

Fig. 3.16 selection of axis symmetry for 2D space in solution setup
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3.5.2 Model

While setting up the problem energy equations are turned on, k-epsilon (2eqgn) is
selected for the viscous model and enhanced wall treatment is chosen for the near

wall treatment.

H A:microchannel 0.76 mm Fluent [xa, dp, pbns, ske] [ANSYS CFD]
File Mesh Define 5ohe Adapt Surface Display Report Parallel

A s-d-me cHaa,s e E-0-

Meshing Models
Mesh Generation Models
Solution Setup Witghsse -OF |
General Energy - On
e Viscous - Standard k-e, Enhanced Wal Fn
VIR _
l Radiation - Off
Materials Heat Exchanger - Off
Phases Spedes - Off
Cell Zone Conditions Discrete Phase - Off
Boundary Conditions Solidification & Melting - Off
Megh Interfaces Acoustics - Off
Dymamic Mesh
Reference Yalues

Fig. 3.17 setting up the model of the problem
3.5.3 Material
After the model has been set up, material for fluid and microchannel wall is
selected as water and copper respectively. Their properties are used from the fluent
database. Air and aluminum is default material for fluid and solid in ANSYS

which needs to be edited.
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E Aimicrochannel 0.76 mm Fluent [ad, dp, pbns, ske] [ANSYS CFD]
File Mesh Define Sohe Adapt Surface Display Report Parallel Vie

B = hd-me S ([PaR  e NR O

Meshing Materials
) =i Materials
Solution Setup
General wiater-Squid
&ir
P seie
= copper
FPhases aluminum
Cell Zone Conditions
Boundary Conditions
Mesh Interfaces
Drymamic Mesh
Reference Values
Solution
Solution Methods
Solution Controls
Moritors
Solution Initializaton
Caloulation Activities
Ruun Caloulstion
Results
Graphics and Animations
Flots
Reports

Create fEdit... Delete
Fig. 3.18 setting up material for fluid and solid
3.5.4 Boundary Conditions

For solving the problem it is essential to define boundary conditions. The operating

pressure is set as atmospheric pressure which is 101325 Pa.

ﬁ A:microchannel 0.76 mm Fluent [ad, dp, pbns, ske] [ANSYS CFD]
File Mesh Define Solve Adapt Surface Display Report Parallel View Help

0G50 SPRas & @0

Viashing Boundary Conditions Lblesh =
Mesh Generation Zone
Solution Setup centering
Ganera heated_wall
Models inlet
; interior-flow_domain
Materials outlet
Phases wall - -
Cell Zone Conditions n Operating Conditions
Pressure Gravity
Mesh Interfaces _ [ | i
Dynamic Mesh Operating Pressure (pascal) | | [ Gravity
Reference Values [ 101325 8
Solutien Reference Pressure Location
Solution Methods
Selution Controls X o B
Monitors '
Solution Initalizaton ¥m) [o 8
Calculation Actvities
Run Caladation Phase Type D 2{m) 'y
Results rixtre 1
Graphics and Animations :
Flots Edit... [ copy... | [profies... |
[Loc ] [concel] [hep |
Reports 1 ] |Opefnling Conditions....

Fig. 3.19 operating conditions
Now boundary condition of centerline is defined and the type of centerline is
changed to axis. Gradients at centerline is set up according to assumption i.e; axis
symmetry that we made for the centerline.

For heated wall, boundary condition is set up by specifying heat flux to be 3000
W/m"2.
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n Aumicrochannel 0,76 mm Fluent [ad, dp, pbns, ske] [ANSYS CFD]
File Mesh Define Solve Adapt Surface Display Report Parallel View Help

Afs-d-80 SRR s[RI E-O

Meshing - Boundary Conditions
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Solution Setup centeriine
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Solution
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Solution Controls | fiow_domain
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Run Calauation Phase Type ii] Thermal Conditions
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. - ) Temperature
Graphics and Animations ) Temper .
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Fig. 3.20 heated wall subjected to uniform heat flux of 3000 W/m”2

Portion other than heated wall is set as insulated wall by subjecting them to zero
heat flux.

Boundary condition at the inlet is set to velocity type and specifying axial velocity
to be 18 m/s, percentage intensity of turbulence as 5% and turbulent viscosity as
ratio as 10.The provided value of percentage intensity of turbulence and turbulent
viscosity ratio at the inlet is for the sake of initial guess for the FLUENT to solve

k-¢ equations.
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n A:microchannel 0.76 mm Fluent [aa, dp, pbns, ske] [ANSYS CFD]
File Mesh Define Sobve Adapt Surface [Display Report Parallel View Help
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Fig. 3.21 boundary conditions at the inlet of channel

Boundary condition for outlet is set by specifying gauze pressure to be zero,
percentage of backflow turbulent intensity as 5% and backflow turbulent viscosity
ratio as 10 which is the default value of FLUENT.
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Fig. 3.22 boundary conditions at the outlet of the channel
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3.6 Numerical Solutions

Governing equations that FLUENT uses to solve the problem are non-linear
equations which are solved in a no of iterations.

Algorithm to solve f(u)=0

Initial guess ug

il

Solve linearized eq.
to get updated u

v

|f(u)] < Convergence | N°o
criterion?

A 4
Q
|
c

Yes

<Stop>

Fig. 3.23 algorithm showing iteration process
In order to start iteration we need to provide initial guess for flow variable and
convergence criterion as well. The FLUENT solves our boundary value problem
by converting it to a set of algebraic equations. It is done by discretization process.

For all equations 2" order upwind is chosen in order to minimize the error.

E A:microchannel 0.76 mm Fluent [axi, dp, pbns, ske] [ANSYS CFD]
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Materials Spatial Discretizabon

Gradient
[Leasl Squares Cell Based

Pressure
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Momertum

[sem"d Order Upwind
Turbulent Kinetic Energy
[Semnd Order Lipwind
Turbulent Disspation Rate
[Semr'vd Order Lipwind

Fig. 3.24 solution methods
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Convergence criterion for all differential equations are set as 10"-6. This is

accomplished by editing solution controls. Number of iterations is set as 1000.

Amicrochannel 0,76 mm Fluent [ax, dp, pbns, ske] [ANSYS CFD]
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Fig. 3.25 setting the convergence criterion and number of iterations

Standard initialization is selected as the method of solution initialization

from inlet is selected and thereafter solution is initialized.
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Fig. 3.26 solution initialization
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Computer is prevented from iterating indefinitely by putting a limit on the number

of iterations as 1000 and thereafter we run the solution. In the present case solution

converges in 316 iterations.
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Fig. 3.27 iterations and convergence of solution

a £ m = E ] m ki
lterations
Scaled Residuals Jul 05, 2015
ANSYS Fluent14.5 (axi, dp, pbng, ske)

303 5.7223e-07 2.7701e-08 &_109he-11 2.6336e-11 4.2152e-07 2.7194e-06 0:082:26 697 -
304 5.3330e-07 2.8123e-08 3I_9788e-11 2.4472e-11 3.9250e-07 2.5552e-06 0:081:57 696
305 5.3997e-07 2.8434e-08 I _8637e-11 2.2708e-11 3I._64kbe-07 2.3955e-06 0:01:33 695
386 5.1582e-87 2.8641e-08 3.7422Ze-11 2.8962e-11 3.3741e-07 2.2404e-86 0:01:14 694
387 5.1249e-87 2.8748e-08 3.62771e-11 1.9374e-11 3.1136e-87 2.0907e-86 0:90:59 0693
A8 4.90M9e-07 2.8767e-08 3.5099e-11 1.7690e-11 2.8632e-87 1.9846e-06 0:00:47 692
iter continuity x-velocity y-wvelocity ener K epsilon time/siter
300 N.6623e-07 2.8697e-08 3I_3965e-11 1.6764e-11 2.62200-87 1.8042e-06 0:00:38 691
318 4.5027e-87 2.85h5e-08 3.2860c-11 1.M666e-11 2.39270-87 1.6687e-06 0:080:30 690
M1 H.3505e-87 2.8321e-08 3I_178%e-11 1.318ke-11 2_1725e-07 1.5083e-06 0:080:24 689
912 4.2002e-07 2.8827e-08 3.8748e-11 1.1843e-11 1.9622e-87 1.4130e-86 0:80:19 688
913 3.9351e-87 2.7671e-08 2.9725e-11 1.8622e-11 1.7619e-87 1.2929¢-86 0:80:15 687
314 3.8127e-87 2.7251e-B8 2.875%e-11 9.4577e-12 1.5713e-87 1.1778e-86 0:80:12 0686
315 3.8787e-87 2.6797e-B8 2.7854e-11 B8.3852e-12 1.3903e-87 1.8678e-86 0:00:18 0685

* 316 solution is converged -
316 3.5827e-07 2.6268e-08 2_6878e-11 7.3072e-12 1.2187e-07 Q.6280e-07 0:02:25 684 4

If we want to analyze skin friction coefficient other than standard quantities, skin

friction coefficient is transferred to post-processor from additional quantities.

applications, select them below,
Standard Quantities

¥ Welodty
Mass Func

Wl
Wall Shea
Macdch Mumber
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Inner Wall Temperature
Boundary Heat Flux

Boundary Heat Flux Sensible

Boundary Rad Heat Flux

Enthalpy
Turbulent c Energy

ssipation Rate

4

==

Total Surface Heat Flux
Surface Heat Transfer Coef.

M

Many quantities are avalable for postprocessing in external apphcations through the standard
data file. To indude additional quanttes in the data file for postprocessing in external

Fig. 3.28 transfer of skin friction coefficient to post processor
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4. RESULTS AND DISCUSSIONS

4.1 Introduction

A 2-D model was developed to study and analyze the fluid flow and heat transfer
in the circular channel. A number of calculations are performed by FLUENT and

results are produced to show the variation of different parameters.

4.2 Simulation of Circular Microchannel

4.2.1 Velocity Vector

For velocity vector location is selected as periodic 1. This facilitates the display of
velocity vector periodically along the entire surface of geometry. Line arrow is
selected as symbol and symbol size is selected as 0.1. ANSYS 14.5 displays only
half of the cross section thereby showing velocity vector and other variation of half
of the cross section only. In view tab, mirroring condition is applied about ZX
plane in default transform to work out this problem. In order to have a better view

of the result, scale is applied and set as (1, 30, 1). This stretches the result in Y

direction by 30. After all these settings, velocity vector appears as below:

'o_. g: - :
[m s”-1 ' )
BB AR DA R RS A R R R R R A R AR BN R RSBy AR B AR RN A B NI B R AR AR N R SRR R RN B SRR AN AR RARAL Y )

4

<
) 0.025 0.050 (m) L» X
[ e Ss—

0.0125 0.0375

Fig. 4.1 velocity vector
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4.2.2 Velocity Contour

For plotting velocity contour, first of all we open the contour tab and in geometry
tab periodic 1 is selected as location. Velocity is set as variable and again for
viewing option reflection or mirroring is selected. Method of mirroring is selected
as zx plane and again we apply scale in order to have better view of result which is
set as (1, 30, 1). This stretches our result in y direction. After all these settings our

velocity contour appears as below:

SRR @ O~

<
0 0.035 0.070 (m) L—o x
L FEE—— EE—
0.0175 0053
3D Viewer Td:lemld\.tmlf‘ Vime—lnq:ort\fews]

Fig. 4.2 velocity contour

The minimum value of velocity is zero which is near the wall of the channel which
Is in no slip condition and the maximum value of velocity is 28.0201 m/s which is
in the central region near the axis of the channel.
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4.2.3 Temperature Contour

For the temperature contour we follow the same procedure as that of previous case
except temperature is selected as the variable which appears as below:

<
0 0.035 0.070 (m) L—o X
s @ B

0.0175 0.053

D Viewer | Table Viener | ChartViewer | CommentViewer | ReportViewer |

Fig. 4.3 temperature contour

The minimum value of temperature is 298.15 K which is at the inlet of the channel.
While the maximum value of temperature is 345.404 K which is near the wall and
at end of the heated region of microchannel.
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4.2 .4 Pressure Contour

Pressure is set as variable while all process remains the same. Pressure contour

appears as below:

<
0 0.035 0.070 (m) L—s X
— 020 O

0.0175 0.053

0 Viewer | Table Viewer | ChartViewer | Comment\Viewer | ReportViewer |

Fig. 4.4 pressure contour

The maximum value of gauze pressure is 4062.1 Pa which is at the inlet of the
channel while the minimum value of gauze pressure is 0 Pa which is at the outlet
of the channel as our operating condition is atmospheric pressure. As per the

prediction, pressure decreases in the direction of flow.
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4.2.5 Graph of Temperature along Centerline

For plotting graph along the centerline first of all we need to specify the line along
which we want to plot the variation of temperature. So under location, line is
selected and two point method is selected for specifying the centerline. 1% point is
specified as (0, 0, 0) and 2" as (0.1524, 0, 0). For more accurate results we specify
no of samples to be 100. Under data series tab, centerline is selected as location, x
Is selected as variable for X axis tab and temperature is selected as variable for Y

axis tab. On providing these many inputs we get the variation of temperature along
centerline shown as below:

Temperature Along Centerline
Temperrature Along Centerline

]
[N
(=]
=
1

Temperature [ K
L¥E)
=
o
I

T T T T T T 7 r T T
0 0.0z 0.04 0.06 0.08 0.1 0.12 0.14 0.16

30 Viewer Table Viewer Chart Viewer Comment Viewer Report Viewer

Fig. 4.5 Temperature variation along centerline
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4.2.6 Graph of Temperature along Outlet

For plotting variation of temperature along outlet, first of all we need to create a
line along the outlet of the channel. From location icon, line is selected and two
point is selected for the method which is specified as point 1 (0.1524, 0, 0) and
point 2 as (0.1524, 0.00038, 0). No of samples is selected as 100. Thus a line with
the name of outlet is created. Now under data series tab, outlet is specified as
location, temperature is selected as variable for X axis tab and Y is selected as
variable under Y axis tab. When these many data variation of temperature is
plotted which appears as below:
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Fig. 4.6 graph of temperature at outlet

As it is obvious from the graph temperature at the outlet of the channel is constant.
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4.2.7 Wall Temperature Variation

Again for this purpose we need to create another separate line. Under location tab
we select line and name it as wall and two point method is selected as method for
drawing line. The two point for line named wall is specified as pointl (0, 0.00038,
0) and point2 as (0.1524, 0.00038, 0). No of samples is selected as 100. On
applying these data line named outlet is created. Now for plotting wall temperature
variation under data series tab, wall is selected as location, temperature is selected
as variable under X axis tab and temperature is selected as variable under Y axis

tab. Graph of wall temperature appears as below:

Wall Temperature

Wall Temperature

350 — [ T . F— B T T S

340 |+

Temperature [K ]
I
[=]
1

TT i .  A————— S S
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— FLUENT
3D Viewveer Table Viewer Chart Viewer Commen t Viewer Report Viewer

Fig. 4.7 wall temperature variation
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4.2.8 Pressure Plot along Centerline

As centerline is already created we just need to specify centerline as location and X
as variable for x axis tab and pressure as variable for Y axis tab. With all these data

the variation of pressure along centerline is plotted which appears as below:

Pressure Along Centerline

Pressure Along Centerline

1
i
=
S
S

|

Pressure [ Pa

L] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
X[m]
—— FLUENT

Fig. 4.8 pressure along centerline

4.2.9 Axial Velocity Profile

In this section we plot axial velocity profile at three different locations. For this
purpose first of all three different line is created with name x0635, x1143 and
x1524 at x= 0,0635m, x= 0.1143m and x=0.1524m respectively in the same
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manner as described in previous sections. Under data series x1524, x1143 and
x1542 is specified as location. Velocity u is selected as variable under X axis tab
and Y is selected as variable under Y axis tab. With these data axial velocity
profile for three different location is obtained in the same graph by inserting chart

which appears as below:

Axial Velocity Profiles

Axtial Velocity Profiles

- 1 | 5 \ |

>

50-05 Jhicsrer s SO SRR USSP S—— S

— —_— _ —
0 5 10 15 20 25 30
Velocityu[ ms~-1]

— x=0.0635m w=0.1143m =, 1524m

Fig. 4.9 axial velocity profile at x=0.0635m, x=0.1143m and x=0.1524m

As it can be seen all three graphs superimpose each other showing that at all three

locations we have same axial velocity profile.
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4.2.10 Temperature Profiles

In this section we are going to plot the variation in temperature at the three
different locations for which lines have already been created in the previous
section at x= 0.0635m, x=0.1143m and x= 0.1542m. All process are same as that
of the previous case except for the fact that in this case temperature is selected as
variable under X axis tab while Y is selected as variable under Y axis tab. The

temperature profiles appear as below:

Temperature Profiles
Temperature Profiles
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— x=0.0635m =—— x=0.1143m =00, 1524m

Fig. 4.10 temperature profiles at x= 0.0635m, x=0.1143m and x= 0.1542m

It is obvious from the graph that as we move closer to the wall of channel

temperature increases and temperature is constant at the exit of channel which
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complies with the graph drawn earlier under the heading “graph of temperature
along outlet”. At the beginning of the cross section where heating starts increase in
temperature is less while at the cross section where heating region ends increase in

temperature is more which is obvious.

4.2.11 Wall Shear

The line named wall has already been created. So under data series tab wall is
specified as the location. X is selected as variable for X axis tab while Wall Shear
Is selected as variable under Y axis tab. When above said conditions are applied

the variation of wall shear is obtained as below:
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Fig. 4.11 wall shear variation
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4.3 Model Validation

4.3.1 Grid Independence Test

The model is tested for grid-independence to give proper resolution to the region
where large gradients of fluid flow and heat transfer characteristic is predicted. A
grid independence test was carried out by increasing the number of nodes and cells

and decreasing the element size for the microchannel heat sink which is given in

table below:
model Nodes Element Cells Faces Minimum Maximum
size orthogonal | aspect ratio
quality

Model 1 | 5549 8.82e"-4 | 5340 10888 1.0000e”00 | 2.75982e"2

Model 2 | 71053 8.82e"-5 69280 140332 | 9.74315e"-1 | 3.69106eM1

The fine grid mesh for the x and y-directions is adopted to properly resolve the
velocity and viscous shear layers and to more accurately define the heat transfer at
the surface of the channel, thereby improving the temperature resolution. CPU time
as well as the memory storage required increases dramatically as the number of
grid nodes is increased. However results and graphs obtained upon refining the
mesh is approximately similar and very close to the previous results which confirm

the grid independence of the present simulation.
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4.3.2 Model Validation with Previous Experimental Studies
4.3.2.1 Nusselt Number Calculation
Nusselt number is a non dimensional number which provides us information

regarding convective heat transfer. Expression for convective heat transfer at the

channel wall is give as below:

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

q;ti - h(Tw - Tnl) (10)

When we put the value of convective heat transfer in the expression of Nusselt

number expression changes as below:

hL g (2R)
Nl — —

S (12)
Where

h is the convective heat transfer coefficient.

k is thermal conductivity of water.

L is the characteristic length. For the circular channel it is the diameter of the
channel.

g"_wisthe heat flux to which heated wall of microchannel has been subjected.
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Tw is the temperature of channel wall at a given location.

Tm is mean temperature in the channel at the same location where Tw has been
defined.

4.3.2.1.1 Calculation of Tw

For calculating Tw we need to tell FLUENT the location where it has to be found.
For this purpose, first of all we define a line named x076 which has to be drawn at
x= 0.076m. Line is again drawn by two point method and the two points being as
pointl (0.076, 0, 0) and point2 as (0.076, 0.00038, 0).

After drawing the line x076 we find the maximum value of temperature along this
line. For this we open expression tab and it is named as Tw. Under its definition
we use post processor function maxVal( )@ . Within parenthesis variable is
defined while location follows after @ symbol. In the present case temperature is
defined as the variable and line x076 is specified as location. After applying, Tw is

calculated which in the present case comes out to be 318.679 K.

Dietails of Tw
Definition Plot Evaluate

maxVal{ Temperaiure) @x07 6

Value 318.679 [K]
et |
Fig.4.12 calculation of Tw
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4.3.2.1.2 Calculation of Tm

To calculate mixed mean temperature at the same location we need not define the
line or its location as it has already been defined. The mean temperature is
calculated by using the concept of temperature which is area weighted average. For

this concept of line integral is used in the FLUENT. The used concept is below:

0

R "
J, wQ@nrr)dr J, urar

[Rur@nr)dr .fOR urT dr
Tm = - =

e (13)

For calculating Tm we click expression tab and define a new expression named
Tm. In its definition the following expression is entered:

lengthInt(Velocity u*Y*Temperature)@x076/ lengthint(Velocity u*Y)x076

On entering this expression and applying the Tm is calculated which is 307.055 K

In the present case.

Details of Tm

Definition | Flot I Evaluate |

lengthInt &bty o™ V= Temoers fure) @ 76
[lengthInt{ lebofy o= F) @076 )

Value 307.055 [K]
Apply | Reset

Fig. 4.13 calculation of Tm
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Now we have all required data to calculate the Nusselt number. A new

expressionnamed Nu is defined and in its definition values are put as per equation

(10) defined above. We get the calculated value of Nusselt number as 251.147.

This calculated value of Nu will be used to validate the present CFD modeling.

The outline tree in CFD post processor showing the expression and calculated

value of Nusselt number appears as below:
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Fig. 4.14 Calculation of Nu

4.3.2.2 Validation of CFD Modeling

The present CFD model is validated by comparing the value of Nusselt number

calculated by post processor of FLUENT to the value of Nusselt number that is
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obtained from the correlations for the microchannel by T. M. ADAMS. In the
experimental investigation conducted by T. M. ADAMS found that the value of Nu
that is determined experimentally comes out to be much higher than the value that
Is calculated using conventional correlations. Gnielinski modified correlation given

by Petukhov which is given as below:

_ (f18)(Re—1000) Pr
u= 1+ 12.7¢/18) 2 (Pr — 1)

................................................... (14)
Where
Nu is Nusselt number
Re is Reynolds number
Pr is Prandtl number
F is friction factor whose expression was given by Gnielinski as below:
S =82 log(Re) — 164 (15)

In the present work, Nu was calculated by FLUENT in the microchannel at a
location x=0.076m. We calculate Re and Pr in the microchannel for the same

location. For calculating average Re, average velocity is calculated at x=0.076m.

Details of Vx076
Definition Plot Evaluate

lengthAve(l&baty L) @x076

Value 21,3114 [m s~-1]

)

Fig. 4.15 calculation of average velocity at x=0.076m
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Temperature at x=0.076 is found to be 307.055 K and correspondingly value of
kinematic viscosity of water is 7.867*10"-7. With all these values Re comes out to
be 20588.11.

From equation 15 the value of friction factor is found.

f = (1.82 log (20588.11)- 1.64)"-2
f=0.02592

Putting the value of friction factor Nu is found from equation 14.

0.02592

( NWG = [( ) x (20588.11 — 1000) x ( 5.26 )] N [ 1+ (12.7) % (0.02592 = 8)°5 x

( 5.265 — )|

(Nu)c = 135.50

Nu value calculated by Gnielinski egn. comes to be 135.50. T. A. ADAMS

modified Gnielinski egn. which is as below:

Nu = Nug,(1+ F)

Where F is given by

r-enfi-(2))

Where

C=76x10"> and
D, = 1.164 mm
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As per the work of T. A. ADAMS the error between the experimental result and
the value as predicted by correlation given by egn. 14 & 15is + 18.6 % .

F=(76%x10"%) % (20588.11) x[1—(0.76 + 1.164)?]
F=0.89

The value of Nu as per T. A ADAMS will be

Nu = 135.50 X (1 + 0.89)
Nu = 256.11

The value of Nu calculated by FLUENT was 251.147. Therefore % error in the

calculated value of Nu is

[(256.11 — 251.147 ) / 251.147 ] x 100 = 1.78 %

The error in the value of Nu calculated experimentally i.e ; in this case by
FLUENT and the value predicted by the correlation given by T. A. ADAMS comes

out to be 1.78 % which is well in agreement with the work of T. A. ADAMS.

Hence the present CFD modeling is validated.
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5. SIMULATION of MICROCHANNEL of DIAMETER 1.09 mm

5.1 Introduction

As the above model has already been validated it can be used for simulation of
other microchannels as well. In the present section analysis of fluid flow and heat
transfer has been discussed for the microchannel of diameter of 1.09 mm. The
velocity at the inlet is 18 m/s while the flux at the heated section is same as that of
3000 W/m~2. Length and other geometry parameter and boundary conditions
remains the same. Experimental work on microchannel with diameter of 1.09 mm
diameter has already been done by T. A. ADAMS. Geometry and meshing is done
in the similar manner as above. Results of microchannel with 1.09 mm diameter
are as below:

5.2 Velocity Vector

The velocity vector appears as below:
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Fig. 5.1 variation of velocity vector
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5.3 Velocity Contour

The velocity contour of microchannel appears as below:

) B6 : microchannel 1.09 mm - CFD-Post [ElE=]
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Fig. 5.2 velocity contour

Velocity is maximum near the axis and minimum at near the wall. Maximum value
of velocity is 28.7771 m/s and minimum value is zero.
5.4 Temperature Contour

The temperature contour of the channel appears as below:
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Fig. 5.3 temperature contour
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Temperature increases in the heated section with the maximum and minimum
value being 333.721 K and 298.15 K respectively. The maximum value is near the

wall at the end of heated section while the minimum value is at the entry of the
channel.

5.5 Pressure Contour

The pressure contour appears as below:

(&) B6 : microchannel 1.09 mm - CFD-Post
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Fig. 5.4 pressure contour

Pressure decreases in the direction of flow. The maximum and minimum value

being 2710.13 Pa and zero Pa in gauze pressure scale respectively.
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5.6 Graph of Temperature Along Centerline

The variation of temperature along the centerline appears as below:
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Fig. 5.5 temperature along centerline

Temperature along centerline increases in the heating region while remains

constant in the remaining sections.

5.7 Wall Temperature Variation

The variation of wall temperature is plotted which appears as below:
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Fig. 5.6 wall temperature variation
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5.8 Pressure Plot along Centerline

Variation in pressure along centerline is plotted which appears as below:
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Pressure falls continuously right from inlet of the channel till exit.

5.9 Axial Velocity Profile

Axial velocity variation of water inside the channel at three different locations
namely at x = 0.0635m, x = 0.1143m and x = 0.1542m is plotted. Although all
three graphs have been plotted with three different colours, in the fig. only one
curve is seen because all three graphs being of the same nature, they overlap each

other. The axial velocity profile appears as below:
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Fig. 5.9 Axial Velocity Profile

5.10 Temperature Profiles

Variation in temperature at three different locations in Y direction has been plotted

which appears as below:
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Fig. 5.9 temperature profile
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5.11 Variation of Wall Shear

Variation in wall shear is plotted in the direction of flow which appears as below:
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Fig. 5.10 wall shear

The wall shear value falls in flow development region, rises a little bit and

thereafter it remains constant.

5.12 Nusselt Number Calculation:

Nusselt number at X = 0.076m is calculated with the help of fluent. The method of

calculating the Nusselt number is the same as that of previous channel with

diameter 0.76mm diameter. Tw in the present case comes out to be 316.566 K.

Details of Tw

Definition Flot Evaluate

maxVall Temoersfurs) @x0 76

Value 316.566 [K]

Fig. 5.11 calculation of Tw
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The mean temperature comes out to be 303.742 K.

Details of Tm

Definition Flot Evaluate

lengthInt{ lefooty o™ ¥= Temperaiurs) @x0 76
[lengthInt ooty o™ F)@x076 )

Value 303.742 [K]

Fig. 5.12 calculation of Tm

With the help of Tw and Tm value of Nusselt number is calculated with the help of

eqgn. 12 which in the present case comes to be 299.289.
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Fig. 5.13 Nusselt number

[62]



Again nusselt number is calculated using Gnielinski correlation using eqn. 14 &
15.

f=(1.82 log (29324.5)- 1.64)"-2
f=0.02374

( NWG = [(O'Of’”) x (29324 — 1000) x ( 5.841 )] N [ 1+ (12.7) % (0.02374 +8)°5 x
(5.8413 - 1)]

(Nu)c = 192.7

Now Nu as per T. A. ADAMS’ is calculated as per eqn. 16 & 17.

F=(7.6%x107%)x (29324.5) x[1—(1.09+ 1.164)?]
F=0.27

The value of Nu as per T. A. ADAMS will be

Nu=192.7x (1+0.27)
Nu = 245.57
The value of Nu calculated by FLUENT was 299.289. Therefore % error in the

calculated value of Nu is

[ (299.289 — 245.57) + 289 ] x 100 = 17.9 %

The error in the above value is less than + 18.6 % which is well in agreement with
the work of T. A. ADAMS.
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6. SIMULATION of MICROCHANNEL of DIAMETER 0.76 mm
with AIR as a COOLANT.

6.1 Introduction

The modeling and boundary conditions everything is the same as in the case of
microchannel 0.76 mm diameter with water as coolant. With this analysis we can
compare the results obtained while using two different coolant. Results of
microchannel with air as a coolant are as below:

6.2 Velocity Vector

Plot of velocity vector using air as the coolant appears as below:
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Fig. 6.1 velocity vector
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6.3 Velocity Contour

Velocity contours appears as below:
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Fig. 6.2 velocity contour

Velocity of air is the maximum at exit and the minimum value is near to the wall as
fluid is in no slip condition. The maximum and minimum values of velocity in the
entire flow regime are 30.1688 m/s and zero respectively.

6.4 Temperature Contour

The temperature contour tells us the temperature variation in the entire region. In
the present case using air as the coolant the maximum and minimum temperature
in the entire flow regime is 346.399 K and 298.15 K respectively. The temperature
contour in the present case appears as below:
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@ C6 : microchannel 0.76 mm with air - CFD-Post
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Fig. 6.3 temperature contour

6.5 Pressure Contour

The pressure contour in the present case appears as below:

@ 6 : microchannel 0.76 mm with air - CFD-Post
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Fig. 6.4 pressure contour
Pressure decreases in the direction of flow with the maximum and minimum value
in gauze scale being 4282.73 Pa. and zero respectively
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6.6 Graph of Temperature along Centerline

The graph of temperature along centerline appears as below:
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Fig. 6.4 temperature along centerline

Temperature remains constant except for the heating region

uniformly.
6.7 Wall Temperature Variation

Wall temperature graph appears as below:
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Fig. 6.6 wall temperature variation
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Temperature of the channel wall attains the maximum value at the end of heating
section i.e; at x=0.1143m.

6.8 Pressure Plot along Centerline

Pressure variation along the centerline appears as below:
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Fig. 6.7 pressure variation along centerline

Pressure decreases continuously from inlet to exit of the channel with the value of

zero gauze pressure at the exit.
6.9 Axial Velocity Profile

Axial velocity variation at the three different locations inside the channel namely at
X = 0.0635m, x = 0.1143m and x = 0.1542m is plotted. These curves show
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variation of axial velocity in Y direction at respective locations. The axial velocity

profile appears as below:
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Fig. 6.8 axial velocity profile

Velocity is the maximum at the central axis of the channel irrespective of

locations.

6.10 Temperature Profile

The variation in temperature at the same locations as above is drawn which is

below:
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Fig. 6.9 temperature profile
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As we move closer to the channel wall temperature rises except for the exit where

it is constant.

6.11 Wall Shear Variation

The variation in wall shear in the direction of flow is plotted which appears as
below:
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Fig. 6.10 wall shear variation

Wall shear falls and again rises in the flow developing region, then it remains
constant when flow is fully developed. In the heated region curve of wall shear

rises again the till end of the heated region. After the heated region is over it again
remains constant.
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/. CONCLUSION

7.1 Conclusions

Result of CFD analysis was validated using results of experimental work

of T. A. ADAMS and therefore the model is genuine and can be applied to any
fluid flow and heat transfer problem in the circular microchannel. Features of this

chapter can be concluded as below:

e Simulation of circular microchannel, of diameter 0.76mm and 1.09mm, with
water as a coolant with turbulent flow and forced convective heat transfer
subjected to uniform heat flux of 3000 W/m”2, was performed.

e Simulation of microchannel of diameter 0.76mm with air as a coolant was
also performed.

e Graphs comparing axial velocity at three different locations namely at x =
0.0635m, x = 0.1143m, x = 0.1542m inside the channel, were plotted. The
axial velocity variations in Y direction, in case with water as a coolant
overlapped each other but in case of air the variation in axial velocity at
different locations were different.

e The maximum temperature attained by the coolant in case of air was
346.399 K while in case of water it was 345.404 K. This is due to fact that
water has higher specific heat capacity and thereby more heat carrying
capacity.

e Variation in wall shear was plotted in the direction of flow. The plot
showing variation in wall shear first fell and then rose a little bit in the
region where flow is not fully developed when using water as a coolant. But

in case of air as a coolant curve first falls down in the flow developing
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region, remains constant once flow is fully developed, rises in the heated
region after which it again remains constant.

e Rise in temperature of channel wall is more in case of air when used as a
coolant.

e Deviation in value of Nusselt number calculated experimentally, from the
values which are predicted from different correlations are more for higher
Reynolds number.

e The present analysis shows that water promises to be a better coolant when

compared to air.

7.2 Scope of Future Work

e From the analysis of microchannel, it is found that if microchannel is
subjected to higher heat flux, temperature of fluid in that case may rise to
and above its boiling point. This suggests need of multiphase analysis to

predict the performance of microchannel.

e In the heated region temperature of coolant, chip and electronic chip
increases in the flow direction. The coefficient of thermal expansion is
different for chip and electronic packages. Because of this they are subjected
to thermal stress. To overcome this situation a microchannel with two phase
flow of the coolant can be utilized. As in case of two phase flow the concept

of latent heat may result in uniform temperature distribution on the chip.
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