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ABSTRACT

The increasing need for efficient cooling methods in electronic chip
systems has created a surge in demand for effective solutions to tackle the challenges
associated with heat dissipation. This research project focuses on conducting a
comprehensive analysis of heat exchange in a microchannel by Computational Fluid
Dynamics (CFD) with inclined micro-jet impingement. The aim is to explore the
thermal characteristics of hexagonal cross-section jets in order to enhance cooling
efficiency for electronic chip applications. The analysis involves the utilization of
CED 1o solve the steady, incompressible, and laminar flow equations, specifically the
Three-Dimensional Navier-Stokes equations. The investigation encompasses various
micro-jet arrangements, including parallel and slaggered configurations consisting of
four, five, nine, thirteen, and sixteen impingements. The jet inclination 1s maintained
at a constant angle of 45 degrees with respect to the impingement surface. The cross-
section of the jet nozzle is modelled as a hexagon, with different edge lengths of 60,
80, and 100 microns. The primary objective 1s to assess and compare the performance

of these configurations, gaining valuable insights into their heat transfer capabilities.

The obtained results reveal significant findings regarding the cooling
performance. It 1s observed that the average exit liquid temperature increases as the
number of jets in the impingement array increases. This behaviour can be attributed to
the increased heat transfer surface area available for dissipation as the number of jets
grows. The larger surface area facilitates enhanced convective heat transfer, resulting
in a higher average exit liquid temperature. Consequently, the findings suggest that
higher jet densities can provide improved cooling performance in electronic chip
applications. Among the investigated microjet array configurations, the inclined
microjet impingement heat sink with 13 jets demonstrates superior potential compared
to other configurations. This particular array design outperforms the rest in terms of
its cooling capabilities. The inclined arrangement, coupled with the optimal number

of jets, enables the generation of strong impingement forces, facilitating effective heat
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transfer at a higher rate. The result is an enhanced convective heat transfer process,

leading to a reduction in the average exit liquid temperature.

The research involves the use of CFD simulations using ANSYS Fluent to
analyze the cooling performance of the hexagonal cross-section jets. The simulations
are conducted to study the effect of various parameters such as Reynolds number,
nozzle-to-chip spacing, and jet diameter on the cooling efficiency of the system. The
study also includes experimental validation of the simulation results to verify the
accuracy of the CFD model. The findings of the study show that the hexagonal cross-
seclion jets significanily improve the cooling performance compared lo conventional
circular jets. The results indicate that the cooling efficiency is influenced by the
geometry of the hexagonal jets, as well as the operating parameters of the system. The
research provides insights into the design and optimization of the cooling sysiem for
electronic devices using jet impingement, which can potentially enhance the

performance and reliability of electronic devices.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Electronic chip cooling is a critical aspect of modern technology as
electronic devices continue lo become more powerful and compact. These devices
generale significant amounts of heat during operation, and if not effectively dissipated,
this heat can lead to reduced performance, thermal stress, and even irreversible
damage. As a result, efficient cooling techniques are essential to ensure optimal chip
performance and reliability. One of the primary challenges in electronic chip cooling
is the conlinuous miniaturization and increasing power density of eleclronic
components. As chip sizes decrease and the number of transistors per unit area
increases, the heat flux generated within a small space becomes more concentrated.
This concentration of heat leads to localized hotspots and temperature gradients,
posing a threat to the functionality and longevity of the electronic chip. Consequently,
there is a growing demand for efficient cooling techniques that can effectively remove
heat from electronic chips. Traditional cooling methods, such as air cooling or heat
sinks, often struggle to meet the increasing thermal demands of high-performance
chips. As a result, researchers and engineers have been exploring innovative cooling

solutions to overcome these challenges.

Jet impingement cooling has emerged as a promising solution due to its
ability to provide high heat transfer rates. By directing a high-velocity fluid jet onto
the chip surface, jet impingement cooling promotes convective heat transfer,
effectively removing heat from the chip. This technique offers several advantages,
including efficient heat dissipation, uniform temperature distribution, and the ability

to target specific hotspots on the chip.



In this project, the motivation lies in the development and optimization of
jet impingement cooling for electronic chips. By utilizing hexagonal cross-section jets,
the aim is to enhance the cooling performance and overcome the challenges associated
with traditional cooling methods. The investigation focuses on understanding the
thermal characteristics of different jet array configurations and their impact on chip
cooling efficiency. The project aims to provide insights into the design and
optimization of cooling solutions for electronic chips, ultimately improving their

performance, reliability, and longevity.

1.2 JET IMPINGEMENT COOLING

Jet impingement cooling is a technique that has garnered significant
interest in the field of electronic chip cooling. It involves directing a high-velocity
fluid jet onto the surface of the chip, which creates impingement forces that enhance
convective heat transfer. The impinging fluid absorbs heat from the chip surface and

carries il away, effectively dissipating the thermal energy.

The advantages of jet impingement cooling make it an attractive option
for electronic chip cooling applications. Firstly, it offers high heat transfer coefficients,
which enable efficient heat dissipation and can effectively address the thermal
challenges associated with compact and high-power electronic chips. Additionally, the
impingement forces generated by the fluid jet help to break down boundary layer
resistances, facilitating enhanced heat transfer. Moreover, jet impingement cooling
provides a uniform temperature distribution across the chip surface. This uniformity
is achieved by the impingement action, which ensures that the cooling fluid directly
interacts with the entire chip area. By minimizing temperature gradients, the risk of

localized hotspots and thermal stress-induced failures can be mitigated.
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1.3 HEXAGONAL CROSS-SECTION JETS

In this project, hexagonal cross-section jets are utilized to further enhance
the cooling efficiency of the jet impingement cooling technique. The choice of
hexagonal cross-sections is motivated by their geometric properties, which offer

advantages over other cross-sectional shapes.

The hexagonal shape provides a larger surface area compared lo circular
or rectangular cross-sections, allowing for increased contact area between the cooling
fluid and the chip surface. This expanded contact area promoles enhanced conveclive
heat transfer, improving the overall cooling performance. Additionally, the hexagonal
cross-sections allow for better fluid flow distribution, minimizing the risk of flow
recirculation and aiding in maintaining a uniform temperature profile across the chip.
Previous research has demonsirated the benefits of hexagonal cross-seclion jets in
enhancing cooling efficiency in various applications. By leveraging these advantages,
this project aims to investigale the thermal characteristics of different jet array
configurations with hexagonal cross-section jets and explore their potential for further

improving electronic chip cooling.

Overall, the utilization of jet impingement cooling with hexagonal cross-
section jets presents an exciting opportunity to address the challenges associated with
electronic chip cooling. By combining the benefits of jet impingement cooling and the
unique properties of hexagonal cross-sections, this project seeks to contribute to the
development of more efficient cooling strategies, ultimately enhancing the

performance, reliability, and lifespan of electronic chips.



1.4 OBJECTIVES OF THE STUDY

The primary objectives of this project are to investigate and analyze the performance

of inclined micro-jet impingement heat transfer in a microchannel using hexagonal

cross-section jets. The specific goals include:

To examine the thermal characteristics of different jet array configurations: The
project aims to investigate five types of jet array configurations consisting of 4, 5,
9, 13, and 16 jets. By varying the number of jets, the study seeks to evaluate their
impact on heat transfer and cooling performance. This analysis will provide

insights into the optimal jet density for effective heat dissipation.

To evaluate the influence of jet inclination on heat transfer: The jet inclination
angle is maintained at 45 degrees to the impingement surface in this study. By
keeping the jet inclination constant, the project aims to assess its effect on
convective heat transfer and understand its implications for chip cooling

efficiency.

To explore the impact of hexagonal cross-section jet geometries: The project
considers three different edge lengths of the hexagonal cross-section jets, namely
60, 80, and 100 microns. By varying the jet geometry, the study aims to examine
how the cross-sectional shape and size influence heat transfer characteristics and

overall cooling performance.
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CHAPTER 2:
LITERATURE REVIEW

The literature review in this chapter aims to provide a comprehensive
overview of previous studies and research related to jet impingement cooling,
hexagonal cross-section jets, and electronic chip cooling. By reviewing the existing
body of knowledge, this section establishes a foundation for the current study and
identifies the research gaps that this project aims to address. The review encompasses

key findings, methodologies, and insights gained from relevant literature sources.

2.1 MICROCHANNEL AND MICROJET IMPINGEMENT
COOLING

Microchannel cooling is another technique that has gained atiention in
electronic chip cooling due to its potential for high heat transfer rates and compact
design. Research studies have investigated the thermal performance of microchannels,
including their geometric configurations, flow characteristics, and heat transfer
mechanisms. These studies have explored different channel designs. such as
rectangular, circular, and triangular cross-sections, to optimize heat transfer and
minimize pressure drop. Additionally, investigations have been conducted on the
effects of varying channel dimensions, surface enhancements, and flow conditions.
The findings from these studies contribute to the understanding of microchannel

cooling and provide insights for the current project.

2.2 PREVIOUS STUDIES AND RESEARCH

It 1s suggested that microchannels and microjet impingements could be
used as feasible methods for managing electronics' hot spots and removing surface
heat. Because of improvements in packaging and smaller electronics, it is now very

challenging for the scientific researchers to decrease the size of the heat sink and
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increase the rate of the heat removal method. These small electronics releases an
excessive amount of heat flux because of the tiny chip size and greater transistor
density. The failure of the electronics may result from the package degrading and the
chip temperature exceeding its usual operating temperature if the heat at the chip

surface 1s not effectively removed.

In comparison to conventional channels, microchannels offer lower heat
transfer resistance due to their smaller scale. Tuckerman and Pease [1] were among
one of the researchers who examined fluid flow micro-channel heat sinks. They
succeeded in conducting experiments on three micro-channels with dimensions of 50,
55, and 56 pm and 287, 302, and 320 pm, respectively, and created a novel theory of
micro-cooling for scientists. A heat flow of up to 790 W/cm? could be removed by one
of the heat sinks. Yeh [2] studied into the degree 1o which the microchannel's design
factors can substantially impact the flow Reynolds number and the rate of heal
transfer. Garimella and Rice [3] propose that the rate of heat transfer improves with
increasing fluid flow Reynolds number and nozzle area in microchannels.
Additionally, the utilization of micro-jet impingements on substrates has been recently
suggesied as a means (o control hot spots in electronics and enhance temperature
uniformity [4, 5]. Wu et al. [4] conducted experimental research on the heat transfer
behaviour of single jets measuring 500 and 550 pm, as well as a jet array with varying
hydraulic diameters (H:) ranging from 200 to 3,000 pm. At a pressure drop of
approximately 34,474 Pa, they were able to attain the area-averaged heat transfer
coefficient for a single jet with a thickness of 500 pm and a height of 750 pm 15 320
W/m2K. Additionally, they noted that cooling efficiency was higher at lower driving
pressures and fell as driving pressure increased. The comparison of jet impingement
cooling with micro-channels was done by Lee and Vafai [5]. They came to the
conclusion that jet impingement is equivalent to or better than micro-channel cooling
for a large target plate with a good arrangement of spent flow after impingements,
while micro-channel cooling is superior for a heated surface smaller than 70 mm x 70
mm. Peng and Peterson [6] and Foli et al. [7] analyzed microchannels and found that
the convective heat transfer is influenced by both the design factors and inlet factors
of the microchannels. Mala et al. [8] state that estimating the heat rate transmission in
a complicated microchannel geometry poses significant challenge. Several authors

used curved and zigzag microchannels [9-13] and passive frameworks inside of the
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microchannels [14,15] in an effort to improve performance by minimising resistance
and pressure loss in a McHS. Additional research was done to examine how nanofluids
might be used to reduce temperature gradients and resistance to heat transmission as

well as to remove more heat from chip surfaces [16-21].

At the beginning of the microchannel, which stretches in the direction of
the flow, thermal and hydrodynamic boundary layers are developed. Additionally, it
thickens upstream as the flow continues. In the downstream path, thermal resistance
1s consequently decreased. To improve performance, it was suggested that the
boundary layer generation process be disrupted and the flow be made chaotic. By
applying the theory of jel impingement, Wu et al. [22] and Lee and Vafai [23] were
able to produce this boundary layer, disturb the flow, and see improvement in heat
transmission. Fedorov and Viskanta [24] came (o the conclusion that the micro channel
exhibits complicated heat flow patterns and that average lemperature is not a authentic
indicator of the direction of heat flow. Thermal stresses are caused by a further
significant temperature difference and hence have an impact on things like electronics.
According to several studies, the fluid temperature rises throughout the channel’s
length [25,26], and the pressure loss in the channel gets higher as velocity increases
[27,28]. Husain and Kim's study [29] found that as fluid velocity in the channel
advances, thermal resist ability within the microchannel lowers. The writers also used
parametric optimisation to determine how design parameters affected fluid power,
pressure loss, and thermal performance. The possibility of microjet impingement heat
sinks was investigated further. In studies on single-phase heat transfer, Michna et al.
[30] recorded the stagnation phenomenon. Further curve fitting was done to get
correlations for the Nusselt number, and they came to the conclusion that there was
little relationship between the two numbers. Husain et al. [31] investigated a
parametric study on multi-jet impingements, where they examined various multi-jet
configurations and reported a range of heat transfer coefficients, pressure losses,
module resistances, and required power. They discovered that the stand-off, or the gap
that exists between the impingement surface and the jet opening, has a considerable
impact on the rate of heat transfer. Paz and Jubran [32] observed that decreasing the
stand-off results in an increase in heat transport. Husain et al. [33] performed
numerical research and optimized non-dimensional geometric variables to achieve the

lowest module resistance and fluid power possible.
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Muszynski and Andrzejczyk [34] conducted experiments on a hybrid
microchannel microjet module to take the benefit of the boundary layer slimming
brought on by the impingements. In contrast to microchannels, the jet impingement
was discovered to be the predominant mechanism of heat transport. Husain et al. [35]
introduced a hybrid notion that combines passive structures with microjets within a
microchannel. The performance of the suggested hybrid idea is superior to that of
passive structures or microjets in a microchannel, according to the authors' comparison
of various configurations of passive structures and microjets. Naphon et al. [36]
utilized a pin-fin heat sink module featuring a central jet inlet and four outlets
positioned at the corners of the McHS (Microchannel Heat Sink) in their experimental
and numerical investigation of the hybrid idea. The authors use cooling nanofluid to
further improve heat transfer. Kempers et al. [37] put forth the proposal of an
integrated hybrid pin-fin Microchannel Heat Sink (McHS) incorporating microjets.
The performance attributes were supplied by the writers. Similar tendencies can be
seen in experimenial and CED features. However, a sizable divergence between CFD
predictions and experimental data was seen. Peng et al. [38] recommended the
utilization of slot jet impingement with alternative extraction slots. To understand the
parametric impact of geometric design factors, the authors performed a numerical

analysis.

The atforementioned references represent a selection of studies that have
contributed significantly to the understanding of jet impingement cooling, hexagonal
cross-section jets, and electronic chip cooling. These works provide valuable insights
into the performance, optimization, and applications of these cooling techniques. By
reviewing and analyzing these studies, this project aims to build upon the existing

knowledge and contribute further to the field of electronic chip cooling.
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CHAPTER 3:

RESEARCH METHODOLOGY

3.1 RESEARCH OBIJECTIVE

The research objective of this study is to investigate the thermal
characteristics such as average temperature of solid-liquid interface, average
temperature of outlet, and changes in pressure as the number of jets increases of
inclined micro-jet impingement heal transfer in microchannels using hexagonal cross-
section jets. The study aims to analyze the heat transfer performance, temperature
distribution, and flow characteristics of different jel array configurations and jel

geometries. The specific objectives of the research are as follows:

1. To evaluate how the quantity of jets affects the efficiency of heat transmission.

We will study five distinct jet array configurations with 4, 5,9, 13, and 16 jets.

2. To examine the influence of jet geometry on the thermal characteristics. The jet
cross-section will be taken as a hexagon with different edge lengths of 60, 80, and

100 microns.

3. To investigate the effect of jet inclination on the heat transfer performance. The
jet inclination angle will be kept constant at 45 degrees to the impingement

surface.
4. To determine the average solid-liquid interface temperature and average exit
liquid temperature, and their correlation with the number of jets in the array. The

results will help identify the optimal jet array configuration for enhanced cooling.

5. To evaluate the potential of inclined microjet impingement heat sink with optimal

jet array compared to other microjet array configurations. The analysis will
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consider the heat transfer performance, temperature distribution, and flow

characteristics.

6. To use laminar flow modelling in the simulations, as the flow is expected to

remain within the laminar regime for the given flow rates.

7. To apply a constant heat flux of 25 W/cm? on the solid substrate, assuming it is

made of silicon.

8. To maintain a constant mass flow rate of 1.45 x 10™ kg/s for the working fluid

waler liquid.

9. To analyze the average temperature rise and pressure drop for all configurations,
evaluating the thermal performance and assessing the influence of the different

]".I&FE:I]'I'ICIC rs.

3.2 RESEARCH APPROACH

To achieve the research objective, the following research approach will be adopted:

3.2.1 Computational Fluid Dynamics (CFD) Simulation

The research will utilize CFD simulations to analyze the thermal
performance of the micro-jet impingement cooling system. CFD provides a powerful
tool to simulate fluid flow, heat transfer, and turbulence phenomena. The simulations
will be performed using commercial CFD software, such as ANSYS Fluent, which
can accurately model and predict the behaviour of fluid flow and heat transfer in

complex geometries.

3.2.2 Physical and Numerical Modelling

In this research, the simulations will assume laminar flow conditions since

the flow within the microchannels is expected to remain in the laminar regime due to
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the relatively low flow rates considered. Laminar flow is characterized by smooth and
ordered fluid motion, which is appropriate for the analysis of micro-jet impingement

heat transfer.

The governing equations for the fluid flow and heat transfer in the
microchannels will be the 3D Navier-Stokes equations, which describe the
conservation of mass, momentum, and energy for incompressible fluid flow and
conjugate heat transport in the model. The micro-nozzles and conduit were cooled by
using water. These equations will be solved numerically using a suitable solver in the
chosen computational fluid dynamics (CFD) software. The governing equations can

be wrillen in partial differential form as follows: [39]

alpyvi
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(For the fluid)

akaTS—{] For the substrate conducti 4

ax, SBXj = (For the substrate conduction) (4)

The flow field is provided through simulation in ANSYS Fluent. It was completed
while different fluids were flowing through it. The simulation defines a computational
fluid domain using a simple, produced hexahedral mesh. Solid and fluid domains are

conjugately categorised throughout iteration.
Hexahedral mesh was advised for a certain computational domain during fluid flow.

For the purpose of the study, the fluid wall in the fluid domain was optimised with the

exception of the solid fluid domain interface, which was kept adiabatic.
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It is assumed that there is no slip condition (v=0) at the solid-fluid interface in a
channel where homogeneous heat flux is given from the solid substrate base towards
the cooling fluid. The interior wall of the nozzle continued to be inclined from the top

surface of the channel during the whole flow.

HEAT FLUX EQUATION:
Q

q=hx(T;-T) (6)
NUSSELT NO.:
hD,
Ny = — 7
u T (7
HEAT TRANSFER COEFFICIENT:
q
h=——— b
(Tz I T:LJ ©)
CHARACTERISTICS DIAMETRE:
44
. 9
Dc P (9)
Area = Height x Breadth (10)
P = 2 x (Height + Breadih) (11)
ENERGY CARRIED BY THE FLOWING FLUID:
Q=mCp AT (12)
M= pV (13)

3.2.3 Assumptions and Boundary conditions

1. At the channel's entrance, uniform inlet temperature and static pressure were
provided.

2. All surfaces are considered to be adiabatic, and there is no slip condition
imposed between the solid and fluid interface domain.

3. In the fluid and solid domain interfaces, temperature is taken to remain constant.

4. The channel's outlet is determined by the mass flow rate.
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3.2.4 Geometry and Mesh Generation

Fig. 3.1 shows a schematic diagram of silicon-based multiple micro-jet
impingements heat sink model that was designed on the reverse of the microchip with
multiple nozzles. The area of the microchannel substrate is 11 x 11 mm?. The
impingement heat sink plate has a total thickness of 0.8 mm. The nozzles were made
on the substrate, and a water channel was built to enable liquid to flow through the
nozzles. While the nozzles with a fluid channel and substrate base were included in
the computational area, the substrate on which these nozzles were constructed was not
analyzed for conservative analysis. The subsirate's outlet channel and jets were made

separately and then joined with epoxy to create the desired structure.

Table 3.1 Geometrical parameters chosen for micro-jet impingent heat sink

Geometrical Parameter Value
Thickness of the silicon substrate (T,) 100 pm
Height of the channel (Hc) 300 pm
Height of the nozzle plate (Hn) 400 pm
Edge lengths of hexagonal cross section jets 60, 80, 100 pm
(E)
Number of jets 4.5,9, 13,16

As depicted in Fig. 3.1, the liquid jets interact with heated surface, the flow shifts to a
radial direction while removing heat content from the surface, and it eventually
reaches the output port. 45° inclination of jets with respect to impingement surface is

shown in Fig. 3.2
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Fig. 3.1. Schematic diagram of the multiple inclined micro-jet impingements heat
sink having hexagonal cross-section jets.
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_ P Micro-jets &~
Hn | // ,,/./
. i . £ A
He | | Fluid (channel)
iy Solid (silicon substrate)

Fig. 3.2. Schematic diagram of the inclined micro-jets showing the inclination of 45

degrees with impingement surface.
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Fig. 3.3. Various micro-jet arrangements on nozzle plate with an interjet spacing,
S4a=2.75 mm, 54b = 5.5 mm; S§5a = 2.75 mm 85b = 2.75 mm; §%a = 1.75 mm,
S9b =3.75 mm; S13a= 1.5 mm, S13b=2mm; S16a = 1.375 mm, S16b = 2.75 mm.

To solve these CFD problems, the geometry model of the inclined hexagonal micro-
jet impingement heat sink was designed using ANSYS SpaceClaim, and then meshing

and CFD simulations are done using ANSYS Fluent.

Total of 15 geometries were made of hexagonal cross-section having edge lenghts of
60, 80 and 100 microns for 4, 5,9, 13 & 16 inclined jets each. All the geometries were
simulated on ANSYS Workbench. Following are the details of the geometries.

Geometry 1 is considered for simulation which is 45° inclined 4 hexagonal cross-
section jets of edge length 60 microns. Table 3.2 shows the dimensions parameters of
the 4 hex-jets model. Fig. 3.4 presents different views of the geometry showing inlets
and outlet. Table 3.3 provides the mesh information considered for simulation. Fig 3.5

represents the meshing of the 4 hex-jets model.
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Geometry 1 : 45° inclined 4 micro-jets, E60

Table 3.2: Dimensions for E60 hexagonal 4 jets heat sink

Ai(mm?) | Tyum) | He(um) | E(um) H,(um) Sn(um)

11x11 100 300 60 40 5500

(b)

(c)

Fig. 3.4. Geometry design of inclined hexagonal 4 micro-jets, E60 (a) Ansys
SpaceClaim Geometry (b) Geometry indicating inlets & outlet (¢) Side view of

geometry indicating inlets & outlet
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Table 3.3: Mesh information for E6( hexagonal 4 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On
Smoothing Medium
Element size 5.e-005 m
Nodes 777471
Elements 2049094

Fig. 3.5. Meshing of inclined hexagonal 4 hex-jet heat sink, E60

Geometry 2 is considered for simulation which is 45% inclined 5 hexagonal cross-
section jets of edge length 60 microns. Table 3.4 shows the dimensions parameters of
the 5 hex-jets model. Fig. 3.6 presents different views of the geometry showing inlets
and outlet. Table 3.5 provides the mesh information considered for simulation. Fig.

3.7 represents the meshing of the 5 hex-jets E60 model.

(17)



Geometry 2 : 45° inclined 5 micro-jets, E60

Table 3.4: Dimensions for E60 hexagonal 5 jets heat sink

Ag (mm®) | Typm) | He(um)| E(um) H,(um) Sp(um)

11x11 100 300 60 40 2750

(b)

(c)

Fig. 3.6. Geometry design of inclined hexagonal 5 micro-jets, E60 (a) Ansys
SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c) Side view of

geometry indicating inlets & outlet
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Table 3.5: Mesh information for E60 hexagonal 5 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On

Smoothing Medium
Element size 5.e-005 m

Nodes 778463
Elements 2053019

1]

=
0TS (11 F

Fig. 3.7. Meshing of inclined hexagonal 5 hex-jet heat sink, E60

Geometry 3 is considered for simulation which is 45° inclined 9 hexagonal cross-
section jets of edge length 60 microns. Table 3.6 shows the dimensions parameters of
the 9 hex-jets model. Fig. 3.8 presents different views of the geometry showing inlets
and outlet. Table 3.7 provides the mesh information considered for simulation. Fig.

3.9 represents the meshing of the 9 hex-jets E60 model.
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Geometry 3 : 45° inclined 9 micro-jets, E60

Table 3.6: Dimensions for E60 hexagonal 9 jets heat sink

Ai (mm®) [ Ty(um) |Hfpm)| E(um) H,(um) Sn(um)

11x11 100 300 60 40 3750
- e
_ E b
LS L
Ee — LS
- -ﬁ?__ﬁ::“';—'-t = »

(b)

(c)
Fig. 3.8. Geometry design of inclined hexagonal 9 micro-jets, E60 (a) Ansys
SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c) Side view of

geometry indicating inlets & outlet
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Table 3.7: Mesh information for E60 hexagonal 9 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On
Smoothing Medium
Element size 5.e-005 m
Nodes 783222
Elements 2100635

Fig. 3.9. Meshing of inclined hexagonal 9 hex-jet heat sink, E60

Geometry 4 is considered for simulation which is 45° inclined 13 hexagonal cross-
section jets of edge length 60 microns. Table 3.8 shows the dimensions parameters of
the 13 hex-jets model. Fig. 3.10 presents different views of the geometry showing
inlets and outlet. Table 3.9 provides the mesh information considered for simulation.

Fig. 3.11 represents the meshing of the 13 hex-jets E60 model.
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Geometry 4 : 45° inclined 13 micro-jets, E60

Table 3.8: Dimensions for E60 hexagonal 13 jets heat sink

Ai (mm®) [ Ty(um) |Hfpm)| E(um) H,(um) Sn(um)

11x11 100 300 60 40 2000

(b)

(c)
Fig. 3.10. Geometry design of inclined hexagonal 13 micro-jets, E60 (a) Ansys

SpaceClaim Geomeitry (b) Geometry indicating inlets & outlet (c) Side view of

geometry indicating inlets & outlet
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Table 3.9: Mesh information for E6( hexagonal 13 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On

Smoothing Medium
Element size 5.e-005 m

Nodes 789572
Elements 2100635

Fig. 3.11. Meshing of inclined hexagonal 13 hex-jet heat sink, E60

Geometry 5 is considered for simulation which is 45° inclined 16 hexagonal cross-
section jets of edge length 60 microns. Table 3.10 shows the dimensions parameters
of the 16 hex-jets model. Fig. 3.12 presents different views of the geometry showing
inlets and outlet. Table 3.11 provides the mesh information considered for simulation.

Fig. 3.13 represents the meshing of the 16 hex-jets E60 model.
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Geometry 5 : 45° inclined 16 micro-jets, E60

Table 3.10: Dimensions for E60 hexagonal 16 jets heat sink

Ai (mm®) [ Ty(um) |Hfpm)| E(um) H,(um) Sn(um)

11x11 100 300 60 40 2750

(c)
Fig. 3.12. Geometry design of inclined hexagonal 16 micro-jets, E60 (a) Ansys

SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c) Side view of

geometry indicating inlets & outlet
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Table 3.11: Mesh information for E60 hexagonal 16 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On

Smoothing Medium
Element size 5.e-005 m

Nodes 793981
Elements 2120141

[ o0 0004 i)

0o 0.003

Fig. 3.13 Meshing of inclined hexagonal 16 hex-jet heat sink, E60

Geometry 6 is considered for simulation which is 45° inclined 4 hexagonal cross-
section jets of edge length 80 microns. Table 3.12 shows the dimensions parameters
of the 4 hex-jets model. Fig. 3.14 presents different views of the geometry showing
inlets and outlet. Table 3.13 provides the mesh information considered for simulation.

Fig. 3.15 represents the meshing of the 4 hex-jets ES0 model.
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Geometry 6 : 45° inclined 4 micro-jets, ES80

Table 3.12: Dimensions for ES0 hexagonal 4 jets heat sink

A (mm?)

Ty(um)

Hc(um)

E(um)

H,(um)

Sp(um)

11x11

100

300

60

40

5500

Fig. 3.14: Geometry design of inclined hexagonal 4 micro-jets, E80 (a) Ansys

SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c) Side view of

geometry indicating inlets & outlet




Table 3.13: Mesh information for ES0 hexagonal 4 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On

Smoothing Medium
Element size 5.e-005 m

Nodes 775851
Elements 2036842

Fig. 3.15 Meshing of inclined hexagonal 4 hex-jet heat sink, E80

Geometry 7 is considered for simulation which is 45° inclined 5 hexagonal cross-
section jets of edge length 80 microns. Table 3.14 shows the dimensions parameters
of the 5 hex-jets model. Fig. 3.16 presents different views of the geometry showing
inlets and outlet. Table 3.15 provides the mesh information considered for simulation.

Fig. 3.17 represents the meshing of the 5 hex-jets ES0 model.
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Geometry 7: 45" inclined 5 micro-jets, ES0
Table 3.14: Dimensions for E8() hexagonal 5 jets heat sink

A (mm?) | Tyum) | Hfum)| E@m) | Hy(um) | Su(um)

11x11 100 300 60 40 2750

(c)
Fig. 3.16: Geometry design of inclined 5 hex-jets heat sink, E80 (a) Ansys

SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c) Side view of

geometry indicating inlets & outlet
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Table 3.15: Mesh information for ES80 hexagonal 5 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On

Smoothing Medium
Element size 5.e-005 m

Nodes 775700
Elements 2040228

Fig. 3.17 Meshing of inclined hexagonal 5 hex-jets heat sink, E80

Geometry 8 is considered for simulation which is 45% inclined 9 hexagonal cross-
section jets of edge length 80 microns. Table 3.16 shows the dimensions parameters
of the 9 hex-jets model. Fig. 3.18 presents different views of the geometry showing
inlets and outlet. Table 3.17 provides the mesh information considered for simulation.

Fig. 3.19 represents the meshing of the 9 hex-jets ES0 model.
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Geometry 8 : 45° inclined 9 micro-jets, ES80

Table 3.16: Dimensions for ES0 hexagonal 9 jets heat sink

Ai (mm®) [ Ty(um) |Hfpm)| E(um) H,(um) Sn(um)

11x11 100 300 60 40 3750

(b)

(c)
Fig. 3.18: Geometry design of inclined 9 hex-jets heat sink, E80 (a) Ansys
SpaceClaim Geometry (b) Geomelry indicating inlets & outlet (c) Side view of

geometry indicating inlets & outlet
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Table 3.17: Mesh information for E80 hexagonal 9 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On

Smoothing Medium
Element size 5.e-005 m

Nodes TI8377
Elements 2050544

Fig. 3.19 Meshing of inclined hexagonal 9 hex-jet heat sink, E80

Geometry 9 is considered for simulation which is 45° inclined 13 hexagonal cross-
section jets of edge length 80 microns. Table 3.18 shows the dimensions parameters
of the 13 hex-jets model. Fig. 3.20 presents different views of the geometry showing
inlets and outlet. Table 3.19 provides the mesh information considered for simulation.

Fig. 3.21 represents the meshing of the 13 hex-jets ES80 model.
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Geometry 9 : 45° inclined 13 micro-jets, E80

Table 3.18: Dimensions for ES0 hexagonal 13 jets heat sink

Ao (mm’) | Tyum) |H(um)| E(m) | Hyum) | Sy(um)

11x11 100 300 60 40 2000

(a)

Fig. 3.20: Geometry design of inclined 13 hex-jets heat sink, E80 (a) Ansys
SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c) Side view of
geometry indicating inlets & outlet
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Table 3.19: Mesh information for ES0 hexagonal 13 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On
Smoothing Medium
Element size 5.e-005 m
Nodes 782921
Elements 2069575

Fig. 3.21 Meshing of inclined hexagonal 13 hex-jet heat sink, ES0

Geometry 10 is considered for simulation which is 45° inclined 16 hexagonal cross-
section jets of edge length 80 microns. Table 3.20 shows the dimensions parameters
of the 16 hex-jets model. Fig. 3.22 presents different views of the geometry showing
inlets and outlet. Table 3.21 provides the mesh information considered for simulation.

Fig. 3.23 represents the meshing of the 16 hex-jets ES0 model.
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Geometry 10 : 45” inclined 16 micro-jets, E80

Table 3.20: Dimensions for ES0 hexagonal 16 jets heat sink

Ai (mm®) [ Ty(um) |Hfpm)| E(um) H,(um) Sn(um)

11x11 100 300 60 40 2750

(b)

(c)
Fig. 3.22: Geometry design of inclined 16 hex-jets heat sink, E80 (a) Ansys

SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c) Side view of

geomelry indicating inlets & outlet
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Table 3.21: Mesh information for ES0 hexagonal 16 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On
Smoothing Medium
Element size 5.e-005 m
Nodes 785714
Elements 2081979

Fig. 3.23 Meshing of inclined hexagonal 16 hex-jet heat sink, ES0

Geometry 11 is considered for simulation which is 45° inclined 4 hexagonal cross-
section jets of edge length 100 microns. Table 3.22 shows the dimensions parameters
of the 4 hex-jets model. Fig. 3.24 presents different views of the geometry showing
inlets and outlet. Table 3.23 provides the mesh information considered for simulation.

Fig. 3.25 represents the meshing of the 4 hex-jets E100 model.
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Geometry 11 : 45” inclined 4 micro-jets, E100
Table 3.22: Dimensions for E100 hexagonal 4 jets heat sink

Ai (mm?) | Tyum) | Hfum)| E(um) H,(um) | S,(um)
11x11 100 300 60 40 5500

(a)

(b)

(©)
Fig. 3.24: Geometry design of inclined 4 hex-jets heat sink, E100 (a) Ansys

SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c) Side view of

geometry indicating inlets & outlet
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Table 3.23: Mesh information for E100 hexagonal 4 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On

Smoothing Medium
Element size 5.e-005 m

Nodes 772723
Elements 2027438

0 015 000 i)
RS

[if= g AngE:

Fig. 3.25: Meshing of inclined hexagonal 4 hex-jet heat sink, E100

Geometry 12 1s considered for simulation which is 45° inclined 5 hexagonal cross-
section jets of edge length 100 microns. Table 3.24 shows the dimensions parameters
of the 5 hex-jets model. Fig. 3.26 presents different views of the geometry showing
inlets and outlet. Table 3.25 provides the mesh information considered for simulation.

Fig. 3.27 represents the meshing of the 5 hex-jets E100 model.
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Geometry 12 : 45” inclined 5 micro-jets, E100

Table 3.24: Dimensions for E100 hexagonal 5 jets heat sink

Ai (mm®) [ Ty(um) |Hfpm)| E(um) H,(um) Sn(um)

11x11 100 300 60 40 2750

(b)

B e —
— - e — e -:-L

(c)
Fig. 3.26. Geometry design of inclined 5 hex-jets heat sink, E100 (a} Ansys
SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c) Side view of

geometry indicating inlets & outlet
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Table 3.25. Mesh information for E100 hexagonal 5 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On

Smoothing Medium
Element size 5.e-005 m

Nodes 773700
Elements 2032056

Fig. 3.27. Meshing of inclined hexagonal 5 hex-jet heat sink, E100

Geometry 13 is considered for simulation which is 45° inclined 9 hexagonal cross-
section jets of edge length 100 microns. Table 3.26 shows the dimensions parameters
of the 9 hex-jets model. Fig. 3.28 presents different views of the geometry showing
inlets and outlet. Table 3.27 provides the mesh information considered for simulation.

Fig. 3.29 represents the meshing of the 9 hex-jets E100 model.
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Geometry 13 : 45” inclined 9 micro-jets, E100

Table 3.26: Dimensions for E100 hexagonal 9 jets heat sink

Ai (mm®) [ Ty(um) |Hfpm)| E(um) H,(um) Sn(um)

11x11 100 300 60 40 3750

(b)

ﬁ

(c)
Fig. 3.28. Geometry design of inclined 9 hex-jets heat sink, E100 (a) Ansys
SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c¢) Side view of

geometry indicating inlets & outlet
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Table 3.27: Mesh information for E100 hexagonal 9 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On
Smoothing Medium
Element size 5.e-005 m
Nodes 775317
Elements 2035037

[1] 2.5 G0 i)

Fig. 3.29 Meshing of inclined hexagonal 9 hex-jet heat sink, E100

Geometry 14 is considered for simulation which is 45 inclined 13 hexagonal cross-
section jets of edge length 100 microns. Table 3.28 shows the dimensions parameters
of the 13 hex-jets model. Fig. 3.30 presents different views of the geometry showing
inlets and outlet. Table 3.29 provides the mesh information considered for simulation.

Fig. 3.31 represents the meshing of the 13 hex-jets E100 model.
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Geometry 14 : 45” inclined 13 micro-jets, E100
Table 3.28: Dimensions for E100 hexagonal 13 jets heat sink

Ao (mm’) | Tyum) |H(um)| E(m) | Hyum) | Sy(um)
11x11 100 300 60 40 2000

(@)

(b)

(c)
Fig. 3.30. Geometry design of inclined 13 hex-jets heat sink, E100 (a) Ansys
SpaceClaim Geometry (b) Geometry indicating inlets & outlet (c) Side view of

geometry indicating inlets & outlet
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Table 3.29: Mesh information for E100 hexagonal 13 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On

Smoothing Medium
Element size 5.e-005 m

Nodes 778330
Elements 2047759

Fig. 3.31 Meshing of inclined hexagonal 13 hex-jet heat sink, E100

Geometry 15 is considered for simulation which is 45° inclined 16 hexagonal cross-
section jets of edge length 100 microns. Table 3.30 shows the dimensions parameters
of the 16 hex-jets model. Fig. 3.32 presents different views of the geometry showing
inlets and outlet. Table 3.31 provides the mesh information considered for simulation.

Fig. 3.33 represents the meshing of the 16 hex-jets E100 model.
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Geometry 15 : 45” inclined 16 micro-jets, E100

Table 3.30: Dimensions for E100 hexagonal 16 jets heat sink

Ao (mm’) | Tyum) |H(um)| E(m) | Hyum) | Sy(um)

11x11 100 300 60 40 2750

(b)

Fig. 3.32. Geometry design of inclined 16 hex-jets heat sink, E100 (a) Ansys
SpaceClaim Geometry (b) Geometry indicating inlets & outlet (¢) Side view of
geometry indicating inlets & outlet
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Table 3.31: Mesh information for E100 hexagonal 16 jets heat sink

Physics solved by CFD
Solver used Fluent
Element order Linear
Curvature Proximity On

Smoothing Medium
Element size 5.e-005 m

Nodes 779750
Elements 2052346

Fig. 3.33 Meshing of inclined hexagonal 16 hex-jet heat sink, E100
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CHAPTER 4:

VALIDATION AND GRID INDEPENDENCE TEST

4.1 VALIDATION

The validation part of the thesis focuses on evaluating and verifying the
results in relation to the maximum temperature rise in the MCHS with various mass
flow rates. The purpose of this section is to confirm the validity of the research's
findings in terms of correctness and dependability. Examining the liquid channel -
solid substrate contact zone and comparing the simulated results with exisling
literature are both steps in the validation process that verify the reliability and integrity

of the resullts.

In this computational study, the validation of the staggered 13 vertical
straight jets MCHS heat transport by water liquid is conducied. For comparison with
the real results, the obtained results are then used to construct graphs that indicate the
maximum temperature differential rise with different mass flow rates as shown in Fig.

4.1.1.

&0
—@— ATmax, actual
70 n

II\EO

\ — B = ATmax, obtained

ATmax (K)

20
a 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007
Mass flow rate (kg s'1) >

Fig. 4.1.1 Variation ATmax, actual & ATmax, obtained with mass flow rate
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Table 4.1.1 presents the variation in the maximum temperature difference between the
actual and obtained results of the fluid-solid interface temp. as mass flow rate
increases, calculating the percentage inaccuracy.

Table 4.1.1: Vanation AT, actual & ATmax, obtained with mass flow rate to
calculate % Error

S. No. RT;“{: ;‘:’:;] AT, actual (K) M’““’U‘;};tai"“d % Error
1 1.33 x 107 67.77 71.48 5.47 %
2 2.66 x 10 43.93 46.56 5.98%
3 3.99 x 107 34.55 32.88 4.83%
4 532 % 10* 28.98 27.62 5.73%
5 6.65 x 107 25.15 23.72 5.68%

As a result, validation of the computational results acquired using test data or existing
distributed investigation data is necessary. The results of this invesligation were
accepted based on the real results of the inquiry, where the maximum error within the

result was discovered to be 5.98% and the smallest error was found to be 4.83%.

4.2 GRID INDEPENDENCE TEST

Testing for grid independence 1s done to determine how sensitive the CFD findings
are to changes in the computational grid's resolution or level of refinement. So, to find
the optimum no. mesh 4 hexagonal micro jet model is selected. To evaluate this grid
sensitivity analysis various mesh size is considered and to find the minimum average
temperature of surface of silicon based solid substrate which is solid — liquid interface.
Initially, analysis started with taking 5 lakhs mesh and then followed by 10 lakhs, 15
lakhs, 20 lakhs and 30 lakhs mesh size was evaluated.
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Model selected for grid analysis: 4 hexagonal jets model

Fig. 4.2.1 Four hexagonal jets model showing inlet and outlet

Table 4.2.1: Avg. Temp. of solid & liquid interface with respect to mesh size

Mesh Size Avg. Temp. solid & liquid interface
541517 470.231
953601 467.043
1538491 465.911
2049094 465.846
3170114 465.970

By seeing Fig. 4.2.2. it can be understood that at low no. of mesh of 5 lakhs average

temperature of substrate surface is high in comparison with high no. mesh size. With

increase in no. of mesh size, Tav decreases which indicates that simulation quality of

CFD improves. As we move forward in increasing mesh size, stabilisation of Tag is

observed which means there is no significant improvement in simulation result. Here,

we’re getting optimum mesh size for desired minimum Taye. Therefore, mesh size of

2 million is selected for further CFD simulations in this project.
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Fig. 4.2.2 Variation of Taye with respect to mesh size selected for simulation
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CHAPTER 5:
RESULTS AND DISCUSSION

SIMULATION RESULTS FOR VARIOUS MICRO-JET
CONFIGURATIONS IN HEAT SINK

The resulis of the CFD study are presented for the pressure drop
throughout the channel and the temperature drop of the heated surface. These plots are
generated for different numbers of impingement jets in a heat sink. The analysis
focuses on a specific heat flux value provided at the bottom wall of the heat sink.
where the mass flow rate is constant. Heal flow values of 25 W/cm® were employed
in the analysis. In order to determine the maximum heat transfer rate and maximum
temperature rise, the thermal performance of the various jet designs, including inclined
four-jet, staggered five-jet, nine-jet. thirteen-jet, and sixteen-jet arrays, was analyzed.
Value of constant mass flow rate taken is 1.45 x 10 kg/s for edge lengths of hexagonal
cross- section denoted by E60, EB0 and E100 which represents 60, 80 and 100 microns

respectively. Edge length is considered as design parameter.
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5.1 Results for E60 Hexagonal Cross-Section Micro-Jets
Impingement Heat Sink for Various No. Of Jets.

Fig. 5.1.1 provides temperature contours at solid-liquid contact region of
impingement heat sink for E60 design models of hexagonal cross-section jet nozzle
for multiple no. of jets arrangement on liquid channel. The analysis of the temperature
contour on the solid heating surface revealed several important findings. Firstly, a
noticeable temperature gradient was observed across the surface, indicating variations
in heat transfer. Secondly, a cold spot was identified near the end of the nozzle
trajectory on the solid surface, possibly indicating an area of high velocity of fluid
striking the solid surface. Conversely, hot spots were observed on both corners of the
edge near the exit, which could be atiributed o the inclination of jets away from the
exit. Additionally, regions with high and low temperatures were clearly visible,
providing insight into the heat distribution on the solid surface. The average temp. of
solid surface reduces with rise in the no. of jets and lowest temp. comes at 13 jets
arrangement.

Fig. 5.1.2 represents the temperature contour of liquid channel in
impingement heat sink for E60 design models of several no. of jets. The CFD
simulation's liquid channel analysis offers insightful information about the system'’s
thermal behaviour. The existence of high and low temperature zones in the
temperature distribution indicated varying thermal gradients along the channel. The
detection of hotspots and coldspots revealed troublesome regions, such as possible
overheating or insufficient cooling. The impact of fluid movement on temperature
profiles was further underlined by the investigation. With increase in no. of jets better
distribution of fluid flow is observed.

Fig. 5.1.3 shows the velocity contour where streamlines showing the
movement of high velocity fluid through jet nozzles to the low velocity fluid in the
liquid channel of heat sink. All 5 velocity contours for all 5 configurations of E60
design models are shown for the analysis. The analysis of the sireamline velocity
contour on the silicon based solid surface m the microchannel revealed important
insights into flow patterns and flow uniformity. The contour plot allowed for the
identification of distinct flow patterns along the channel. These flow patterns have
significant implications for heat transfer, mass transport, and overall fluid dynamics
within the microchannel. Additionally, the velocity contour provided an assessment
of flow uniformity, indicating whether the velocity distribution along the solid surface
was consistent or exhibited variations. A uniform velocity contour suggests a smooth
and consistent flow, which is desirable for applications requiring precise fluid
delivery.
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(v)
Fig. 5.1.1. Temp. Contours at Solid-Liquid Contact Region for E60 Hexagonal Jets

(1) 4 hex-jets, (ii) 5 hex-jets, (iii) 9 hex-jets, (iv) 13 hex-jets, (v) 16 hex-jets

Table 5.1.1: Tqy, of contact region of fluid and solid for E60 design

No. of Jets Avg, temp. of contact region
4 465.846
5 440.331
9 389.345
13 369.685
16 370.323
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(v)

(i)

(iv)

Fig. 5.1.2. Temperature Contour of Liquid Channel for E60 Hexagonal Jets

(1) 4 hex-jets, (i1} 5 hex-jets, (iii) 9 hex-jets, (iv) 13 hex-jets, (v) 16 hex-jets

Table 5.1.2: Tay, of Liquid Channel for E60 design

No. of Jets Avg. temp. of Liquid Channel
4 433.669
5 409.14
9 361.22
13 344.305
16 344,285
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(v)
Fig. 5.1.3 Velocity Contour Streamline Distribution for E60 Hexagonal Jets

(1) 4 hex-jets, (i1) 5 hex-jets, (ii1) 9 hex-jets, (iv) 13 hex-jets, (v) 16 hex-jets

5.2 Results for E80 Hexagonal Cross-Section Micro-Jets
Impingement Heat Sink for Various No. Of Jets,

Fig. 5.2.1 provides temperature contours at solid-liquid contact region of
impingement heat sink for E80 hex-jets. Fig. 5.2.2 represents the temperature contour
of liquid channel in impingement heat sink for E80 design models of several no. of
jets. Fig. 5.2.3 shows the velocity contour where streamlines showing the movement
of high velocity fluid through jet nozzles to the low velocity fluid.
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(v)
Fig. 5.2.1. Temp. Contours at Solid-Liquid Contact Region for E8() Hexagonal Jets

(1) 4 hex-jets, (ii) 5 hex-jets, (iii) 9 hex-jets, (iv) 13 hex-jets, (v) 16 hex-jets

Table 5.2.1: The Avg. temperature of contact region of fluid and solid for E80 design

No. of Jets Avg, temp. of contact region
4 479.164
d 454.519
9 401.715
13 382.483
16 382.646
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(v)
Fig. 5.2.2. Temperature Contour of Liquid Channel for E80 Hexagonal Jets

(i) 4 hex-jets, (ii) 5 hex-jets, (iii) 9 hex-jets, (iv) 13 hex-jets, (v) 16 hex-jets

Table 5.2.2: T, of Liquid Channel for EBO design

No. of Jets Avg. temp. of Liquid Channel
4 435.769
5 411.974
9 361.608
13 344.565
16 344.281
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Fig. 5.2.3 Velocity Contour Streamline Distribution for EB0 Hexagonal Jets

(i) 4 hex-jets, (ii) 5 hex-jets, (iii) 9 hex-jets, (iv) 13 hex-jets, (v) 16 hex-jets

5.3 Results for E100 Hexagonal Cross-Section Micro-Jets
Impingement Heat Sink for Various No. Of Jets.

Fig. 5.3.1 provides temperature contours at solid-liquid contact region of
impingement heat sink for E100 hex-jets. Fig. 5.3.2 represents the temperature contour
of liquid channel in impingement heat sink for E100 design models of several no. of
jets. Fig. 5.3.3 shows the velocity contour where streamlines showing the movement
of high velocity fluid through jet nozzles to the low velocity fluid.
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Table 5.3.1: The Avg. temperature of contact region of fluid & solid for E100 design

(v)
Fig. 5.3.1. Temp. Contours at Solid-Liquid Contact Region for E100 Hexagonal
(1) 4 hex-jets, (ii) 5 hex-jets, (iii) 9 hex-jets, (iv) 13 hex-jets, (v) 16 hex-jets

No. of Jets Avg. temp. of contact region
4 493,744
5 469.144
9 414.056
13 395.113
16 396.388
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(v)

Fig. 5.3.2. Temperature Contour of Liquid Channel for E100 Hexagonal Jets

(i) 4 hex-jets, (ii) 5 hex-jets, (iii} 9 hex-jets, (iv) 13 hex-jets, (v) 16 hex-jets

Table 5.3.2: T, of Liquid Channel for E100 design

No. of Jets Avg. temp. of Liquid Channel
4 438.945
3 415.193
9 362.272
13 345.049
16 344.684
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Fig. 5.3.3 Velocity Contour Streamline Distribution for E100 Hexagonal Jets

(i) 4 hex-jets, (ii) 5 hex-jets, (iii) 9 hex-jets, (iv) 13 hex-jets, (v) 16 hex-jets

The streamline velocity contours were obtained for all the different jet configurations
investigated. These contours visually depict the flow patterns and velocity distribution
within the micro-jets. By analyzing the streamline velocity contours, we can get

insights into the flow behaviour and identify areas of high and low fluid velocities.

The streamline velocity contours also provided insights into the impact of

the number of jets on the fluid flow characteristics. Comparing the contours across
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different jet array configurations, researchers were able to observe variations in the
flow patterns and identify the influence of the number of jets on the velocity
distribution. The streamline velocity contours provided a generalised visual
representation of the fluid flow behaviour within the micro-jet impingement cooling
system. They offered useful details regarding the velocity distribution, flow patterns,

and problem or opportunity areas.

Successful modelling of the aforementioned jet configurations with three
different design variables i.e. edge lengths and the resulting thermal parameter values,
such as the average surface maximum pressure drop throughout the channel AP (kPa),
Temperature of fluid-solid interface, and Temperature of fluid at outlet are extracted
from the conlour plots that are assessed in the ANSYS Fluenl software. A straighi
forward graph that depicts the variation of these thermal characteristics in relation to

the quantity of jets and various values of an is used for further investigation.

5.4 Micro-jet design parameters i.e., Edge length and no. of jets
effect on the performance of the heat sink

a) Average conlact region temperature of fluid & solid, Tuy, (K)
b) Pressure drop variation through the channel (AP)
c) Outlet temp. of fluid, To (K)

Fig. 5.4.1 illusirates the distinctive changes in the mean surface temp. of the fluid-
solid contact zone with altering the no. of 45 angled hex-jets at a constant flow rate.
It is clear from Fig. 5.4.1 that for all jet designs, the mean surface temp. of the fluid-
solid contact zone declines as the number of jets varies from 4 to 16. The largest
temperature drop was attained using a hex-jet of edge length 60 microns.

Fig. 5.4.2 displays an examination of the total pressure drop throughout the channel
for three hexagonal cross-sections of edge length 0.06, 0.08 and 0.1 mm, where the
highest-pressure loss occurs for a jet edge length of 0.06m i.e., E60 design variable.
The above result indicates the smallest possible jet dimensions for building a
microchannel heat sink since the heat transport constant is influenced by The reduction
in pressure through the channel. As a result, when the pressure drop is at its highest,
the heat transfer coefficient reaches its maximum value. This leads to enhanced heat
transmission, making it more effective.
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With the increase in the Tav, (K) of nozzles from four to nine, The reduction in pressure
within the channel and variability in temperature improve while there is a significant
decrease in the mean surface temp. of the fluid-solid contact zone. This leads to good
results in the rate of heat transfer. Which demonstrates the dominant stagnation heat
transfer; additionally, the number of nozzles was increased from nine to sixteen, which

decreased stagnation transfer and, in turn, the hay,.

With increasing number of jets (n), it was found that both AP and average
surface temperature of contact region, T.., (K), significantly decreased untl a
staggered 9 jet array was attained. The Tave (K) and AP only little changed as the
number of micro-jets was increased from the staggered 9-jet 1o 13-jel heal sink array,
as illustrated in fig. Even though the pressure drops monotonously, the subsequent
modification of the jel arrangement from a staggered 13-jet array lo an inline 16 jel
array resulted in a tiny rise in Ty (Kelvin). Increasing the number of jets also results

in a drop in the mass flow rate per jel.

Due to the high temperatures that are attained close to the walls, the heat
sink's upper walls and assumed adiabatic side have a significant impact on the
uniformity of temperature distribution. Due to congestion in a fluid flow, the staggered
13-jet array demonstrated a greater reduction in Ty (K) In comparison with inline 16
jet array because to the smaller gap btween the iwo hexagonal micro-jets and the

distance of the jets from the side wall.
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CHAPTER 6

CONCLUSIONS

After all inceptions, simulation allowed us to draw certain inferences. An ANSYS
Fluent model and solution for one pass of continuous flow of water in multiple
inclined micro-jet impingement cooling mechanism have been defined in different
micro-jet segment of heat sinks above.

¢ Through CFD simulation, the study explored the pressure and lemperatlure
variation properties of silicon-based solid substrate impingement heat sinks for
cooling electronic devices.

e The inclined 13-jet model's validation was completed satisfactorily, and the
validation results were compared to the experimental findings presented in
[39].

e  Two design parameters, namely the edge length of the hexagonal cross section
and the number of jets (n), were discovered to have an impact on the heat
transfer coefficient (h), pressure drop, and temperature drop, which are the
three main target functions.

¢ The optimal nozzle angle into the impingement heat sink for high temperature
decrease at the system's outlet has been determined to be a 45° angle for all
micro-jets.

e For the purpose of determining the temperature and pressure-drop
characteristics, simulation-based evaluation of a number of micro-dimensional
jet configurations, including inclined 4 jet. 5 jet, 9 jet, 13-jet, and 16 jet heat
sinks with varying jet diameters, was conducted.

e The rise in the number of jets led to greater heat transfer and temperature
distribution, which in turn raised the number of jet impingements up to a point
before becoming saturation. Fig. 5.4.2 illustrates how the decline in Ty, (K)
values for the three configurations 9 jet, 13 jet, and inline 16 jet-array—was
relatively similar.

¢ With more jets, the pressure loss across the micro-jets was reduced. This

suggests that increasing the number of jets can lessen flow resistance, resulting
in a decrease in energy consumption and enhanced fluid dynamics.
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