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ABSTRACT

The modern technology is attaining a significant upgrade in the electronic system performance
after the use of very large scale integration techniques. The high circuit density and faster
operation of electronic devices result in a huge amount of heat to be dissipated. Conventional
methods of heat removal fail in such a scenario. Heat dissipation using a double layer circular

microchannel heat sink is a promising solution for the above problem.

In the present study the heat transfer characteristics, flow parameters and flow mal-distribution
of a double layer circular microchannel heat sink for different flow configurations are studied
both numerically and experimentally. The research work is conducted by initially conducting an

experimental study on a double layer stacked microchannel.

Experiments were also conducted on a single layer microchannel for comparison with a stacked
microchannel. Lower mass flow rates are achieved by a gravity feed system and higher mass flow
rates are obtained using the peristaltic pump. Different series of flow configurations are also

studied by changing the locations of inlet and outlet.

The experimental study is followed by numerical investigation using the commercial Ansys Fluent
16.1 software. The numerical results are validated with the results of the experiment. Further, a
parametric study is conducted numerically and also the effect of mal-distribution is studied. It
can be concluded that the double layer microchannel has higher heat removal rate than the
single-layer microchannel with a lower pressure drop. The counter flow configuration with the
upper inlet is found to be a better performer than the rest of the configurations studied. The
present configuration gave a base temperature lower than 55°C (which is the optimum operating

temperature of electronics for safe operation and long life) even for a heat load of 25W/cm’.
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CHAPTER 1
INTRODUCTION

1.1 INTRODUCTION

With the invention of large scale integration techniques, technologies attain a significant
upgrade in the electronic system performance. This resulted in a high circuit density and
faster operation, leading to a large amount of heat dissipation. It affects the life of the
electronic components. The long life of the electronic equipment is obtained by adopting
an efficient cooling method. This is achieved by reducing the component temperature as
well as the surrounding temperature. For that, a systematized, efficient, and effective
electronic cooling technique is needed. Certain active and passive techniques are used in
the twentieth century. The proper thermal management of the electronic equipment steer

the high lifespan, reduced operational cost, and attains good performance.

The necessity of heat removal from the electronic components massively increases with
recent years. Moore (1998) conducted a study related to the number of the transistor in a
chip. This shown in Fig. 1.1, from this it can be found that the transistor number per chip
increases doubly every one and a half years. This increases the number of transistors used,
resulting in a large amount of heat is dissipated from the surface of the component. In the
early stages, the heat was removed by natural convection techniques by the use of fins,

which increase the surface area.

Nowadays due to the increased operational power of the electronic components, these
cooling methods are inadequate. The cooling method using a liquid as the coolant is one
of the best ways to remove a high amount of dissipated heat. This gives a high heat
removal rate compared to conventional techniques. This technique can be used by
properly rectifying the leakage problems otherwise it will lead to permanent damage to
the electronic components. The channel through which the liquid passes is categorized
based on the hydraulic diameter. They are microchannels, mini channels, and
conventional channels respectively with increasing hydraulic diameter [Kandlikar and

Grande (2003)]
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Fig 1.1 Moore’s law with time (Moore G.1998)

An improvement in the cooling of such electronic devices is obtained after the use of
microchannel cooling techniques. A high-performance cooling is evinced in this new

technique.

Figurel.2 represents the miniaturization of microprocessor size with the calendar year,
which is studied by Thompson and Parthasarathy (2014). This shows that nanotechnology
is to be used for the manufacturing of chips during 2020 due to the size reduction to a

nanometer.
Tuckerman and Pease (1981) used a microchannel heat sink (MCHS) for cooling
purposes. The channel consists of a rectangular cross-section silicon wafer. The heat

given at the base of the substrate is uniform.
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Fig 1.2 Miniaturization of the microprocessor (Thompson and Parthasarathy.2014)

They found that small geometric sizes have higher heat transfer characteristics and lower
cooling fluid requirements than conventional heat sinks. Following these many

numerical, analytical, and experimental studies are done with the use of a single layer

Calendar year

microchannel with various geometry, heat flux, and using different fluids.

Solid
Material

ﬁ

Fluid
Inlet

/9 O O O O—_\ ’ConstantHeai

v ~

Flux

The example for a single layer circular microchannel is shown in Fig.1.3. The thermal
and flow performance of a single-phase forced convection in circular microchannel heat
sink analyzed either experimentally or numerically with different working fluid and

various flow rates. The result commonly implies the heat transfer rate increased with the

University of Calicut
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mass flow rate (MFR) of the fluid. The temperature at various points and the outlet of the
fluid also decline with the flow rate of the fluid.

A recent development in the microchannel flow is the concept of enhancing heat exchange
with the double layer configuration. This new state of the art was first reported by Vafai
and Zhu (1999) and pointed out that a double layer microchannel heat sink (DL-MCHS)
requires less pressure drop and pumping power compared to the single-layered
microchannel heat sink (SL-MCHS). The main purpose of implementing a double layer
channel is to lower the temperature gradient along the axial direction. The dispelling heat
through the microchannel is reduced with the channel hydraulic diameter and resulting in
a higher heat transfer coefficient for the smaller channels. To obtain a good total heat
transfer performance, the number of microchannels fabricated on a heat sink can be

increased. The example for double layer circular microchannel is shown in Fig.1.4.

The double-layer concept is widely used for the increase of heat transfer in electronic
equipment. The studies are done in various cross-sectional shapes and with different

cooling fluids. The pressure drop is smaller than the single-layer analysis.

Solid
Material

<

Fluid /9 R ’Cuns‘lantﬂeat
d O 0 O O] Flux

Fluid +H+ Circular
Outlet

Microchannel

Inlet

Fig 1.4 Example for Double Layer Microchannel (CF)

The results obtained with flow misdistribution through each layer with the double layer
concept are limited in the literature. Numerically it can be analyzed but neither study
pointed out the area of maldistribution. Limited studies are done to evaluate the heat
transfer performance and pressure drop distribution of the double layer with the circular

microchannel.

University of Calicut 4|Page



Nowadays, the double-layer microchannel concept does not establish very well to
accurate prognosis. The inconsistencies are occurred in the experimental pressure drop
values and heat transfer performances, since the inception of the microchannel studies.
The heat transfer performance and friction factor values in microchannels are generally
case-specific causing discrepancy with the conventional theory applicable in a similar

microchannel system.

This dissimilarity in the experimental result is corrected by adopting proper numerical
and analytical methods. Incorporation of the results of experimental and numerical work,
usually there is a great dependency on validating the numerical result with the

experimental result.

1.2 MOTIVATION FOR THE RESEARCH

The high processing speed and increased power cause significant heat generation. This
extra heat has to be dissipated for a longer life of the electronic. Heat dissipation is an
important aspect of thermal management. Heat dissipation from small areas is a challenge
for the researchers. A heat sink is a mechanical part that is connected to an electronic
device, that helps in dissipating the thus heat generated in it. Meanwhile, there are plenty
of different heat sinks such as comb-profile heat sinks, finger-shaped heat sinks; miniature
heat sinks, etc ready in this field, which is designed for special demands. Besides

aluminium, the heat sinks are also made of good thermal conducting material like copper.

The new 9" Generation Intel Core extreme edition series processor produces a Thermal
Design Power (TDP) of 90 W to 95 W (www.Intel.com). The package size of this
processor is about 37.5mm x 37.5mm. This type of processor requires high heat removal
from its surface to maintain the surface temperature below the optimal operating
temperature levels of 80°C. Single-layer microchannels have been extensively studied.

But for high heat removal in small areas multilayer channels are required.
In the present study, a detailed study of these types of heat sinks with the water as the

coolant is studied extensively. The effects of flow and microchannel thermal performance

are also studied in detail.
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1.3 STRUCTURE OF THE THESIS

This thesis incorporates five chapters arranged logically to simplify the reader to know

the perspective of the author for attaining the complete aim of the research work.

The material included in all chapters is simply explained as follows. Figurel.5 provides

an overview of the structure of the thesis.

Chapter 1: Introduction

Chapter 2: Literature Review

v

Chapter 3: Methodology Development

l

Chapter 4: Results and Discussion

k.

Chapter 5: The Summary and Conclusions

Fig 1.5 Structure of the Thesis

Chapter 1 briefly explains the introduction of the study. It also contains research

motivation and the structure of the thesis in detail.

Chapter 2 explains the collective literature related to this work. The ideas of the
microchannel with its history are explained in this chapter. The types of microchannel
including single layer and double layer are reviewed in this chapter. This chapter also
includes the research gap, research problem, research objective, research methodology,

and the scope of future work.
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Chapter 3 presents a complete analysis of the methodology involved in this research work.
The numerical analysis used in this study and the experimental set up fabricated are
explained. The laminar flow condition and turbulent flow conditions are used in the
numerical analysis. The experiment is conducted with the application of the pump feed

system and the gravity feed system.

Chapter 4 presents the analysis of the results obtained from both numerical and

experimental work. The detailed flow and thermal analysis explained in this chapter.

Chapter 5 presents a complete summary of the study in brief. This chapter also explains
the complete conclusion of the research work. At the end of this chapter contains the

limitations and the future scope of this research work.

1.4 SUMMARY

An incisive analysis of the single layer and double layer microchannel heat sink and the
application in the industrial area are mentioned in this chapter. The motivation for the
research and the structure of the thesis is explained. A detailed review of the literature has
to be done in chapter 2. The literature review is conducted in detail relating to the research
gap. The literature about the single layer microchannel and double-layer microchannel

are discussed in detail.
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CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

Use of microchannel for heat dissipation was used way back in 1981. Thereafter several
researchers have studied the flow and thermal performance of microchannel. This chapter
gives an overview of the research and the associated literature in a microchannel in the
perspective of heat transfer dissipation. The literature is assorted for flow and heat transfer

for single layer and stacked microchannels.

The literature survey is conducted by using different methods and the appropriate
information and data regarding the work collected, are referred to the following

paragraph.

Some of the keywords relating to the topic are as follows. “Microchannel heat transfer”,
“Single-phase convective heat transfer in a microchannel”, “Flow parameters in the
microchannel”, “Single-layer microchannel”, “Double-layer microchannel”, “Stacked
microchannel”, “Flow mal-distribution in the mini-channel”, “Double phase convective
heat transfer”, “Flow-through mini-channel”, and “Microchannel heat transfer with

different geometry”.

A comprehensive search is completed using the general search engines with the keywords
as above in single or in combined form. Using different journals of various publishers,
collective papers are investigated thoroughly and the relevant papers studied in detail.
The relevant works of the literature are arranged accordingly for a useful reference in the

work.

The literature survey is mainly focused on a single layer and double layer microchannel
heat transfer and flow performance. The following sections describe the single layer and

double layer microchannel study in detail from the literature.
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2.2 SINGLE LAYER MICROCHANNEL

Tuckerman and Pease (1981) instigated the heat transfer performance of a microchannel
heat sink on a rectangular silicon wafer of 1 x 1 cm? and used for cooling purposes. The
experiment was conducted with deionized water as the working fluid. The working fluid
is passed out to the outlet manifold of a similar hole by maintaining a pressure of 31Psi.
Heat given at the base of the heat sink is uniform. It was found that small geometric sizes
have higher heat transfer characteristics and lower cooling fluid requirements than
conventional heat sinks. The experimentally obtained thermal resistance was validated
with the theoretically obtained data. Since then the thermal performance improvement

with different geometries has been studied by many authors.

Adams et al. (1998) organized the work related to forced convection in circular
microchannels with two hydraulic diameters 0.76 mm and 1.09 mm. The experiment was
conducted using water as the coolant and compared the outcome with previous numerical
results. The deviation between the experimental and the predicted Nusselt number was
more significant for smaller microchannel than the others. The heat transfer enhancement

was the same as with the existing literature.

Qu and Mudawar (2002) conducted the heat transfer study of 231um wide and 713um
deep rectangular microchannel for two heat flux levels of 100 W/cm? (for Re from 139-
1672) and 200 W/cm? (for Re from 385-1289). The pressure drop and the temperature
distributions were matched with the numerical results. Within the tested Reynolds number
range of 139-1672, laminar to turbulent change inflow was not observed. It was also
noticed for large Reynolds number, the fluid outlet temperature and the heat sink

temperatures decreased with the expense of the larger pressure drop.

Lee et al. (2002) experimentally studied heat transfer in a rectangular microchannel heat
sink. The total projected channel area is 1 cm? and water is used as the cooling fluid. The
channel width was 54 um and height was 215 pm. The maximum local system resistance
was varied from 0.10 to 0.34 °C /W /cm?. The heat flux of 109 W/cm? was ensured

throughout the experiment with 55 k Pa drop in pressure.
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Kandlikar and Grande (2002) studied the thermohydraulic performance and different
fabrication technology in the microchannel flow passages. The micro-fabrication
technology, semiconductor like fabrication techniques, high aspect ratio lithography and
modelling, and wafer bonding techniques are the different microchannel fabrication

technologies discussed in this paper.

Bucci et al. (2003) conducted an experimental investigation on fluid flow and heat
transfer of fluid in a stainless steel capillary tube of 0.172 mm, 0.290 mm and 0.520 mm
diameter. The Reynolds number was varied from 200 to 6000. The heat transfer increases
with the Reynolds number. At high Reynolds number, there exist significant changes in
the friction factor. The experiment is conducted in the short and long tubes for the same

inlet conditions. The results were obtained with the same losses for the entrance and exit.

Chen et al (2004) experimentally investigated the heat transfer and friction
characteristics of the fluid flow in silicon microchannel with hydraulic diameter 57 pm
and 267 um. The heat convection capabilities in the phase change and the mechanism
with bubble nucleation in the single-phase flow were discussed. The phase changing
process in the microchannels absorbs heat and reduces the ambient working temperature.
The outcome of friction and the viscosity coefficient for the fluid in the microchannel

were much significant than the macrons.

Owhaib and Palm (2004) conducted an experimental study in convective heat transfer in
a circular microchannel with 1.7 mm, 1.2 mm, and 0.8 mm in diameter. In the turbulent

region, the experimental results showed good agreement with the correlation.

The experimental data were compared and agreed well with the conventional theory in
Hetsroni et al. (2005). The Poiseuille number was found to be independent of Reynolds
number and the viscous energy dissipation was related to the flow parameters like
hydraulic diameter, channel length, and Reynolds number. The temperature at the base of

the heat sink was found to reduce with an increase in the flow rate.

Lee et al. (2005) organized numerical and experimental studies of heat transfer
performance in a rectangular microchannel with width varying from 194 um to 534 um.

The depth of the channel was five times larger than its width. The study also includes a
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detailed analysis of heat transfer with different coolant flow rates. The range of Reynolds
number selected was from 300 to 3500. The result showed that the heat transfer
coefficient increased with the decreasing channel hydraulic diameter. The experimental
results for the small microchannel exactly obeyed the classical theory but larger channels

showed a 5% average deviation from the predicted theory.

Qui et al. (2007) experimentally analyzed the heat transfer characteristics in microtubes
of 1.931, 1.042, 0.834 and 0.531 mm diameter with liquid nitrogen. The friction factor
was compared with the conventional correlations for a range of Re 10000 — 90000. The
effect of the thermal properties of the fluid liquid nitrogen is verified. The Nusselt number
for the flow is analyzed and compared with the correlations and attains a higher value

than the correlation data.

Li et al. (2007) performed their studies in both silica and stainless steel microtubes. The
hydraulic diameters of silica and stainless steel micro tube were ranges from 50 um to
100 um and from 373 pm to 1570 um respectively. Reynolds number was ranged from
20 to 2400. The result showed that for low Reynolds number, there was some deviation
in experimental Nusselt number and the conventional result. This may be due to the axial

heat conduction in the tube wall.

Sung and Mudawar (2008), experimentally and numerically investigated the hybrid
microchannels with single-phase and two-phase cooling. The result showed that the

correlation for Nusselt number fits with the data within a 6.1% error band.

Naphon and Khonseur (2009) experimentally analyzed the heat transfer characteristics
and pressure drop in the MCHS with different configurations. The experiments were
conducted with the Reynolds number ranges from 200 to1000 and the heat flux ranges
from 1.8-5.4 kW/m?. The result showed that the shape and size of the roughness

irregularities of the channel had a significant effect on heat transfer.
Goldstein ef al. (2010) reviewed extensively in two review papers the enhancement of

heat transfer in single-phase flow through microchannels with different geometries. The

reviewed articles are subtitled into different areas like straight wall channel and ducts,
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channels having fins, also with complex geometry microchannels. The review also shows

that the flow through mini channel obeys the classical correlations for the heat transfer.

Li and Wu (2010) presented a paper that contains a general criterion to classify a channel
as micro, macro and, mini channels. The classification was done with different diameter

of the channel, by different authors. [Mehendal et al. (2000)].

The effects of choking in the microchannel were analyzed by Lijo et al. (2012). The
engineering applications in the cooling of electronic devices such as chips,
semiconductors, and micro-electromechanical systems were encountered by the use of
gas flow through the microchannels. The prior research works were done without
considering the choking of the fluid. The high heat transfer was generated at the exit and

entrance region due to the choking.

Sohel et.al (2013) investigated the heat transfer and thermophysical properties of three
different nanofluids like AlOs-water, Ti2Os-water, CuO-water passing through the
circular copper microchannel. It was found that the CuO-water nanoparticles had better

thermal enhancements at higher Reynolds numbers.

Moradi and Floryan (2013) performed an analytical study of heat transfer across the
microchannel with grooves. The grooves were employed parallel to the flow direction in
a rectangular microchannel. The result showed that the grooves increase the heat flow
and decrease pressure loss. Furthermore, the simple grooves were replaced with

sinusoidal grooves and resulted in improved system performance by about 20% to 30%.

The laminar, transient and turbulent region pressure drop and heat transfer in a single-
phase flow through the microtube of diameter 0.254 mm and 0.685 mm were
experimentally analyzed by Ozdemir and Kosar (2013). The experimentally found
friction factor had + 20 % deviation with existing literature and the heat transfer was
within + 30 % deviation. A fully developed hydro-dynamically and thermally developing
flow were considered in this study. The results showed a high heat transfer rate in the

single-phase flow at a high mass flow rate.
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A detailed study of the single and two-phase microchannel cooling performance has been
conducted in the review of Asadi ef al. (2014). In single-phase, flow heat transfer and
pressure drop characteristics with low Reynolds number merely obey the theoretical
results and for high Reynolds number there exist some deviation in the results. It was
found that the experimental measurement follows predicted thermally developing
behaviours with an increase in hydraulic diameter. The successful interpretation of the
two-phase frictional pressure drop is obtained by using a proper mixture viscosity

correlation.

Mirmanto (2014) experimentally studied the flow boiling of de-ionized water in single-
phase horizontal oxygen-free copper microchannels with 0.438mm, 0.561mm and
0.635mm hydraulic diameters. The linear pressure gradient method was used for
comparison with the experimental results. The local heat transfer coefficient increased
sharply in the subcooled region with quality. In this study for the high heat fluxes, the
measured pressure distribution was not linear. The heat transfer coefficient decreased

with the quantity of fixed mass flux and heat flux throughout the channel.

Lim et al. (2014) conducted a numerical study to analyze the heat transfer performance
of the altering discrete two-phase flows in a microtube. To generate a plug flow pattern,
the two immiscible fluids was alternately injected into the microtube. The result showed
that the liquid-gas discrete flow has better heat transfer than the liquid-liquid discrete
flow. The fluid temperature was more uniform due to the reduction in the fluid

temperature near the wall.

Kuppusamy et al. (2014) analyzed numerically the performance MCHS with altering
slanted passages. The results showed that the thermal resistance lowered by 76.8% and
an increase in the overall performance of 146% compared with the simple MCHS with
the expense of lower pressure drop. It was found that the increase of the width of the
secondary passage and reduction in the angle of the slanted passage results in a better

thermal enhancement.

Xia et al. (2015) conducted a study of both fluid flow and heat transfer in MCHS with

difficult structures. The pressure drop and temperature at various locations were noticed
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with experimental analysis, while the numerical analysis was used for detailed study of

the complex thermal behaviour.

Xia and Chan (2015) numerically analyzed the heat transfer enhancement in rectangular
microchannels. The inlet area was varied and found that heat transfer per unit effective

area was greater for the case of the smaller inlet.

Sahar ef al. (2016) conducted the pressure drop and heat transfer enhancement in a
rectangular metallic microchannel. The uniform heat transfer rate was achieved at the
base of the microchannel with the same flow rate among all channels of multi-channel
configuration. A transition was obtained between Re 1600 — 2000, compared with the
existing experiment values. The theoretical friction factor value was little larger than

experimental value and in the laminar region, the deviation is insignificant.

Attalla ef al. (2016) conducted a study on fluid flow and heat transfer of rough rectangular
mini channels. The hydraulic diameter of the channel was 5.3 mm and the Reynolds
number employed in this study was from 1500 to 5000 with air as the flowing fluid. The
result exhibits that with an increase in Reynolds number, the Nusselt number and pressure

drop also increases. The friction factor also decreases with the Reynolds number.

Li et.al (2016) performed an experimental and numerical study with the dimpled
enhanced tube. The Reynolds number in this study was ranged from 500 to 8000 for
water, and from 150 to 2000 for a glycol/water solution. The result showed that the heat
transfer enhancement was 200 % excess compared with the smooth tube. Compared with
traditional heat sink design, relatively high-temperature difference along the
microchannel was one of the disadvantages for dimpled microchannel. In the single-
layered design, the temperature rise along the channel was controlled by increasing the

pressure drop across the channels.

The numerical investigation of the heat transfer in an extended surface rectangular
microchannel was conducted by Yadav et al. (2016). This study was conducted on a plane
rectangular microchannel and extended circular fins were located at three ways in the
same plane namely upstream finned microchannel, downstream finned microchannel and

completely finned microchannel. The result showed that the average wall surface
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temperature of the bottom wall was significantly reduced by using the extended fins in
the plane microchannel. The heat transfer performance was higher after using fins and
maximum heat transfer obtained for the completely finned microchannel. The pressure
drop penalty was higher, but this was negligible with the comparison of profit in the heat

transfer.

Mahmoud and Karayiannis (2016) described the evaluation of the models and
correlations predicting the flow process in the mini tubes. The main four flow patterns
considered were slug, bubbly, churn and annular flow. The annular flow is obvious for

increasing the heat flux.

Liu et al. (2017) numerically and experimentally evaluated the heat transfer performance
of the T-shaped channels and Y-shaped channel heat sinks with liquid GalnSn coolant.
The numerical results of the heat transfer coefficient and pressure drop were compared
with the experimental data. The result showed that by increasing the number of inlets, the
heat sink performance can be improved. The results then compared with water as the
cooling fluid and concluded that the liquid GalnSn coolant is the best one based on heat

transfer performance.

Ji et al. (2017) experimentally investigated the heat transfer enhancement and pressure
drop in the mini channel using a combination of the nanofluid and micro fin structure.
The result showed that with the increases in the fin number, the heat transfer coefficient
was also increased. The heat transfer was also increased with the use of nanofluids as the

working fluid.

Qu et al. (2017) analyzed the heat transfer performance of the micro-grooved Oscillating
Heat Pipes (OHPs) experimentally. The result showed that the OHPs have higher
temperature uniformity and lesser initial start-up power required than the smooth tubes.

The average evaporator temperature was also significantly reduced.

Li et al. (2017) conducted an experimental study to investigate the refrigerant
condensation heat transfer characteristics in a micro fin tube arranged horizontally. The
result shows that the micro fin tubes attain 30% more pressure drop than the smooth tubes

at higher mass flux regions.
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The ultrasound is now used in the heat transfer enhancement [Tam et al. (2017)] in the
field of heat transfer. The Reynolds number of the experiment varies from 600 to 3000
for different numbers of ultrasonic heads. The result found that a better heat transfer with

ultrasound occurred in the laminar region.

Sajadifar et al. (2017) numerically investigated the fluid flow and heat transfer by forced
convection of the non—Newtonian nanofluid. The effects of nanoparticles concentrations
and slip coefficient on the flow characteristics were studied. The watery solution of
carboxymethyl cellulose and Aluminium oxide was used as the cooling fluid. The result
showed that slip velocity and temperature jump on the nanofluids were depended on the

slip coefficient.

Vinoth and Kumar (2017) investigated the channel cross-section effect on the heat
transfer performance of the oblique finned microchannel heat sink with water and
AL Os/water nanofluid of 0.25% volume fraction. The study was conducted in three types

of microchannel like square, semi-circular, and trapezoidal.

The result showed that the trapezoidal cross-section has a higher heat transfer coefficient
than the other two. The heat transfer can increase by increasing the concentration of
nanoparticles into the base fluid. Due to the higher friction factor with the trapezoidal
microchannel, the pressure drop was increased more than the semicircle and square

microchannel.

Esmaili et al. (2018) experimentally investigated the heat transfer in the ribbed
microchannel. Different inclined micro ribs with a height of 100 um were fabricated in a
microchannel with 200 um height. The result showed that a noticeable change in the heat
transfer occurred with a negligible increase in pressure drop. Also, an 80% reduction in

the thermal resistance occurred by comparing it with the flat microchannel.
The numerical, experimental and analytical studies of the flow and heat transfer in the

single-layer microchannel were saturated. A new design of double-layer microchannel is

now obtained promising results.
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2.3 DOUBLE LAYER MICROCHANNEL

This double layer configuration concept was first reported by Vafai and Zhu (1999). The
result of the study showed that a double layer microchannel heat sink (DL-MCHS) need
a lesser pressure drop and pumping power compared with a single-layered microchannel
heat sink (SL-MCHS). The main purpose of implementing double-layer microchannel
was to lower the temperature gradient along the axial direction. The main application of

the new design helped to improve the cooling of electronic devices.

Wei and Joshi (2004) performed a numerical study on the stacked microchannel heat
sink. The pumping power and heat removal capability of stacked MCHS were lower than
the SL- MCHS. The pumping power obtained was too lower in the stacked microchannel

heat sink with the same heat removal rate.

Patterson et al. (2004) numerically studied conjugate heat transfer in a stacked rectangular
microchannel. The result found that the counter-flow analysis gave more uniform
temperature distribution than parallel flow analysis. The study was conducted in three
configurations of parallel flow, counter flow and serial flow. The pressure drop and
different temperatures were noted for the heat transfer performance. The detailed analyze

of wall temperature along the flow direction was done in all configurations.

Lei et al. (2006) conducted a numerical and experimental analysis on a single and double-
layered square heat sink with the mini channel. The multilayered design was more
efficient than a single layer design with a reduction in pressure drop. The pressure drop

was decreased by increasing the number of layers of the microchannel.

Wei et al. (2007) performed the numerical study and experimental work relating to the
heat transfer and flow performance on a microchannel heat sink integrated by many layers
with the microchannel. For the constant heat removal, the new design was provided less
pressure drop than the single-layer one. The result showed that a better uniform
temperature profile for the flow-through CF arrangement with the adjacent layer than the
PF but the parallel flow has obtained less peak temperature. The thermal performance of
the new design is established with numerical and experimental measurements. The overall

cooling performance (0.09°C/Wcm?) was achieved experimentally with stacked MCHS.

University of Calicut 18|Page



Martin et al. (2009) numerically studied the simulation-based predictive control of flow
maldistribution occurs in a parallel microchannel. The result of the study showed that the
bubbles or other particle matter lead to the component damage. The bubbles formed may

be removed by changing the valves quickly and thus maldistribution can be reduced.

Levac et al. (2011) numerically explained the heat transfer enhancement in the single
layer and double layer rectangular microchannel for two Reynolds numbers 116 and 1160.
The result showed that the same MFR of the fluid applied in two layers was more effective
than the single-layer design. The wall temperature change was increased with MFR. More
uniformity was achieved for CF arrangement than the PF arrangement. The results were

validated with existing experiment value.

Hung et al. (2012) numerically analyzed the fluid flow and heat transfer performance
with optimum geometric parameters of a DLMCHS. The simplified conjugate gradient
method was used for the optimization procedure. The optimum thermal resistance of 0.12
°C/W m? was attained for a heat sink base area of 100 mm? with a constant heat flux of
100 W/cm?. The total pumping power required was found to be 0.1 W. The result showed
that the higher thermal conductivity ratio substrates had achieved more heat transfer
performance than the lower ratio ones. Similarly, low dynamic viscosity and high thermal
conductivity of the coolant was also affected in the heat transfer performance. The

DLMCHS had a 6.3% of better pressure drop than the single-layer microchannel.

Hung and Yan (2012) postulated an optimization approach to search for the optimal
thermal resistance in DL-MCHS. The study was conducted in a double layer rectangular
microchannel heat sink. The thermal resistance was depended on the different factors that
include the type of the nanofluid, particle volume fraction, and different geometric
parameters. The heat transfer obtained was more for Al,Os-water as nanofluid and also

the thermal resistance can be reduced by varying the particle volume fraction.

Wong et al. (2013) investigated the heat transfer performance of a double-layered MCHS
numerically with parallel flow analysis. The results were compared with counterflow
analysis for different microchannel aspect ratio. The finding from this study disclosed

that CF analysis had a better thermal performance at the higher Reynolds number with
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high aspect ratio. The work was also extended with arranging small thickness middle rib

for better heat transfer performance in all Reynolds number.

Dede and Liu (2013) numerically and experimentally investigated the effect of multi-pass
branching in MCHS. The study was conducted for a broad range of flow rates with low-
pressure drop and high heat fluxes. The thermal and flow parameters were studied with

different flow rates range from 1070 < Re < 6370 with ethylene-glycol/water coolant.

Thermal performance of the MCH exchanger with different working fluids (water, and
AL Os-water) having nanoparticles with the volume concentration of 1%, 3% and 5%
were performed by Putra et al. (2013). The constant temperatures were set for the inlet
and outlet condition. The flow rate was ranged from 100 ml/min to 300 ml/min. The

overall heat transfer coefficient was increased by up to 15% in each case.

Nielsen et al. (2013) numerically investigated the influence of flow maldistribution on
the performance of inhomogeneous parallel plate heat exchangers. The study was mainly
focused on a performance parameter of the Nusselt number scaling factor. The result
showed that the maldistribution of the fluid flow compared with the ideal homogeneous
case. Also, high heat transfer performance was obtained in the inhomogeneous stacked

parallel plates.

Lu et al. (2013) experimentally performed the heat transfer performance in copper-based
double-layer microchannel heat exchangers. The result showed that similar heat transfer
enhancement and negligible pressure drop penalty were obtained for DLMC-HS
compared to SLMC-HS. The effectiveness of the double layer liquid-liquid counter-flow

micro heat exchanger was also studied.

Wu et al. (2014) numerically conducted a parametric analysis and studied the heat transfer
performance of the DLMCHS. The result showed that the coolant used and channel
geometry was the main two parameters that determine the heat transfer performance. The
overall thermal performance of the double-layer microchannel heat sink was increased by

putting the smallest velocity in the upper layer than the lower layer.
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Dai et al. (2014) investigated the thermal performance of a multi-port microchannel tube
with a rectangular cross-section having a hydraulic diameter of 0.715 mm and a circular
cross-section with a diameter of 0.86 mm. The analysis was done with both experimental
and theoretical methods. The experimental study was conducted by varying the Reynolds
number from 50 to 2400 with the ethanol as a working fluid. The result showed that the
heat transfer coefficient was decreased by increasing the temperature of the inlet and heat

flux.

Leng et al. (2015) numerically studied the DL-MCHS with different top layer channel
truncation configuration. The better heat transfer was noticed in truncated DLMC than in
the original (without truncation) one. The result also showed that an optimum position
with truncation was defined by the help of the temperatures in the lower and upper outlet
temperatures. Numerical simulation was done using a silicon heat sink with water as the
coolant. The effectiveness of the new design was confirmed in the numerical study by
employing reduced thermal resistance of the heat sink. The maximum bottom wall

temperature difference was obtained in the truncated design than the original design.

Wang et al. (2015) numerically analyzed the heat transfer characteristics of a double-
layered microchannel with porous fins instead of solid fins. The result of the study was
showed that, a 45% reduction in pressure drop which results in less pumping power. The

thermal resistance is increased by 15% with the same pumping power.

Dario et al. (2015) numerically studied the flow maldistribution of two-phase flows in
multi-parallel microchannels. The study is conducted for nine parallel microchannels with
an inner diameter 0.8 mm connected to a common plenum. Combined effects of the
feeding tube inlet, microchannel header arrangements were studied. The result showed

that the horizontal header in horizontal microchannels had an increase in flow rate.

Said et al. (2015) numerically studied the flow maldistribution in a microchannel. The
result showed that the maldistribution is due to the development of vena-contracta at the
inlet to the tube. This effect was studied with two approaches to reduce the flow
maldistribution. In the first approach, the tube inlet is reduced by introducing an orifice

and the flow maldistribution is reduced 12 times the original. The second approach was
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done by increasing the inlet with the nozzle and the flow maldistribution was reduced 7.5

times the original.

Anbumeenakshi and Thansekhar (2016) investigated experimentally the effect of header
shape and inlet configuration on flow maldistribution. The analysis was done with two
different inlet flow conditions of three cross-sectional shapes of rectangular, trapezoidal
and triangular geometry using deionized water as the working fluid. The result of the
study showed that the vertical flow inlet configuration gives less maldistribution than the
inline inlet flow configuration. At higher flow rate the rectangular cross-section header

gave less maldistribution.

The flow maldistribution of inlet header configuration of the plate-fin heat exchanger was
performed by Appasaheb ef al. (2016). The study was focused on the parameters like
maldistribution and velocity ratio. The result of the study showed the maldistribution was

less in an improved configuration as compared with the conventional header.

Osanloo et al. (2016) numerically analyzed the enhancement of DLMCHS with tapered
lower and upper channels. The result showed that the optimal temperature distribution

was achieved with the help of thermal resistance having a convergence angle of 4°.

Ahmed and Ahmed (2016) conducted an experimental study with triangular and
rectangular aluminium DLMCHS using two nano-fluids of different volume fractions.
The triangular double-layer microchannel heat sink was provided with a 27.4 % reduction
in wall temperature. Temperature uniformity across the channel in triangular DLMC was
2 °C higher as compared with the rectangular double-layer microchannel heat sink. The
rectangular microchannel had lesser pressure drop at lower pumping power than the
triangular microchannel. The result showed that the Al203-H,O with 0.9 % volume
fraction nanofluid was providing more heat transfer than the 0.3 % volume fraction

nanofluid.

Zhao et al. (2016) experimentally evaluated the pressure drop and friction factor of a
rectangular microchannel with different shaped staggered mini-pin fins. The pin fin
shapes were found to be circular, elliptical, square, diamond and triangle. The result

showed that the friction factor was increased with Reynolds number, irrespective of the
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shape of the fin. In the turbulent condition, the triangular pin fin geometry had attained
maximum friction while the elliptical fin geometry of minimum friction factor. The

contradictory of this result obtained in the laminar flow region.

Danish and Kim (2017) performed a thermal study on a double layer microchannel under
the conditions of non-uniform heating with randomly arranged hot spots. The following
three flow designs of counterflow, parallel flow and transverse flow were studied with
three sets of heating conditions. The result showed that the less change in temperature
was occurred in transverse flow configuration, while the lowest pressure drop occurred

in the counterflow configuration.

Siva et al. (2017) investigated the flow maldistribution effect on the thermal performance
of a parallel microchannel cooling system. The study was conducted by varying the
different parameters like channel hydraulic diameter, channel flow configuration, and
chip power. The result of the study showed that the high-pressure drop was attained with
a reduced hydraulic diameter and achieves an improved channel flow maldistribution

among the channels.

Zhai et al. (2017) numerically analyzed the temperature distribution in each layer of a
double layer configuration with PF and CF arrangements. Each layer was consists of
different channel geometries to decrease the pressure drop and attains good heat transfer
performance. The temperature increases linearly along the flow direction in the PF
arrangement. The temperature increases firstly along the flow direction and reaching a
maximum and then decreases within the CF arrangement. By analyzing the transport
efficiency of the thermal energy, the irreversibility of heat transfer is analyzed. More
temperature uniformity attains for the counter flow with the rectangular channel in the
upper layer and complex channel in the lower layer and thus used for the microelectronic

cooling.

Zuo et al. (2018) numerically analyzed the thermal effects using an improved design CF
double-channel micro combustor fueled with hydrogen. The improved counter flow
design was achieved with the same temperature of the wall. The non-uniformity of the

upper and right wall temperature is reduced by 23.24% and 26.79% respectively.
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Wang et al. (2018) experimentally investigated the heat transfer efficiency of a
complicated microchannel heat sink system. The silicon substrate heat sink etched with a
parallel longitudinal microchannel and a copper heat spreader with microchannel
electroplated in a transverse direction. The result was showed that the bottom wall
temperature, a fluid outlet temperature, and a wall average temperature were decreased
with the mass flow rate of the fluid. High local heat transfer efficiency was obtained with

a maximum temperature difference of less than 20 °C.

Deng et al. (2018) numerically investigated the thermal and hydraulic performance of the
DLMC-HS with different cross-section using a low velocity of 0.0625 m/s to 0.125 m/s.
The result showed that the maximum wall temperature difference for circular geometry
was less compared with the triangular, trapezoidal and rectangular geometry. The double-

layer rectangular microchannel showed a uniform temperature distribution than others.

Jing and He (2018) numerically analyzed the thermal characteristics of staggered DLMC-
HS. In this study, an offset was given in the direction of width between the upper and
lower layer microchannel. The thermal resistance of this staggered DLMC-HS was
increased with offset, for small vertical rib thickness. The thermal resistance was also

decreased with increasing inlet velocity.

The review of the literature shows that the investigation related to the flow and thermal
performance of a double layer microchannel heat sink with circular geometry is limited.
The flow maldistribution study of the microchannel arranged in each layer with separate

plenum cannot be seen in any of the related literature.

2.4 RESEARCH OBJECTIVES

The main focus of the research work is to evaluate numerically and experimentally the
heat transfer characteristics, flow parameters and flow maldistribution of a double layer
circular microchannel heat sink with different flow configurations. The objective of the

present study is as follows.

1. To investigate the pressure drop, friction factor, heat transfer performance and

flow mal-distribution of a double layer circular microchannel heat sink (DLCMC-
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HS) numerically using water as the cooling fluid for different mass flow rates with

constant heat input.

2. To experimentally investigate the flow and thermal behaviour of DLCMC-HS

using deionized water for constant heat input with

a. A pump feed system
b. A gravity feed system

3. To experimentally investigate the flow and thermal behaviour of DLCMC-HS
using De-ionized water for constant heat input for different series flow

configurations.

2.5 SUMMARY

This chapter mainly focuses on the review of the literature associated with the
microchannel heat transfer. The detailed literature is conducted both with the single-layer
microchannel heat transfer and double-layer microchannel heat transfer. It is noted that
the literature related to flow and thermal performance of double-layer circular
microchannel is scarce. Therefore the objective of the present study focuses on this
research gap. The next chapter discusses a detailed methodology adopted to achieve the

above objectives.
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CHAPTER 3
METHODOLOGY DEVELOPMENT

3.1 INTRODUCTION

The objectives of the research are achieved by conducting numerical analysis followed
by experimental validation. The details of the numerical analysis and experimental setup
are discussed in this chapter. A nutshell view of the methodology followed is elaborated

in the Fig.3.1.

A ¥

Numerical Analysis Experimental Analysis
Laminar and Turbulent With gravity With pump
head
Maldistribution Single layer flow

Counter Flow
Parallel Flow

Counter Flow e

Parallel Flow Single layer flow

Counter flow / Parallel flow

Lower inlet parallel / Lower inlet counter
Upper inlet parallel / Upper inlet counter

Fig 3.1 Overview of the Research Work
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The experiment is conducted with (1) a pump feed system for a higher mass flow rate and

(2) with a gravity feed system for a low mass flow rate.

The following are the procedure for this research work

e At first, the numerical analysis is conducted for the laminar model followed by
turbulent (standard k- model) model. Two configurations are investigated (1)

counterflow arrangement and (2) parallel flow arrangement.

e The numerical analysis is also conducted in the laminar and turbulent model for
mal-distribution analysis. The analyses are done with two cases of a counterflow

arrangement and a parallel flow arrangement.

e Then the experiment is conducted with a pump feed system. The analyses are done
with counterflow arrangement, parallel flow arrangement in double-layer

microchannel and also for single-layer arrangement.

% The limitation of the pump feed system is that low flow rates (less than
0.0035 kg/s) cannot be achieved. Hence, gravity feed system was designed

for low flow rates.

e The experimental analysis is done for counter-flow arrangement, parallel flow

arrangement, and single-layer arrangement.

e Further, the experiment was also conducted with a series flow arrangement as
explained later for lower inlet counter (LIC), lower inlet parallel (LIP), upper inlet

counter (UIC), and upper inlet parallel (UIP) arrangements.

The detailed methodology for the numerical analysis and experimental analyses is as

follows.
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3.2 NUMERICAL ANALYSIS

The numerical simulation used in this research work is done with two flow conditions of

laminar flow and turbulent flow. These two are explained in detail as follows.
3.2.1 LAMINAR FLOW CONDITION

The schematic of the test section used in the numerical analysis with the laminar condition
is as shown in Fig.3.2 (a). The computational domain used for the numerical analysis is

shown in Fig.3.2 (b).

The diameter of the microchannel is 500 um. The advantage of symmetry consideration
with the source and the heat sink is simplified the calculation time. The assumptions made
are steady-state, incompressible, single-phase, laminar flow with constant properties for
fluid and solid. No-slip and no jump boundary conditions are applied at the solid-fluid
interface. The conservation equations used for the fluid flow and heat transfer to solving
the model are as follows. The pilot study is conducted for optimizing the flow through

the two layers with laminar flow conditions using this model.

fne—— ] ) —————

sink micro channel

—_
— e
o

| HEATSINK

|

\ symmetry plane

source

SYMMETRY WC\LLJ

fg————— 19—

Fig 3.2 (a) Schematic of the Test Section.  Fig 3.2 (b) Computational Domain for Numerical Analysis
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The following are the governing equations
e Equation of Continuity,

a_u+ a_v+ a_W:() (a)
ox 0Oy oz

e Equation of Momentum,

ou ou ou op o’u  0'u  0’u
plu—+v—t+w—|=-""+u —+ —+ —
ox oy oz

ov ov ov op o°v  o*v  o9%v (b)
plu—+v—+w—|=-—"—+u =
0x oy oz

[ ow ow 6WJ op (8214/ 0w GZWJ
plu—+v—+w—|=-—"+u 82+
x

+

oy’ 0z’®

e Equation of Energy for solid,

2 2 2
(aaz;+aa§+aa§}:0 (c)
X % z

e Equation of Energy for fluid,

or or oT o’T, 0°T, 0T
Lov—Law—L|=kl —L+—L+— (d)
Ox oy oz Ox oy 0z

The above governing equations are solved using commercial software Ansys Fluent. The
following are the boundary conditions used for the simulation. Uniform velocity and
temperature conditions are given at the channel inlet and the pressure outlet boundary
condition is chosen at the channel outlet. The inlet temperature is set as 303 K. Water is
used as the working fluid. The numerical analysis is conducted for the inlet velocity
varying from 0.4 m/s to 0.85 m/s (The corresponding mass flow rate ranging from 0.7 x
107 kg/s to 1.6 x 107 kg/s). The residual is set as a convergence criterion for all equations
is of 10”. At the bottom of the heat source block, heat flux corresponding to 100 W is
applied. The heat sink top is set as convective with a convective wall heat transfer

coefficient of 12 W/m? K. All other walls had a convective heat transfer coefficient of 8
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W/m? K. The thermo-physical properties associated with the material and fluids are

assumed to be constant and are listed in Table 3.1.

Table 3.1 Material and Fluid Properties

Item Density Specific Heat Thermal Conductivity
p (kg/m*) | Capacity, C, (J/kg K) k (W/m K)
Copper 8954 383 387
De-ionized water 998.2 4179 0.6129

3.2.2 TURBULENT FLOW CONDITION

Fig.3.2 represents the schematic of the computational domain and actual geometry used
for the numerical analysis. The advantage of symmetry consideration with the source and
the heat sink is simplified the calculation time. The following assumptions are made in
the analysis. Equal flow rate is given to the upper layer microchannels and lower layer
microchannels throughout the study. To simplify the analysis several assumptions are
made regarding the operational conditions. They are steady-state, incompressible, single-

phase, turbulent flow with constant thermophysical properties for fluid and solid.

No-slip and no jump boundary conditions are applied at the solid-fluid interfaces. Based
on the assumptions, the Wilcox k-m model is (the standard k- model) used in the ANSY'S
Fluent. This model is an empirical model based on the transport equations for turbulence
kinetic energy (k) and the specific dissipation rate (®). The conservation equations for the

fluid flow and heat transfer to solving the model are as follows.

e Equation of Continuity,

du 0ov oOw
+ +
ox oy Oz

=0 (e)

e Equation of Momentum,
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e Equation of Energy for solid,
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e Equation of Energy for fluid,
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e Transport equations with k- Model

0 0 0 ok
—\pk |+ —|pku, |=—|T, — |+ G, 7Y,
e Lo

(i)

0 0 0 ow
5[pa)]+ a_xl[pwul] - §|:Fw a_:| + G(u - Y(u

J xj

G

Gk for the generation of the turbulence kinetic energy due to mean velocity gradients and
G, represents the generation of specific dissipation. I'k and T, suited for the effective
diffusivity of k and o respectively. While Y« and Y, fit the dissipation of k and ® due to

turbulence.

The following are the boundary conditions used for the simulation. Uniform velocity &
temperature conditions are given at the channel inlet and the pressure outlet boundary

condition is chosen at the channel outlet. The inlet temperature is set as 303 K. The water

University of Calicut 32|Page



is used as the working fluid. The numerical analysis is conducted for the inlet velocity
varying from 0.75 m/s to 6.5 m/s (The corresponding mass flow rate is 1.5 x 10 kg/s to
14 x 107 kg/s). The convergence criterion is set for all equations at a residual of 107, At
the bottom of the heat source block, a uniform heat flux of 55401 W/m? (corresponding
to 80 W) is applied. The heat sink top is assumed as convective with a convective heat
transfer coefficient of 12 W/m? K. All other walls are assumed with a convective heat

transfer coefficient of 8 W/m? K.

3.2.3 NUMERICAL SIMULATION (with mal-distribution)

[ LoweR LAYER MICROCHANNEL | [ UPPERLAYER MICROCHANNEL |

UPPER OUTLET UPPER INLET

Fig 3.3 Computational Model used for Numerical Analysis

The mal-distribution study is conducted for both counterflow and parallel flow
arrangements. The computational domain used for the numerical analysis for the laminar

condition and turbulent flow condition (with mal-distribution) is shown in Fig.3.3.

The assumptions, governing equations and the boundary conditions made in both laminar
flow and turbulent flow conditions are the same as the above. The schematic of the

numerical model is shown in Fig. 3.4.
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The following are the boundary conditions used for the simulation. Mass flow inlet with
constant temperature conditions are given at the channel inlet and the pressure outlet
boundary condition is chosen at the channel outlet. The inlet temperature is set as 303 K.
Water is used as the working fluid. The numerical analysis is conducted for laminar flow

conditions (CF and PF) and turbulent flow conditions (CF and PF).

The convergence criterion is set for all equations with a residual of 10°. At the bottom of
the heat source block, a uniform heat generation of 1731301 W/m? (corresponding to 100
W) is applied. The heat sink top is assumed as convective with a convective wall heat

transfer coefficient of 12 W/m? K.
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Fig 3.4 Schematic of the Computational Model used for Numerical Analysis

All other walls have a convective heat transfer coefficient of 8 W/m? K. The assumptions
made are steady-state, incompressible, single-phase, laminar flow/turbulent flow, with
constant properties for fluid and solid. No-slip and no jump boundary conditions are

applied at the solid-fluid interface.
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3.3 EXPERIMENTAL SETUP

As explained earlier in the chapter, to achieve low flow rates pump feed system was not
sufficient. Hence two feed arrangements are studied in the present study. The
experimental study in this research work is conducted for two different arrangements
namely with a pump feed system and with the gravity feed system. These two methods

are explained in detail as follows.

3.3.1 WITH PUMP FEED SYSTEM

The schematic flow loop of the actual experiment setup is shown in Fig.3.5.

[ CONSTANT ]

PUMP TEMPERATURE
BATH
DATA
ACQUISITION
SYSTEM PRESSURE
vy TRANSDUCERS
1
1 7
FILTER |
Y, TEST SECTION
COMPUTER
DE IONIZED
WATER il
COLLECTING
TANK
DC POWER
SUPPLY

Fig 3.5 Schematic Diagram of the Experiment

It involves a collecting tank, filter, peristaltic pump, constant temperature bath, copper
test section, data acquisition system (DAQ), power supply (DC), pressure transducers and
a personnel computer. Figure 3.6 shows the photograph of the original experimental

setup.
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Fig 3.6 Photograph of Typical Experiment Setup

40

holes for cartridge heater

Fig 3.7 (a) Test section and Pressure Transducers Fig 3.7 (b) Schematic of Test Section

The test section with four pressure transducer is shown in Fig. 3.7 (a). The detailed
geometry of the copper block with a test section is shown in Fig.3.7 (b). De-ionized water
from the deionizer (Fig.3.8 (a)) is collected in the tank and flows through the 5- micron
filter (Fig. 3.8 (b)) to filter out the impurities.
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Fig 3.8 (a) Direct-Q 3UV De-lonizer Fig 3.8(b) Filter (5 micron)

The inlet and outlet to the lower layer and upper layer plenums are connected with the
aspiration needle as shown in Fig. 3.9 (a). The different connectors used are shown in Fig.
3.9 (b). The inlets to the plenum and outlet from the plenum are connected to an aspiration

needle tightly with the Teflon cover.

Fig 3.9 (a) Needle Fig 3.9 (b) Pneumatic Connectors

The filtered water is stored in a chilled water circulation bath as shown in Fig 3.10
(HOTKING INSTRUMENT make ranging -10 °C to 100 °C). This filtered de-ionized
water is pumped to the copper test section. It consists of two parts namely heat sink and

heat source. The copper block is covered by using Teflon insulation as shown in Fig.3.11.
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UPPERLAYER |
MICRO
CHANNEL

Fig 3.10 Constant Temperature Water Bath Fig 3.11 Copper Test Piece with Teflon Cover

The copper block consists of two parts namely heat sink and heat source machined in a
single square copper bar. The heat sink is a square block of dimension 20 mm x 20 mm x

10mm. It consists of ten circular microchannels of 500 um diameter and 20 mm in length.

all dimennicns are in mem

0.5 mm 20 3o

Fig 3.12 Schematic of the Test Piece with Teflon covers

The schematic of the test piece with a Teflon cover (cross-sectional view) is shown in
Fig.3.12. Microchannels are machined using WIRE EDM method and are arranged in two
layers, one over the other to facilitate parallel flow (PF) and counterflow (CF)
arrangements. Each layer consists of five microchannels machined at 4.5 mm distance

from each end and the centres are placed equidistantly. The vertical centre distance
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between the two layers is 4.5 mm. The distance between the centre of the bottom layer

microchannel and the top surface of the copper heat source is 2.75 mm.

LOWER MICROCHANNEL
UPPER OUTLET PLENUM

UPPER MICROCHANNEL

E UPPER INLET PLENUM
LOWER INLET PLENUM

Ak

LOWER OUTLET PLENUM

? Cfng—
o { TEFLON COVER PLATE

>

LOWER
PLENUM

L P

COPPER HEAT SINK

J

y

o R AT S RCE (‘.- )(‘. . A
COPPER HEAT SOURCE ARTRIDGE HEATER CARTRIDGE
HEATER

Fig 3.13 Sectional view of the Test Piece with Teflon covers.

T1,T4
TS 18
L T19
T25
T24 ‘
—
I}

T26 - FLOAT CHAMBER WATER TEMPERATURE & T27, T29, T30 - ATMOSPHERIC TEMPERATURE

Fig 3.14 Thermocouple Positions in the Test Piece.

The Teflon insulation is given for all surfaces except top surface so as minimize the heat
loss. The sectional view of the test piece connected with Teflon cover is shown in Fig.

3.13.

The thermocouple positions are marked in Fig. 3.14. Inlet and outlet plenums are cut in
two Teflon blocks. A 15 mm x 2 mm x 5 mm size plenum is cut for upper channel input
and output. A 15 mm x 2 mm x 10 mm size plenum is cut for lower channel input and

output.
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The photograph of the Teflon cover used for the experiment is shown in Fig. 3.15 and the

detailed schematic view of the Teflon cover is shown in Fig. 3.16.

Thermocouple for

upper channel inlet Lower channel inlet

Upper channel inlet

Thermocouple for
lower channel inlet

Upperplenum

Lower plenum

Holes for Clamping screw

Fig 3.15 Photograph of the Teflon Cover used in the Experiment.

@

lower plenum

O upper plenuim

Fig 3.16 Schematic of the Teflon covers

The inlet and outlet temperatures are measured with the thermocouples bonded on the
outer surface of the inspiration needles as shown in Fig. 3.17. The silicon sheet with a 1
mm thickness is also shown in this figure. These silicon sheets are used for a tight joint

of the copper block and the Teflon block.
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Fig 3.17 Photograph of Teflon Covers 3.18 Photograph of Teflon Bottom Covers

The bottom portion of the copper block also covered with Teflon cover as shown in Fig
3.18. A 1 mm silicon sheet is used as the gasket to prevent leakage through the gap

between copper and Teflon blocks.

THERMOCOUPLE

THERMOCOUPLE
BEAD

Fig 3.19 Thermocouple Fig 3.20 Thermocouple Wire Welder

A 2 mm silicon sheet is used in all other interfaces for tight-fitting. A 2 mm grove is
provided nearer the inlet and outlet to insert the thermocouples (Fig. 3.19) to measure the
channel wall temperature. The thermocouple beads are made with the help of

thermocouple wire welder (Fig. 3.20).

The bottom portion of the block is also covered using Teflon block with a one mm silicon

sheet (Fig. 3.21). Continuous flow through the double-layered microchannel is ensured
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with the help of a peristaltic pump as shown in Fig. 3.22. Two peristaltic pumps (BT600N
YZ1515x Shenzhen makes range 0.035 ml/min-2280 ml/min) are used to pressurize the

fluid through each layer of the microchannels.

[ Silicon sheet
(1mm thickness)

Fig 3.21 Silicon Sheet Fig 3.22 Peristaltic Pump

Fig 3.23 Measuring Jar Fig 3.24 Pressure Transducer

A measuring jar (Fig. 3.23) is used to measure the discharge of fluid. The mass flow rates
of fluid flow through microchannels are controlled by varying the rpm in the peristaltic
pump. The de-ionized water is then returned to the chilled water circulation bath. Four
pressure transducers (GEMS 3500 Series ranges 0 - 2.5 bar output of 1 - 5 Volts) are used

for pressure measurement (Fig. 3.24).
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The inlet and outlet pressure is measured using a pressure transducer. There are separate
pressure transducers for the upper and lower channel. These pressure transducers measure
the inlet and outlet pressure of the cooling fluid each layer of the microchannels. The
measurement error of the pressure transducers is within 0.5% of the actual value.
Throughout the experiment, the flow rate in each layer is controlled independently.

Calibrated 0.8 mm diameter K-Type thermocouples are used to measure the temperature.

TOl1  T04
T05 - LOWER INLET : T07 - UPPER INLET
T06 - LOWER OUTLET T08 - UPPER OUTLET
T15 Ti4
[+3 Tls lllll Tl?—,
Tzﬁ | | (- e Tlg
T03 T02
‘112 ° Too ° T10
~ T2~
T26 - ATMOSPHERE s
TEMPERATURE L
™h 122 123
T P~ I“
R v T A

Fig 3.25 Location of Thermocouples in the Test Piece

The thermocouple connected with the copper test piece is as shown in Fig. 3.25. Total
twenty-seven calibrated K- type thermocouples are connected with bead making in the

thermocouple welder.
The thermocouple is fixed at different locations of the copper test piece (as shown in Fig

3.26) with the help of Araldite and copper powder mixture. The locations of the

thermocouples bonded to take the temperature measurements are shown in Table 3.2.
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Calibrated K Type thermocouples are fixed to measure the bottom temperature, surface
temperature, fluid wall temperature, atmospheric temperature, fluid inlet temperature and

outlet temperature.

Table 3.2 Location of thermocouples in the test piece

Thermocouple Positions
Ti, T4 top convective wall surface temperatures
T3, T2 Heat sink base temperature
Ts, Te Fluid inlet or outlet temperature (lower channel)
T, Ts Fluid inlet or outlet temperature (upper channel)
To,T10,T11,T12 heat source outer surface temperatures
T13,T14,T15,T16 the heat source top surface temperatures
Ti7, Tig Top fluid wall temperature
T19, T20 Bottom fluid wall temperature
T21,T22,T23,T24 , T2s heat source base surface temperatures
Tae Atmosphere temperature
Ta7 Constant temperature bath (water temperature)

Figure 3.26 exhibits the geometry of the test section. It also shows the calibrated 0.8 mm
diameter K Type thermocouple which is used to record the temperature at various points.
The fluid inlet and outlet temperature is measured by using the thermocouples connected

at the inlet and outlet of the plenum.
The heat source of size 38 mm x 38 mm x 40 mm is machined in the lower portion of the
copper heat sink. Four 40 W cartridge heaters are used as a heat source for the

microchannel heat sink (Fig. 3.27).

Four equidistant holes of 6.Imm diameter and 38 mm depth are drilled perpendicularly

from the bottom to top of the copper heat source, to insert the cartridge heaters.
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Fig 3.26 Geometry of Test Section with Thermocouple Positions
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The four cartridge heaters are placed inside the copper block, which is attached to the heat
sink. The cartridge heaters are then connected to the DC power supply.

Fig 3.27 Cartridge Heaters Fig 3.28 DC Power Supply

It is then connected to the data acquisition system and all readings are recorded to the
computer. The thermal compound is pasted on the outer side of the cartridge heater to

reduce the thermal contact resistance.

Four Key Sight U8001 A (0-30 V, 3 A) DC Power Supply (Fig.3.28) maintains the output
of each cartridge heaters of 20W heat. Four Key Sight U8001-A, DC Power Supply (0-
30 V, 3 A) maintains each cartridge heaters at 20W heat. Such that a total heat input of
80 W is ensured.
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Fig 3.29 Data Acquisition Unit Fig 3.30 Multiplexer with Thermocouple

3.3.2 WITH GRAVITY FEED SYSTEM

The schematic of the experiment work with the application of a gravity feed system is

shown in Fig.3.31.

DEIONIZED WATER DATA COMP
RESERVOIR ACQUISITION  p---------2 5|
SYSTEM

J 7
O

MICRO
FLOAT
| CHANNELTEST
[ CHAMBER SECTION
W
COLLECTING
DC POWER TANK
S'U'_PPLY ------------------------------- P arrn e
CARTRIDGE HEATERS

Fig 3.31 Schematic Flow Loop (GRAVITY FEED SYSTEM)

It consists of a collecting tank, float chamber, filter, copper test section, data acquisition

system, DC power supply, U tube manometer, and a personal computer.

The pictorial representation of the experiment facility is shown in Fig. 3.32.
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De-ionized water from the deionizer is collected in the reservoir and flows through a five-
micron filter. The filtered water flows to the float chamber (Fig.3.33) which maintains a

constant pressure head at the inlet of the fluid.

The flow of the impurities through the microchannel is restricted by the filter. This De-
ionized water from the float chamber is allowed to flows through the lower channel and

upper channel of the copper test section.

The exit of these channels is connected to the measuring jar. The effect of mal-distribution

is not considered.

D E-IONIZED
D ATA WATER . :
ACQUISITIO DIGITAL RESERVOIR - o <
N SYSTEM MANOMETER

TEST
SECTION

DC POWER
SUPPLY

U.TUBE
MANOMETER

et S —

COMPUTER

Fig 3.32 Pictorial View of Experiment Setup

The deionized water from the float chamber flows through the microchannel test section.
The test section used in this study is the same as the test section used for the turbulent

case.
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Fig 3.33 Float Chamber with the Reservoir

The test section is manufactured in a single copper block and it consists of two parts
namely heat sink and heat source. The inlets to the plenum and outlet from the plenum to

both upper and lower layers are connected through the needle.

Fig 3.34 U- Tube Manometer Fig 3.35 Digital Manometer

The Teflon insulation is given for all surfaces of the copper block except top surface to

maintain adiabatic conditions (similar to the turbulent flow).
Unlike in the pump feed system, pressured drop along the channel is low. Hence the

pressure drop in the gravity feed system is measured by a U-Tube manometer and digital

manometer. The lower channel pressure drop is measured with the U-Tube manometer
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(Fig.3.34) and the upper channel pressure drop is measured with a digital manometer
(Fig.3.35). By changing the position of the float chamber the different continuous and

constant flow rate is ensured through the microchannels.

A collecting tank with deionized water is fixed at a maximum height from the float
chamber. This collecting tank is maintained the continuous flow of the fluid from the float
chamber. A 100 ml measuring jar is used to measure the discharge of the fluid. Cartridge

heaters are used as a heat source for the microchannel heat sink.

To reduce the thermal contact resistance, the thermal compound is pasted on the outer
side of the cartridge heaters. Four Keysight US001 A (0-30 V, 3 A) DC power Supply
maintains the heat of each cartridge heaters at 25 W; Such that a total heat input of 100
W is ensured. Agilent Multiplexer Module for 34970A, with 20 channels is used to

connect all the thermocouple with the data acquisition switch unit.

3.3.3 DIFFERENT SERIES FLOW ARRANGEMENT

Further series flow arrangement is studied by a gravity feed system. Here the channel
outlet from one layer is fed as the inlet to the other layer to obtain four different
configurations as given below in Fig. 3.36.

> —r——p ——— ———F (Taurtace
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Outlet (T3)
(T2) Inlet (T1)
(T2) Inlet (T1)
LOWER INLET PARALLEL LOWER INLET COUNTER
(Tsurface) (T )
(T3)
(T3) Inlet (T4) ¢ < < « - Inlet (T4)
— e < | —
\ - - - - Pra— n
v
" > > > g (2 (T1)
(T2) Outlet (T1) + N N
UPPER INLET COUNTER UPPER INLET PARALLEL

Fig 3.36 Schematic of Different Series Flow Configurations (EXPERIMENT)
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All the instrumentation used for measurement is calibrated against standard values.

Calibration curves are plotted for temperature and pressure measurement in appendix A.

Uncertainty in the derived quantities of friction factor, mass flow rate, and pumping
power are also determined by the standard equation as discussed in the next chapter. The

details of uncertainty in measurement and derived quantity are reported in appendix B.

The apparatus was allowed to run continuously for enough time to reach steady state. All
the readings are taken at steady-state condition, it is assumed when the outlet temperature
varied less than 0.1 °C in ten minutes. After reaching the steady-state condition
temperature, pressure head, and the time taken for filling 100cc of deionized water are

measured and recorded.

3.4 SUMMARY

The methodology used in this research work is explained well in this chapter. They are
numerical analysis and experimental analysis. Further, this chapter describes the different
components used for the experiment in detail. The detailed results and discussion

explained in the next chapter.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 INTRODUCTION

The results of the flow parameters, thermal performance and flow maldistribution of a
double-layer stacked circular microchannel heat sink are presented and discussed in this

chapter.

A parametric study is conducted numerically, for analyzing the optimized flow rate
through the lower layer and upper layer of the double-layer microchannel setup. Followed
by, a numerical study with turbulent flow condition for counter flow and parallel flow
configuration. The results are compared with the experimentally obtained value using the
pump feed system. The experimental study is also conducted with single-layer flow
configuration. Then the numerical study is conducted with laminar flow condition. Low
flow rates could not be achieved in the experimental study due to the setting of a minimum
rpm for the pump. Therefore experiments with low flow rate are conducted using the
gravity feed system. The numerical results are compared with the experimental value
obtained by the application of a gravity feed system. The flow mal-distribution study is
conducted numerically in both laminar flow and turbulent flow conditions. The
experiment is also done with different series flow configurations using the gravity feed
system. Different series flow configurations are achieved by changing the locations of
inlet and outlet. The results obtained from the numerical analysis and experiment analysis

are presented and discussed in this chapter.

4.2 PILOT STUDY

A pilot study relating to the optimization of the flow-through each layer is conducted at
the initial stage of the research. The numerical analysis is conducted with a computational
model as shown in Fig.3.2. The mesh dependence study is conducted with different mesh

sizes and same velocity inlet boundary condition.
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4.2.1 MESH DEPENDENCE STUDY

The mesh dependence study is carried out for an inlet velocity of 0.502 m/s with four
different mesh size as shown in Table 4.1. To analyze the actual mesh size for the
numerical study and to avoid iteration delay, four different meshes analyzed with different

element size.

Table 4.1 Mesh dependence study

Pressure drop (Pa)
Mesh Quality | Number of
Nodes Lower Channel % variation
Very coarse 1114117 560.5
Coarse 1633336 558.6 0.341
Fine 2614556 557.5 0.196
Superfine 3648785 556.6 0.161
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Fig 4.1 Lower Channel Pressure Drop Vs Number of Nodes

Mesh size corresponding to fine mesh is employed in this study because of the pressure

drop at the lower layer microchannel between fine and superfine mesh sizes are less than
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0.161%. The tolerance limit for normalized residuals for each variable was taken as less
than 1.0 x 10”. From Fig. 4.1, it is clear that the lower channel pressure drop variation
with the number of nodes and the measurement corresponds to the number of nodes
2614556 is taken as the present study. The fine mesh size is employed in the final
simulation since less computational time is needed. The skewness of the elements used is

0f 0.2369.

4.2.2 OPTIMIZATION OF FLOW THROUGH THE MICROCHANNEL

The study is conducted for obtaining the optimized results for the pressure drop and
average base temperatures in the microchannel heat sink. The assumptions made are
steady-state, single-phase, incompressible, and laminar flow with constant properties for
fluid and solid. Based on these assumptions, different analysis is done with varying the
total velocity of fluid flow in the double-layered channel from 0.502 m/s to 10.045 m/s.

These analyses are done using two material of copper and aluminium.

The change in total pressure drop and the average base temperature in various Reynolds
number is mentioned in Table 4.2. The optimized flow through each layer is summarized
from the table below. The three sets of combinations are analyzed with the same total
velocity by varying the velocity in the upper layer channel and lower layer channel. It is
understood that the optimized value of the total pressure drop is obtained when applying

the same velocity in both the upper and lower layer channel.

The less average base temperature is also obtained when the same velocity is taken in
both upper and lower channel as compared with different velocity is taken in the lower
and upper channel. For different materials like copper and aluminium, the same trend is

observed. The copper attains lesser average base temperature than the aluminium.

The pilot study was conducted using the same geometry with different material properties
of Aluminium and Copper. The boundary conditions in each case are the same. So the
pressure drop values are nearly the same. But in the values of average base temperature
has considerable deviation. The values are less when using the same flow rate through
each upper and lower layer. The result obtained from this table is to finalize the flow rate

with both upper and lower layer microchannel.
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After getting these results, the research work in the double-layered circular microchannel

study is conducted by applying approximately the same velocity in both the upper and

lower channel. The microchannels are made in the copper-based material.

Table 4.2. Pressure drop and Average Base Temperature Analysis of the Double
Layer Microchannel in Cu and Al with Different Reynolds Number
in Lower and Upper Channel (Parallel Flow)

AVERAGE

REYNOLDSNUMBER®e) | oot ror | - PASE | verocrry
Pa) TEMPERATURE
UPPER LOWER | TOTA (K) s
CHANNEL | CHANNEL L Cu Al Cu Al
75 25 1628 1628 | 423.83 | 426.78
50 50 100 1618 1618 | 415.86 | 418.15 0.502
25 75 1628 1629 | 423.1 | 425.09
200 100 5145 5144 | 364.41 | 366.98
150 150 300 5104 5105 | 362.96 | 365.3 1.506
100 200 5146 5146 | 364 | 366.23
350 150 9075 9076 | 351.5 | 354.15
250 250 500 8916 8916 | 350.02 | 352.42 2.511
150 350 9077 9077 | 351.06 | 353.28
600 200 15843 | 15844 | 342.87 | 345.56
400 400 800 15231 | 15231 | 342.29 | 343.45 4.018
200 600 15845 | 15847 | 341.03 | 344.52
800 400 25281 | 25310 | 335.48 | 338.06
600 600 1200 24719 | 24721 | 334.85 | 337.22 6.027
400 800 25285 | 25285 | 335.13 | 337.41
400 1600 51130 | 51130 | 329.54 | 331.71
1000 1000 2000 46957 | 46957 | 328.41 | 330.79 10.045
800 1200 47416 | 47415 | 328.85 | 330.84
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4.3 TURBULENT FLOW AND USING PUMP FEED SYSTEM

The numerical analysis with the symmetry model is done using the turbulent flow
condition. The inlet velocity of the lower channel and upper channel are varied to analyze

the different sets of combination.

The study is conducted with the parallel flow and counterflow configurations.

4.3.1 MESH DEPENDENCE STUDY

The mesh dependence study is conducted using an inlet velocity of 1.67 m/s with four

different mesh sizes as shown in Table 4.3.

To analyze the optimized mesh size, four different mesh qualities are analyzed. Mesh size
corresponding to fine mesh is employed for the future study because of the variation of
the outlet temperature at the lower layer microchannel between fine and superfine mesh

qualities are less than 0.0027%.

Table 4.3 Mesh dependence study

' Number of Outlet Temperature(K)
Mesh Quality —
Nodes Lower Channel | % variation
Very coarse 1002297 308.836 ---
Coarse 2071409 308.814 0.0071
Fine 4756507 308.806 0.0025
Superfine 8876049 308.782 0.0027

The minimum reductions in normalized residuals for each variable are taken as 1.0 x 10
3. From the Fig.4.2, it is clear that the lower channel outlet temperature variation with the
number of nodes and the measurements corresponds to the number of nodes 4756507 is

taken for the future study.
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Fig 4.2 Lower Channel Outlet Temperature Vs Number of Nodes

The fine mesh size is employed in the final simulation since less computational time is

needed.

4.3.2 TEST OF ENERGY BALANCE FOR VALIDATION

Energy balance test is conducted with the numerical analysis by taking the same flow in

the lower layer and upper layer of the double-layered circular microchannel.

Here the lower channel (LC) velocity and upper channel (UC) velocity are taken as 12.054
m/s for the analysis. From Table 4.4, it is clear that the input heat energy is transferred to

the conduction through the fluid and convection through the convective surface.
The 3LC, 4LC, 5LC are the lower channel microchannel numbers and 6UC, 7UC, 8UC

are the upper channel microchannel numbers in the symmetry model is shown in Table

4.4.
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Table 4.4 Energy balance test

TEMPERATURE (K) D?;SI SP.HEAT | VELOCITY | ENERGY
MICROCH
ANNEL | INLET | OUTLET | To-Ti p G, u M CAT
. 3 P
(Ty) (To) (kg/m>) J/kgK) (m/s) (Watts)
3LC 303 303.89 0.895 | 998.2 4182 12.054 4.42
41C 303 303.86 0.864 | 998.2 4182 12.054 8.53
5LC 303 303.91 0912 | 998.2 4182 12.054 8.99
6 UC 303 303.74 0.748 | 998.2 4182 12.054 7.38
7UC 303 303.70 0.702 | 998.2 4182 12.054 6.92
8 UC 303 303.74 0.745 | 998.2 4182 12.054 3.674
Conduction energy 39.92
Convective energy = h* Ax*AT
h is the convective heat transfer coefficient (12 W/m?K)
A; is the surface area of the convective wall (0.0002 m?) 0.0696
AT is the difference in temperature between the convective wall surface and
atmosphere (29)
Total energy 39.99
Total input energy 40 W

The schematic of the flow configurations used in the turbulent flow conditions for

experiment analysis is shown in Fig.4.3.

The numerical and experimental analysis is conducted to analyze the fluid flow and heat

transfer characteristics of a DLCMC-HS. Numerical analysis is carried out with different

inlet velocities, with the standard k- model used in the ANSYS Fluent software. The

y+ value obtained in this numerical analysis is less than 5. The effect of parallel flow and

counter flow arrangements on the heat transfer and flow parameters is performed for a
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constant heat input of 80 W. The total mass flow rate of the lower channel and the upper

channel is taken for plotting all comparison curves.

e A e = M [ —|+— — —
— [ — — |— BN pe——— =S
Parallel flow Counter flow
— > >

Single Layer

Fig 4.3 Flow Configuration for Experiment Study

Figure 4.4 depicts the variation of total pressure drop with the total mass flow rate through
the double-layered circular microchannel for different flow arrangements like the
counterflow, and parallel flow. The experiment is also conducted by allowing flow

through the lower layer only, namely single-layer flow.

Discharge of the coolant through the outlet of each layer of the microchannel is

_Al*hl
Tt

Q (1)

where A is the cross-sectional area of the collecting vessel (in m?) with diameter d; (in
m), hy is the height of water collected (in m) of the water collected in the collecting vessel

and t is the time taken (in seconds) for collecting de-ionized water.

The fluid average velocity in (m/s) is,

u:% (2)

where A is the cross-sectional area of the microchannel with diameter d.
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Fig 4.4 Pressure Drop Vs the Total Mass Flow Rate

The mass flow rate through the microchannel is
m= pxAx*u 3)
where m is the mass flow rate of the fluid (kg/s),

p is the density of the flowing fluid in kg/m>.

The total pressure drop (APy) in Pascal is calculated using equation (4).

APy = APy + APry (4)

The pressure drop of the lower layer channel is (APf,)

APszpLi_PLo (5)

where Py; is the pressure at lower channel inlet in Pascal and P, is the pressure at lower
channel outlet in Pascal.

The pressure drop of the upper channel is (APyy),

APfU=PUi—PUo (6)
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where Py is the pressure at upper channel inlet in Pascal and Py, is the pressure at upper

channel outlet in Pascal.

Figure 4.4 indicates that, the variation of pressure drop with the mass flow rate (MFR).
An expected similar trend is observed for both numerical and experimental results. The
pressure drop increases with mass flow rate and a slight deviation occurred in the high
MFR. The small deviation in the experimental value from the numerical pressure drop

may be due to the entrance and exit losses at channel inlet and outlet respectively.

The variation in the experimental and numerical result may be due to the microchannel
diameter tolerance in the experiment. The total pressure drop of the single layer is more
than the double-layer with total MFR. In single-layer flow analysis, pressure drop rapidly
increases after the mass flow rate of 0.0014 kg/s. The sudden increase in pressure drop

may due to the sudden contraction and expansion at the microchannel inlet and outlet.

Change in the friction factor with the MFR is as shown in Fig.4.5. The friction factor is

calculated using equation (7).

2% APfxd
p*L*u_Z

(7)

Friction factor f =

where L is the length of the microchannel in meter(m).

The friction factor is found to decrease with the mass flow rate as expected. Numerical
analysis of the CF and PF arrangements has exhibited a similar trend. The experimentally
calculated friction factor is found to be similar to the numerical results. The slope of the
curve also decreases with the mass flow rate as expected. Comparing the numerical
analysis of CF and PF arrangement with experimental data, with a similar trend is

observed.
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Fig 4.5 Friction Factor Vs the Total Mass Flow Rate

In the experimental analysis, for CF and PF arrangement the friction factor decreases with
mass flow rate and a large deviation between these arrangements is noticed at a lower
mass flow rate. A maximum of 1.6 % to 10.7 % change is noted between the experimental
and numerical values. At higher discharge, the percentage change is very small. This

indicates the smoothness of the circular microchannels.

Comparing the entire experimental friction factor with the numerical result obtained from
Fig.4.5, an acceptable range of £12% deviation is obtained. The friction factor in the
experimental analysis is higher for CF arrangement compared to PF arrangement at low
mass flow rates. While increasing the mass flow rate, friction factor decreases and the
difference become almost negligible. The classical theory of fluid flow also follows the

same trend.

Figure 4.6 exhibits the variation of the pumping power with the total mass flow rates

through the double-layered circular microchannel.
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Fig 4.6 Pumping Power Vs the Total Mass Flow Rate

The pumping power is also related to the pressure drop and the discharge of the fluid

through the microchannel.

The Pumping Power (in W) is calculated using

P =Q * AP (8)

In the numerical analysis of PF and CF arrangement, the deviation is negligible. With an
increase in the coolant flow rate, the pumping power is also increased. Comparing with
the single-layer flow the double layer has less pumping power. The numerical results and
experimental values are scattered with a deviation may be due to the diameter tolerance
in the experimental work. The total pumping power required is less than 3 W for the

higher MFR in the double layer arrangement.
The variation of fluid outlet temperature with the mass flow rate is plotted in Fig.4.7. The

outlet temperature obtained from the numerical analysis and experimental study decreases

with the mass flow rate in both PF and CF analysis.
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Fig 4.7 Outlet Temperature Vs the Total Mass Flow Rate

In the numerical analysis due to the same inlet condition and constant heat input of 80 W,
a similar trend is observed for both CF and PF arrangements. The outlet temperature of
the CF arrangement is slightly lower than the PF arrangement. The inlet temperature is
30°C. A 2 °C change occurs in the lower mass flow rate. Here the maximum temperature
is less than 38 °C. This temperature is lower than the allowable working temperature of
the electronic competent of 60 °C. Due to this temperature, the fluid viscosity may
increase. This results in a large pressure loss. This may the reason for the large fluctuation

of flow observed at the lower mass flow rate.

A good agreement is observed for the numerical and experimental results, especially at
high flow rates. While the cooling fluid entered in each layer from the same side and
leaves the fluid from the opposite side of the microchannel, the fluid outlet temperature

in parallel flow arrangement is higher than the counter flow arrangement.

The variation of the convective top wall surface temperature in the PF, CF and SL flow
arrangement with the total mass flow rate is plotted in Fig.4.8. Experimentally the
temperatures at the two points on the (T and T4) convective wall are measured and the

average of this reading is plotted. In the numerical analysis for both PF and CF
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arrangement, the convective wall surface temperature decreases with the mass flow rate

correspondingly.
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Fig 4.8 Convective Wall Surface Temperature with the Total Mass Flow Rate

At low mass flow rate the convective wall surface temperature is nearly 58 °C and
gradually decreases with the mass flow rate and at the higher mass flow rate, it is nearly
32 OC. This temperature is less than the actual operating temperature (60 °C) of the

electronic equipment.

The experimental result of the top convective wall temperature also decreases with the
mass flow rate. The counter flow arrangement has less temperature than the parallel flow
arrangement in all mass flow rates. This temperature ranges from 32 °C to 42 °C, which
gives better surrounding temperature inside the cabin of the electronic devices. As the
flow rate increases the minimum temperature and maximum temperature decreases both
in the counter and parallel flow of the fluid. This temperature is more than the normal

surrounding temperature.

As compared with the parallel flow and counter flow analysis an average change in the

convective wall temperature is about 1 % to 5 %. The temperature is increased from the
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inlet and become uniform after 10 % of the flow in the axial direction due to uniform
heating for the counter-flow analysis and the parallel flow analysis. These excess
temperatures circulate inside the cabin of the electronic equipment. For the parallel flow
and counter flow analysis, the same trend is found and there is no more deviation between

them.

The flow through the lower channel only (single layer) has higher values of the convective
wall temperature than the double layer concept in the experimental analysis. At low mass
flow rate, the convective wall temperature in the double layer is nearly 42 °C and
gradually decreases with the mass flow rate. At the higher mass flow rate, it is nearly 32
OC. For the single-layer flow, it is 50 °C and 37 °C respectively, meaning an average 5
OC to 8 °C changes is noticed. An 8 % to 11 % change in convective wall temperature is
noticed between single layer and double layer arrangements. So that the double layer

concept is better for heat transfer enhancement instead of a single layer one.

The variation of wall average temperature in CF, PF and SL arrangements with the mass

flow rate are shown in Fig.4.9. The wall average temperature is calculated using Equation

9).

The wall average temperature (T,,,) in °C is calculated using,

TwitTwo
Tiwa = ——0 Q)

Where, Ty; is the inlet wall side temperature in (°C) and Ty, is the outlet wall side

temperature in (°C).

The fluid wall average temperature decreases with the mass flow rate for the constant
inlet temperature and the input power. The fluid wall average temperature values in the
numerical results of parallel flow and counter flow arrangement are coinciding with the

same mass flow rate. This may be due to the same inlet conditions.
The experimental results showed a slight deviation from the numerical results. Maximum

of 21 % deviation is occurs at low mass flow rates. The experimental values are higher

than the numerical values after a mass flow rate of 0.018 kg/s.
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Fig 4.9 Wall Average Temperature Vs the Total Mass Flow Rate

Variation of the heat sink base temperature with the mass flow rate is plotted in Fig.4.10.
The temperature decreases gradually in all the configurations. The maximum temperature
obtained at the base of the heat sink is found to be below 60 °C. This temperature is well

below the allowable maximum temperature of electronic devices.

The lower channel is at a distance of 2.5 mm from the base of the heat sink. Therefore,
the temperature just below the channel is also a clear indication of the heat sink base

temperature.
Experimentally the temperature is measured in two locations (T2 and T3) and the average

of these reading is taken. Numerically it shows that the temperature variation is not linear.

The variation in the numerical and experimental values may be due to this reason.

University of Calicut 66|Page



B e S e e o B e o e
- e COUNTER{EXPERIMENT) L
] = PARALLEL(EXPERIMENT) ]
s02 +  SINGLE LAYER &
- - —=— PARALLEL(NUMERICAL) -
g 1 - —e— COUNTER(NUMERICAL) i
w - -
£ B
g 1 - ]
- 1
$ 407 teuw » » s o 1
w - -
- i
g - -
@ 30 o]
o - -
¥ ] i
= ]
% 20 3
< ] i
w
z 3 g
10+ =
0 rrrrprrrrgprrrryrrr |11 _'_._
0 0.005 0.01 0.015 0.02 0025 0.03 T ™

TOTAL MASSFLOW RATE(kg/s)

Fig 4.10 Heat Sink Base Temperature Vs the Total Mass Flow Rate

The heat loss from the Teflon surface is calculated by measuring the temperature across

the Teflon surface.

The heat loss through the Teflon insulation is estimated using Fourier’s law of heat
conduction. The temperatures T7, Ts, To, and T are the temperatures of the outer surface

of the heat source.

The Teflon outer surface is also noted and calculated the heat loss. The maximum heat
loss is found to be less than 12 % of the input power. Due to this heat loss which may
affect the reduction in the heat sink base temperature compared with the numerical

analysis.
Temperature contours with different cases are plotted in Fig.4.11 to Fig.4.15. Comparing

these figures with the Fig.4.10 the heat sink base temperature of the numerical analysis is

higher than the experiment results.
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Further, the temperature uniformity is found more for the counter-flow arrangement than
the parallel flow and single-layer flow arrangement. This is confirmed by plotting the
temperature contours at two different planes of the five different cases in Fig.4.11 to Fig.4
15. For the same MFR of the fluid, uniformity of temperature under the chip in CF
arrangement follows more effective than PF design. The double-layer design gets
improved temperature uniformity at the base of the heat sink. Thus counter-flow and
parallel flow arrangements show better performance than the single layer. This underlines

the solidity of the electronic devices
Figure 4.16 exhibits the variation of maximum wall temperature difference with the total
mass flow rate. This temperature difference is the difference between the maximum

temperature and minimum temperature at the wall surface.

The wall temperature difference (7T,,4) is calculated using Equation (10)

Twa = (Two — Twi) (10)
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where Ty is the inlet wall surface temperature and Two is the outlet wall surface

temperatures.
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Fig 4.16 Wall Temperature Difference with the Total Mass Flow Rate

The experimental and numerical values have considerable deviations in the temperature
difference in Fig. 4.16 may be due to the point at which the experimentally measured. It

is Imm to 2 mm apart from the wall.

The result shows that for both numerical and experiment analyses, the fluid wall
temperature difference of the counter flow analysis are less than the PF analysis. The
thermal stress is directly proportional to the thermal strain. Also, the thermal strain is
equal to the product of the coefficient of expansion and the difference in temperature.
Therefore the thermal stress is proportional to the difference in temperature and less

thermal stress is found in the counter flow analysis.

The overall thermal performance is explained on the base of these different temperature
curves. From these performances, this experimental study is suited for the practical
application in the electronic cooling with the given pumping power. While in the

numerical analysis the variation follows the same trend both in the parallel flow and
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counter flow analysis. This advantages the solidity of electronic devices. This temperature
is well below the allowable maximum temperature of electronic devices. Therefore the
results show that the counter-flow arrangement is always better in a double layer

configuration.

4.4 LAMINAR FLOW AND USING GRAVITY FEED SYSTEM

The numerical study is also conducted with the laminar flow condition. The results from
the numerical study are validated with the results obtained by the experiment. The

experiment is conducted with a gravity feed system for low mass flow rates.

4.4.1 MESH DEPENDENCE STUDY

The mesh dependence study is carried out for an inlet velocity of 0.428 m/s with four

different mesh sizes as shown in Table 4.5.

The mesh size corresponding to the fine mesh is employed for further study because of
the outlet temperature at the lower layer microchannel between fine and superfine mesh
sizes is less than 0.188 %. The minimum reductions in normalized residuals for each

variable are taken as less than 1.0 x 1077,

Table 4.5 Mesh dependence study

Mesh Quality | Number of Outlet % Change
Nodes Temperature(°C)
Very coarse 1244281 54.611 ---
Coarse 2248328 54.304 0.565
Fine 3050685 54.202 0.188
Superfine 4355677 54.101 0.186
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Fig 4.17 Lower Channel Outlet Temperature Vs Number of Nodes

From the Fig.4.17, it is clear that the lower channel outlet temperature variation with the
number of nodes and the measurement corresponds to the number of nodes 3050685 is
taken for the future study. The fine mesh size is employed in the final simulation since

less computational time is needed.

The experiment is conducted for three different flow configurations as shown in Fig.4.18.

They are (1) Single layer flow (2) Parallel Flow and (3) Counter Flow.

I_E‘ _",_.. _n:' _: = d_., q_' ‘—.

Parallel Counter

— | — —% | —»

Single Laver

Fig 4.18 Schematic of the Flow Pattern for the Experimental Analysis
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The constant heat input given to the heat sink is 100 W. The apparatus is allowed to run
continuously for sufficient time to reach the steady-state. All the readings are taken at
steady-state condition; it is assumed that the outlet temperature varies with less than 0.1°C
in ten minutes. After reaching the steady-state condition temperature, pressure head, and

the time taken for filling 100cc of water are measured and recorded.

The velocity of the fluid flow through each layer is controlled by varying the vertical
position of the float chamber. The discharge of the fluid through the lower layer and the
upper layer is separately calculated using equation (11) by measuring the time taken (t)

in seconds for collecting 100 ml of fluid.

Discharge of the fluid in m?/s

_0.0001

Q= (11)

t

Average velocity and mass flow rate of the fluid at the outlet are calculated using Equation

(2) and (3)

Figure 4.19 shows exclusively the variation of pressure drop with a total mass flow rate
in the double-layered circular microchannel for (1) Single layer flow (2) Parallel Flow
and (3) Counter Flow arrangements. The numerical and experimental results are plotted

with the total mass flow rate. The total pressure drop is calculated using Equation (4).

It is observed that the pressure drop of the single layer is more than the double-layer flow
arrangements. The numerical pressure drop of the counter flow and parallel flow are
compared with the experimental pressure drop. The pressure drop varies with the mass
flow rate. The variation between the experimental results and the numerical values are

well in the acceptable range.
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Fig 4.19 Total Pressure Drop with the Total Mass Flow Rate

The variation of pressure drop per unit length with the total mass flow rate is plotted in
Fig.4.20. The pressure drop per unit length increases with the total mass flow rate. The
uncertainty for the experimental results also plotted in this Fig.4.20. The uncertainty of

pressure drop is calculated using equation (12) and plotted.

N|=

2= () (12)
where ‘h’ is the difference in pressure head
Actual pressure drop is,
APactyal = AP £ (Ap) (13)
It is observed that the pressure drop is found to be similar as expected for the same mass
flow rate. This indicates that both the upper and the lower channel are identical in

geometry. Similar variation is observed for both counter flow and parallel flow

arrangements.
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Fig 4.20 Pressure Drop per Unit Length with the Total Mass Flow Rate

This indicates that the flow behaviour in the upper and the lower layers are identical. The
total pressure drop per unit length in the experimental double-layer microchannel varies

from 100 k Pa to 350 k Pa.

The friction factor is calculated using equation (7) and its variation with mass flow rate
is shown in Fig.4.21. The uncertainty in the experimental results is also plotted in this

figure.

The experimental friction factor decreases with the total mass flow rate. The fiction factor
for the experimental study varies between 0.25 and 0.35. This also indicates the channel
smoothness. The counter flow and parallel flow has the same trend as that of single-layer

flow configuration.
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Fig 4.21 Friction Factor with the Total Mass Flow Rate

The uncertainty in the friction factor is calculated using the equation (14).

Uncertainty of the friction factor is,
1/2

=)@+ E) 6 a4

() 4 () as)

1/2

AU VAN

7= +®)) (16)
Where AU is least count of measuring jar and U is the total volume of measuring jar.
Figure 4.22 shows the variation of the pumping power with total mass flow rate for the
single-layer flow, CF and PF arrangements. The pumping power is calculated using

equation (8). It is clear that with an increase in the mass flow rate of the fluid, the pumping

power also increases.
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Fig 4.22 Pumping Power with the Total Mass Flow Rate

The pumping power for CF and PF arrangements are found to be similar as expected. The
pumping power required for a single layer configuration is higher than the double-layer
configuration. The maximum pumping power required for the double-layer configuration

is less than 0.015 W.

The variation of fluid outlet temperature with the total mass flow rate is plotted in

Fig.4.23.

This decreases with the increase of the mass flow rate. The fluid outlet temperature for
double-layer flow configuration is in between 35 °C to 40 °C. The experimental value is

less than the numerical value. This is because of the heat loss occurred in the experiment.
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Fig 4.23 Outlet Temperature with the Total Mass Flow Rate

Figure 4.24 shows the relation between change in convective wall surface temperatures
for both numerical and experimental analysis with the total mass flow rate in the PF and

CF arrangement.
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Fig 4.24 Convective Wall Temperature with the Total Mass Flow Rate
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The counter flow and parallel flow arrangement have the same trend with negligible
deviation. At a low flow rate, the convective wall surface temperature in the double-layer
is nearly 52°C and gradually decreases with Reynolds number and at the higher Reynolds

number, it reaches 45°C.

In the numerical analysis, the convective wall temperature is found to be similar in
counter-flow and parallel flow arrangements. Higher convective wall temperature results

in higher cabin air temperatures.

Variation of the average wall temperature with total mass flow rate for single-layer flow,
counter flow and parallel flow arrangement is shown in Fig.4.25. For both parallel flow
and counter flow arrangements the numerical predictions have almost the same values

due to the same boundary conditions.
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Fig 4.25 Wall Average Temperature with the Total Mass Flow Rate

The average wall temperature is calculated using Equation (9)
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The average wall temperature for CF and PF is found to decrease from 51°C to 44 °C with
mass flow rate. The numerical values are higher than the experimental analysis may be

due to the boundary conditions.

Figure 4.26 shows the variation of the heat sink base temperature with total mass flow
rate for single-layer flow, counter flow and parallel flow arrangements. The experimental
results are compared with the numerical results. The temperature decreases gradually in

all flow configurations.
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Fig 4.26 Heat Sink Base Temperature with the Total Mass Flow Rate

The maximum temperature obtained at the base of the heat sink in the double-layer design
is found to be below 60 °C. This temperature is well below the allowable maximum
temperature of electronic devices. While the single-layer configuration, the temperature

obtained is higher than the double-layer configuration.
In the numerical analysis, the heat sink base temperature decreases with the total mass

flow rate. The variation follows the same trend both in the parallel flow and counter flow

analysis. The same trend occurs in both parallel flow and counterflow arrangements.
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The temperature contours of different cases are plotted in Fig.4.27 to Fig.4.32. By
comparing these figures with Fig.4.26, the heat sink base temperature of the numerical
analysis is higher than the experimental results. The deviation in the experimental results
may be due to heat loss. The overall thermal performance is explained on the base of these

different temperature curves.

Further, the temperature uniformity is found that the parallel flow arrangement had better
uniformity than counterflow. This is confirmed by plotting the temperature contours at

two different planes of the six different cases in Fig. 27 to Fig.32.

The temperature contour at the base of the microchannel shows the less temperature
spread in the parallel flow arrangement. For the same mass flow rate of the fluid,
uniformity of temperature under the chip in parallel flow arrangement is more effective

than counter flow design. This also advantages the solidity of electronic devices.
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Figure 4.33 shows the variation of the fluid wall temperature difference (calculated by
using Equation (10)) between the inlet and outlet temperature with a total mass flow rate
in single layer flow, CF and PF arrangements. Lower the temperature difference, more

the temperature uniformity and vice versa.

For reducing thermal stress in the microchannels, temperature uniformity plays an
important role. Temperature uniformity is the variation of wall temperature along the

length of the channel.

Therefore this result indicates that nearly the same temperature uniformity obtained in
both counter flow and parallel flow arrangements. There is no deviation in the results
between the CF and PF arrangement. Here also the thermal stress is proportional to the

temperature difference.
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Fig 4.33 Wall Temperature Difference with the Total Mass Flow Rate

From Fig.4.33, it is clear that the experimental value of fluid wall temperature difference
is nearly the same for the parallel flow arrangement and counter flow arrangement for all
mass flow rates. Also, the double-layer flow configurations have more temperature
uniformity than the single-layer flow configurations. This indicates that even though the
average temperature of the heat sink base remains the same for CF and PF, temperature
uniformity is higher for the parallel flow configuration. This temperature is below the

operational temperature of the electronic devices.

The temperature uniformity across the chip is affected by the flow rate combinations
through the channel. The parallel flow has attained more uniform temperature uniformity

than the counterflow configurations.
4.5 THE FLOW MAL DISTRIBUTION STUDY
The maldistribution study is conducted to analyze the flow rate variation through the

lower layer microchannel and upper layer microchannel. The numerical model used for

the flow maldistribution with the schematic of the flow loop is shown in Fig.3.2.
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4.5.1 MESH DEPENDENCE STUDY

The grid independence study is carried out for an inlet velocity of 3.14 m/s with four
different mesh sizes as shown in Table 4.6. For the fine meshing, four different meshes

analyzed with a different number of nodes.

Table 4.6 Mesh dependence study

Mesh | Number of Outlet temperature Deviation (%)
quality nodes lower (°%c) | upper (°c) lower upper
Very coarse| 1342596 44.74 31.78 - -
Coarse 1754570 33.09 31.49 26.039 0.912
Fine 1826247 32.02 31.46 3.233 0.095
Superfine | 2048573 32.01 31.43 0.0315 0.095

Mesh size corresponding to fine mesh is employed in this study because of the outlet
temperature at the lower layer microchannel and the upper microchannel between third
and fourth mesh sizes are less than 3.2 %. The problems are solved with the minimum

reduction in normalized residuals for each variable at less than 1.0 x 107,

From the Fig.4.34, it is clear that the lower channel outlet temperature variation with the
number of nodes and the measurement corresponds to the number of nodes 1826247 is
taken as the future study. The fine mesh size is employed in the final simulation since less

computational time is needed.
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Fig 4.34 Outlet Temperature Vs Number of Nodes

The flow maldistribution study is conducted in two different flow rates with the parallel

flow and counterflow configurations.

4.5.2 TURBULENT FLOW CONDITION

The maldistribution study is conducted in turbulent flow condition for counter flow and
laminar flow configuration. For that, the inlet velocity of each channel in the lower layer

and upper layer are noted. The mass flow rate through each microchannel is calculated.

4.5.2.1 COUNTER FLOW

Table 4.7 shows the percentage change in the mass flow rate of each channel in the lower
layer and upper layer for the counter-flow with turbulent flow condition. The percentage

change of the mass flow rate through each channel is plotted in Fig.4.35.
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Table 4.7 % Mass Flow Rate through the Lower and Upper Channel

%
Velocity | Velocity m Flow m o
Channel | UMC LMC LMC rate in UMC DeVi; tion
m/s m/s kg/s Each kg/s
Channel
1 6.33 6.27 0.00241 | 19.90 | 0.00243 19.30
2 6.44 6.302 | 0.00242 | 20.00 | 0.00247 19.60
3 7.32 6.33 0.00243 | 20.10 | 0.00281 22.30
4 6.44 6.3 0.00242 | 20.00 | 0.00247 19.60
5 6.33 6.28 0.00241 | 19.90 | 0.00243 19.30
0.01209 0.01261

Figure 4.35 depicts that the middle channel in both the lower layer and the upper layer

has a small increase in the mass flow rate compared with other channels. Nearly the same

mass flow rate flows through each channel in the lower layer.
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Fig 4.35 Flow Rate Vs Microchannel Number (CF)

]

At higher mass flow rate the maldistribution in the upper layer channel is significant. The

size of the plenum in the lower layer and the upper layer are different. This may be an

effect for the maldistribution in the channels.
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4.5.2.2 PARALLEL FLOW

Table 4.8 shows the percentage deviation of the mass flow rate of the lower channel and

upper channel for the parallel flow with turbulent flow condition.

Table 4.8 % Mass Flow Rate through the Lower and Upper Channel

%
Velocity | Velocity m Flow m o
Channel | UMC LMC LMC rate in UMC DeVi; tion
m/s m/s kg/s Each kg/s
Channel
1 5.22 6.34 0.00243 | 20.00 | 0.002000 18.40
2 5.82 6.35 0.00244 | 20.00 | 0.002230 20.06
3 6.11 6.38 0.00245 | 20.10 | 0.002350 20.16
4 5.86 6.35 0.00244 | 20.00 | 0.002250 20.07
5 53 6.34 0.00243 | 20.00 | 0.002040 18.70
0.0122 0.01087

The percentage deviation of the mass flow rate through each channel is plotted in

Fig.4.36.
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Fig 4.36 Flow Rate Vs Microchannel Number (PF)
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The Fig.4.36 depicts the end channels in the upper layer has a small decrease in the mass
flow rate compared with the middle channel. Nearly the same mass flow rate flows

through each channel in the lower layer.

4.5.3 LAMINAR FLOW CONDITION

The maldistribution study is conducted with a laminar flow condition for counter flow
and parallel flow configurations. The mass flow rate through each microchannel of the

lower layer and the upper layer is calculated.

4.5.3.1 COUNTER FLOW

Table 4.9 shows the percentage deviation of the mass flow rate of the lower channel and
upper channel for the counter-flow with low mass flow rate. The percentage deviation of

the mass flow rate through each channel is plotted in Fig.4.37.

Table 4.9 % Mass Flow Rate through the Lower and Upper Channel

%

Velocity | Velocity m Flow m o
Channel | UMC LMC LMC rate in UMC Devi; tion
m/s m/s kg/s Each kg/s
Channel

1 0.7188 | 0.6493 | 0.000249 | 20.01 | 0.000276019 | 19.83
0.7274 | 0.6536 | 0.000251 | 20.14 | 0.000279322 | 20.07
0.7303 | 0.6464 | 0.000248 | 19.916 | 0.000280435 | 20.14
0.7246 | 0.646 | 0.000248 | 19.91 | 0.000278246 | 19.99
0.7245 | 0.6503 | 0.00025 | 20.04 | 0.000278208 | 19.98
0.001246 0.00139223

Dl B~ W N

The negligible deviation is noted in the mass flow rate through each channel of the lower

layer and upper layer.
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Fig 4.37 Flow Rate Vs Microchannel Number (CF)

At lower mass flow rate the maldistribution in the upper layer and lower layer channel is
insignificant. The size of the plenum in the lower layer and the upper layer are different.

This may be an effect for the maldistribution in the channels.

4.5.3.2 PARALLEL FLOW

Table 4.10 % Mass Flow Rate through the Lower and Upper Channel

%

Velocity | Velocity m rig\;; m o
Channel | UMC LMC LMC UMC o
Each Deviation
m/s m/s kg/s kg/s
Channel

1 0.7168 | 0.6659 | 0.000255706 | 20.01 | 0.000275251 | 19.95

0.718 |0.67029 | 0.000257391 | 20.14 | 0.000275712 | 19.98
0.7182 | 0.6628 | 0.000254515 | 19.91 | 0.000275789 | 19.99
0.7191 | 0.6624 | 0.000254362 | 19.90 | 0.000276134 | 20.01
0.721 | 0.6669 | 0.00025609 | 20.04 | 0.000276864 | 20.07
0.001278063 0.00137975

DN B W N
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Table 4.10 shows the percentage deviation of the mass flow rate of the lower channel and
upper channel for the counter-flow with low mass flow rate. The percentage deviation of

the mass flow rate through each channel is plotted in Fig.4.38.
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Fig 4.38 Flow Rate Vs Microchannel Number (PF)

Figure 4.38 depicts the percentage change in the mass flow rate of each channel in the
lower layer and upper layer. A negligible deviation in mass flow rate through each

channel has occurred in the lower and upper layers.

The significance of graphs 4.35, 4.36, 4.37 and 4.38 are to analyze the flow through each

microchannel (lower layer and upper layer) in the turbulent and laminar flow conditions.
4.6 EXPERIMENTS WITH GRAVITY FEED SYSTEM
The experiment is conducted in a different continuous flow arrangement through the

lower and upper layer channels. The low mass flow rate is attained with the application

of the gravity feed system.
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4.6.1 DIFFERENT SERIES FLOW CONFIGURATIONS

The experiment is conducted in four different flow configurations as shown in Fig.4.39.
The following are the flow configurations. 1. Series flow Lower inlet Counter (LIC) 2.
Series flow Lower inlet Parallel (LIP) 3. Series flow Upper inlet Counter (UIC) and 4.
Series flow Upper inlet Parallel (UIP). The heat input to the heat sink is set as 100W. The
mass flow rate of the fluid is controlled by varying the vertical position of the float

chamber.
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Fig 4.39 Schematic of Different Series Flow Configurations (EXPERIMENT)

The variation of the pressure drop with mass flow rate is shown in Fig.4.40. As expected
the pressure drop is increased with the mass flow rate in all four flow configurations. The
upper inlet parallel flow configurations have less pressure drop as compared to the other

three.

The pressure drop per unit length with the mass flow rate is plotted in Fig.4.41. The
pressure drop per unit length increases with the mass flow rate. For all four
configurations, the pressure drop per unit length is within the uncertainty limit.

University of Calicut 94|Page



9,000

L e e e p e e e e
i ] N
. e UP F .
000 « UIC .
] e LiC 1
- = LP % -
7,000 - + h
g ] 3 ]
o - * .
S 6,000 - .
a i # ]
w = -
& ] t 3 ]
2 5,000 - ' -
& ] ¢ ]
4,000 * 3 J
3,000 -] gﬁ J
L S S S
0.0006 0.0008 0.001 0.0012 0.0014 0.0016
TOTAL MASS FLOW RATE(kg/s)
Fig 4.40 Pressure Drop with the Total Mass Flow Rate
300 ———t——p—r—T—T——T—T—T—T—T—T—T—— 11—
_ i + uPp 7
£ 4 « UIC .
® e LiC
e - s LP -
©
8 200 - -
L
d o -
E
= i .
=
-4 i -
L
a.
o l .
g %
& 100 =
: %ﬁ
= - -
=
w0 A 4
(7]
L
e i i
a
o n L} Ll I n L] L} I L] n L} I n n L] I L] L] L}
0.0006 0.0008 0.001 0.0012 0.0014 0.0016

TOTAL MASS FLOW RATE(kg/s)

Fig 4.41 Pressure Drop per Unit Length with the Total Mass Flow Rate

University of Calicut

95|Page



0.2

L

He ¢ 4
c
)
Il

FRICTION FACTOR
o
(5]
I L L L ']
——
———e—
i
——
!
—e—
—e—m
I 1 'l ' 'l

(1]

T T T T T T T T T T T

0.0006 0.0008 0.001 0.0012 0.0014 0.0016
TOTAL MASS FLOW RATE(ka/s)

Fig 4.42 Friction Factor with the Total Mass Flow Rate

The variation of the friction factor with mass flow rate is shown in Fig.4.42. As expected

the friction factor is decreases with the mass flow rate in all four flow configurations.

The friction factor is very less in between 0.01 and 0.013 for all configurations. The upper
inlet parallel and upper inlet counter flow configurations have less friction factor as

compared to the lower inlet parallel and lower inlet counterflow configurations.

The variation of the pumping power with the mass flow rate is plotted in Fig.4.43. The
pumping power required increases with the mass flow rate. The maximum pumping

power required for the higher mass flow rate is less than 0.012 W.

The pumping power for LIP, LIC, UIC and UIP flow arrangements are found to be similar
as expected. The upper inlet parallel flow configuration has required minimum pumping
power compared with other flow configurations. The higher mass flow rate introduces
more prominent entrance effects into the liquid flow. Due to this reason, the pressure drop
increases faster at high mass flow rates. The same trend is seen in the pumping power at

high mass flow rates.
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Fig 4.44 Outlet Temperature with the Total Mass Flow Rate

The variations of outlet temperature with the mass flow rate in all four configurations are

shown in Fig.4.44. The counter flow configuration has less fluid outlet temperature than
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the parallel flow configurations. The working fluid absorbs the heat corresponds to this

temperature.

The variation of the fluid wall average temperature with the mass flow rate is plotted for
LIP, LIC, UIC and UIP flow arrangements are shown in Fig.4.45. The wall average
temperature decreases with the mass flow rate for the constant inlet temperature and the

input power.

The fluid wall average temperature values range from 47 °C to 55 °C in the flow ranges
to 0.0007 to 0.0011 kg/s. An 8 °C deviation is noted at a low mass flow rate and, while
increasing the mass flow rate to 0.0011 kg/s the deviation is less than 3 °C. This is
indicated that the increase in the mass flow rate to another maximum level does not affect
the fluid wall average temperature. This implies that while increasing the mass flow rate

a steady temperature is obtained.
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Fig 4.45 Wall Average Temperature with the Total Mass Flow Rate
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Fig 4.46 Convective Wall Temperature with the Total Mass Flow Rate

The variation of the increase in convective top wall surface temperature with the total
mass flow rate is plotted in Fig.4.46. For all configurations, the convective wall surface

temperature decreases with the mass flow rate similarly.

At low mass flow rate, the increase of convective wall surface temperature is nearly 28
OC and gradually decreases with the mass flow rate and at the higher mass flow rate, it is
nearly 13 °C. This is less than the actual operating temperature (60 °C) of the electronic
equipment. As the flow rate increases the minimum temperature and maximum
temperature decreases in LIP, LIC, UIC and UIP flow arrangements. These excess

temperatures circulate inside the cabin of the electronic equipment.

Figure 4.47 shows the variation of the heat sink base temperature with total mass flow
rate for LIP, LIC, UIC and UIP flow arrangements. The heat sink base temperature
decreases with the mass flow rate in all four configurations. The maximum temperature
obtained at the base of the heat sink in the double-layer design is found to be below 68
OC. The UIC flow configuration has less heat sink temperature as compared with other

there configurations.
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Fig 4.47 Heat Sink Base Temperature with the Total Mass Flow Rate
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Fig 4.48 Wall Temperature Difference with the Total Mass Flow Rate

Figure 4.48 shows the variation of the fluid wall temperature difference with total mass
flow rate for LIP, LIC, UIC and UIP flow arrangements. The fluid wall temperature

difference is decreases with the mass flow rate in all four configurations. The maximum
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temperature difference is obtained for low mass flow rate. This denotes the temperature
uniformity at the base of the heat sink. The UIC flow configuration has less heat sink

temperature as compared with other there configurations.

The variation of heat sink base temperature and pressure drop with mass flow rate for

LIP, LIC, UIC and UIP flow arrangements are shown in Fig.4.49 to Fig.4.52.
The mass flow rate for a constant heat sink temperature of 55 °C is marked in each graph.
The mass flow rate of the fluid to maintain the 55°C temperature is 0.00103 kg/s (UIC),

0.00105 kg/s (UIP), 0.0012 kg/s (LIC), 0.00132 kg/s (LIP) with corresponding pressure
drop of 4.3 k Pa, 4.4 k Pa, 6.5 k Pa, and 7.4 k Pa respectively.
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Fig 4.52 Variation of Heat Sink Base Temperature and Pressure Drop with the Mass Flow Rate (UIC)

This implies that the UIC flow configuration has required less mass flow rate to maintain
this temperature with less pressure drop. Therefore the UIC configuration has the best
one from the above four configurations for these heat sink base temperature and pressure

drop.

4.7 SUMMARY

The flow and thermal performances of the double-layer circular microchannel heat sink
were investigated numerically and experimentally. The investigation is conducted in
single layer flow, parallel flow and counterflow configurations. The flow maldistribution
study is conducted in parallel flow and counter flow configurations for turbulent and
laminar flow condition. The pressure drop and thermal performance of the different series

flow configurations like LIP, LIC, UIC and UIP are conducted.
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CHAPTER 5
THE SUMMARY AND CONCLUSIONS

5.1 INTRODUCTION

This research was mainly focused to improve the cooling technique of the electronic
equipment. For that, a new idea of the double layer circular microchannel heat sink is
designed. This research aims to minimize the base temperature of the miniaturized chips.
The novelty of the present study is the numerical and experimental analyses of the flow
and thermal performances of the double layer stacked circular microchannel heat sink.
With the help of the liquid cooling technique, the temperature at the base of the heat sink
was reduced to an applicable range. A wide range of mass flow rate is analyzed to the

effect of heat transfer and flow conditions.

The study was conducted with two different analysis namely (1) Numerical analysis and
(2) Experimental analysis. The numerical analysis was conducted in two different flow
conditions of laminar and turbulent. The numerical simulation of the double layer circular
microchannel heat sink (DLCMC-HS) was modelled with the commercial CFD tool
Ansys Fluent. The experimental analysis was done with the help of fabricating an
experimental facility in our laboratory. The experiments were done with the help of two
experiment setup (1) with the help of the peristaltic pump and (2) with the help of a gravity
head application. The detailed summary of the results and findings are described in this

chapter

5.2 FINDINGS FROM THE STUDY

The following are the major findings of the research work.

1. Numerically investigated the pressure drop, friction factor and heat transfer
performance of a double layer circular microchannel heat sink with inlet velocity

range from 0.4 m/s to 6.5 m/s with constant heat input.
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» The pressure drop per unit length, pumping power and friction factor required was

the same for CF and PF configurations.

» The outlet and convective wall temperature in the CF and PF configurations were

the same and decrease with mass flow rate.

> The cabin temperature is under the range of 60° C.

» For the laminar condition, the CF has minimum thermal stress and heat sink base

temperature.

» For the turbulent condition, the PF has minimum thermal stress and heat sink base

temperature.

2. Analyzed the effect of flow maldistribution of a microchannel in both layers of

the double layer circular microchannel heat sink in detail.

2.1 TURBULENT FLOW CONDITION

» At higher mass flow rate the maldistribution in the upper layer channel is

significant.

» In CF analysis the lower layer microchannels have occurred equal flow
distribution, while in the upper layer; the centre microchannel has a higher flow

rate than the end microchannels.

» In PF analysis the lower layer microchannels also have occurred equal flow
distribution. But in the upper layer, both end channels have less flow rate than the

centre microchannel.

2.2 LAMINAR FLOW CONDITION

» Both in the CF and PF analysis, upper layer microchannels and lower layer

microchannels have no effect of flow maldistribution
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3. Experimentally investigated the pressure drop, friction factor and heat transfer
performance of a double layer circular microchannel heat sink using the peristaltic
pump with Single Layer flow (SL), parallel flow (PF), counterflow (CF)
configuration. The mass flow rate of the deionized water ranges 1.5x10 kg/s to

14x1073 kg/s with a constant heat input of 8OW.

» The pressure drop per unit length, pumping power required was increased with

the mass flow rate and friction factor is decreased with the mass flow rate.

» The pressure drop and pumping power required in single layer flow analysis is

more than double layer flow with the same mass flow rate.

» The outlet and convective wall temperature decrease with the mass flow rate in

all configurations.

» The CF has minimum thermal stress and heat sink base temperature.

4. Experimentally investigated the pressure drop, friction factor and heat transfer
performance of a double layer circular microchannel heat sink using gravity feed
system with Single Layer flow (SL), Parallel flow (PF), Counterflow (CF)
configuration. The mass flow rate of the deionized water ranges 0.5x10 kg/s to

1.5x107 kg/s with a constant heat input of 100 W.

» The pressure drop per unit length, pumping power required was increased with

the mass flow rate and friction factor is decreased with the mass flow rate.

» The pressure drop and pumping power required in single layer flow analysis is

more than double layer flow with the same mass flow rate.

» The outlet and convective wall temperatures decrease with the mass flow rate for

all configurations.

» The PF has minimum thermal stress and heat sink base temperature.
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5. Experimented with copper-based circular microchannel with Lower Inlet Parallel
series flow (LIP), Lower Inlet Counter series flow (LIC), Upper Inlet Parallel
series flow (UIP), Upper Inlet Counter series flow (UIC) configuration with a
mass flow rate of the deionized water ranges 0.5x10 kg/s to 1.58x107 kg/s to

investigate the flow and thermal behaviour (using gravity feed system).

» The pressure drop per unit length required for all configurations was the same

irrespective of heat input.
» The pressure drop increases with the mass flow rate in all configurations

» The friction factor is decreased with the mass flow rate. Friction factors were laid

fewer than 10% error band.
» The maximum pumping power required among all configurations is 0.014W.

» UIC configuration required 29% less pressure drop compared to LIC

configuration to attain 55°C.

» UIC configuration required 39.5% less pressure drop compared to LIP

configuration to attain 55°C.

> The heat sink temperature for all configurations lies below 75°C. Therefore all

types of configurations are capable of avoiding the failure of an electronic chip.

» The heat sink base temperature was found the minimum for UIP and UIC

configurations, and it is almost equal for UIP and UIC configurations.

» The temperature uniformity for UIC configuration is higher than UIP

configuration and excess temperature found less for UIP configuration.

» By considering the overall performance UIC configuration is the best

configuration among all.
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5.3 SCOPE FOR FUTURE WORK

Certain studies are conducted with single layer microchannel as well as double-layer
microchannel with different geometric configurations. The particular study aims to
evaluate the flow and thermal behaviour of double-layer circular microchannel heat sink
in detail. As future work, analysis of flow and heat transfer performance with crossflow
arrangement of the microchannel layer can be done. Also, the study may be done with the

channels arranged at an offset position.

54 SUMMARY

The present study delivered the new insight for the liquid cooling system applicable in
the electronic applications. The novelty of this work is to analyze the flow and thermal
performances of the double layer circular microchannel heat sink. This study includes the
experimental work and the results are validated with numerical analysis. The numerical
investigation was conducted in parallel flow and counterflow configurations. The flow
maldistribution study was also conducted in parallel flow and counter flow configurations
for laminar condition and turbulent condition. The experiments were conducted with the
application of a pump and with the application of the gravity feed system. The flow and
thermal performance of the different series flow configurations like Parallel flow (PF),
Counterflow (CF), Lower Inlet Parallel series flow (LIP), Lower Inlet Counter series flow
(LIC), Upper Inlet Parallel series flow (UIP), Upper Inlet Counter series flow (UIC)

configurations are explained in detail.
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APPENDIX - A

A.1 CALIBRATION OF THERMOCOUPLE

The calibration of the thermocouple is conducted during the experiment. The K-Type
thermocouples used for the experiment are calibrated with a calibrated J-Type

thermocouple.

THERMOMETER

K-TYPE
THERMOCOUPLE

DATA
ACQUISITION
SYSTEM WITH

TC ONSTANT
TEMPERATURE
BATH

Fig Al — 1, Pictorial view of the Thermocouple Calibration

The Fig.A1-1 shows the pictorial view of the thermocouple calibration. It consists of a
constant temperature bath, thermometer, data acquisition unit with a multiplexer, and a

computer. The data from the twenty three K-type thermocouples and a J-type
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thermocouple is recorded in the computer and the variation is plotted in the Fig.A1- 2 and

Fig.Al - 3.
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A.2 CALIBRATION OF DIGITAL MANOMETER

U-TUBE
MERCURY
MANOMETER

DIGITAL
MANOMETER

Fig A 2 — 1, Pictorial view of the digital manometer calibration

Fig. A 2-1 shows the pictorial view of the digital manometer calibration.
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Fig A 2 - 2, Digital manometer calibration curves
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Fig A 2 - 3, Digital manometer calibration curves

The calibration is done with standard U-Tube manometer. The calibrated curves are

plotted in Fig. A 2.2 and Fig. A 2.3.
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APPENDIX - B

B.1 UNCERTAINTIES IN MEASUREMENTS

Table B.1 - 1 shows the uncertainties of the measurement.

Table B 1 - 1 Uncertainty of the Measurement

APPARATUS UNCERTAINTY
U-tube Manometer 1 mm of Hg
Measuring Jar 1 ml
Digital Manometer 0.5% of the full-scale reading (2 bar)

Pressure Transducer 0.25% of the full-scale reading (2.5 bar)

Thermocouple +0.1°C
Stopwatch 0.01 sec
GO-NO-GO Gauge + 0.05 mm

For performing the error analysis the maximum uncertainties in determining the measured
parameters are given in Table B1 - 1. The measurement uncertainty of the volume flow

rate is one ml. The diameter of micro-channel is measured using GO-NO-GO gauge.

Table B.1 - 2 shows the derived uncertainties.

Table B1-2 Derived Uncertainties

DERIVED UNCERTAINTY
Friction Factor 0.064
Discharge 0.01

University of Calicut 129 |Page



	front
	second

