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ABSTRACT

Due to rapid evolution in a wide range of technologies in twentieth
century, heat dissipation requirement has increased very rapidly especially
from compact systems. There is an urgent need for high-performance heat
sinks to ensure the integrity and long life of these petite systems. Use of
forced convection cooling has been limited by the requirement of the
excessively high flow velocity and associated noise and vibration
problems. Microchannel heat sink seems to be most reliable cooling
technology due to its superior command over heat carrying capability.
Detail literature review of the microchannel heat sink addressing various
aspects such as flow visualization, flow regime map, bubble dynamics,
pressure drop and heat transfer characteristics, different instabilities and
critical heat flux (CHF) has been carried out. Formation of the first bubble
at nucleation site is an inception of flow boiling in microchannel. Present
study is emphasis in understanding bubble dynamics in microchannel and
its theoretical modeling. A new energy balance bubble growth model has
been proposed to predict the bubble growth behavior at nucleation site in
microchannel. It is assumed that heat supplied at nucleation site is divided
between the liquid phase and the vapor phase as per instantaneous void
fraction value. The energy consumed by the vapor phase is utilized in
bubble growth and overcoming resistive effects; surface tension, inertia,
drag, gravity and change in momentum due to evaporation. Developed
model shows good agreement with available experimental results. In
addition, the bubble waiting time phenomenon for flow boiling is also
addressed using proposed model. Waiting time predicted by the model is
also close to that obtained from experimental data. Further, bubble growth
model is extended to address bubble dynamics during bubble growth at
nucleation site for microchannel in terms of non-dimensional energy ratio
numbers and their variation from bubble inception until departure. New
non dimensional energy ratio is also proposed, which helps in

differentiating inertia controlled and thermal diffusion controlled region



during bubble growth at nucleation site. This new non dimensional energy
ratio (E;) is the ratio of the energy required for bubble growth to the
energy required to overcome the surface tension effect. Moreover, effort
has been made to develop new CHF model for microchannel combining
non dimensional analysis and energy based bubble growth model. Two
separate CHF correlations for refrigerants and water have been developed
following a semi-empirical approach. Both CHF correlations show good
agreement with experimental CHF data than previously proposed CHF

correlations.

Eventually, heat transfer and pressure drop behavior of single phase flow
in open type microchannel are measured experimentally. An experimental
test rig is design and fabricated to carryout experimental investigation.
Performance of the two configurations of the microchannel heat sink is
tested: (1) microchannels with fins, (2) microchannels without fins. It is
found that fins in the microchannel intensified heat transfer performance
of open type microchannel heat sink by 15%. Whereas, penalty in pressure
drop increased by around 18%. Overall thermal performance of the
extended open type microchannel is found to be above unity for all

operating condition.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Heat dissipation requirement in many cutting edge applications such as
microelectronics, microsensor, microactuator etc. is rapidly rising as per
Moore’s law [1], which stated that the number of transistors per square
inch on integrated circuit (IC) will be almost doubling every year. As
number of transistors increases, the amount of energy to be dissipated as
heat from the chip also goes on increasing. Hence, efficient cooling of
such systems becomes mandatory for ensuring consistent performance and
long life of the systems without requiring frequent maintenance. Heat
generation rate has gone up to 10> W/cm? in densely packed integrated
circuit (ICs) [2, 3] and laser mirror [4], 10° W/cm? in aviation and VLSI
industry [5] and 10 W/cm? in fusion reactor and defense application [6,
7]. Further miniaturization and addition of new functionality in coming
future will increase the heat dissipation requirement in aforementioned
applications. Such high heat dissipation requirement from small base area
even uproots the possibility of using conventional size heat sink working
on two phase heat transfer mode. Here, some of cooling techniques such
as forced air convection, heat pipe and jet impingement are discussed in
brief.

1.1.1 Forced air convection

Forced convection air cooled technique, as shown in Fig. 1.1, is simple
and widely used for cooling of the computer chips for low heat dissipation
rate. Many improvements have been made like optimization in heat sink
design and thermal consideration in the integrated circuit layout.
However, these improvements do not meet the requirements and its usage
is restricted for heat flux beyond 100 W/cm? [8].



1.1.2 Heat pipe

Heat pipe is a device used for cooling purpose, having no moving part. It
consists of two region i.e. evaporator, adiabatic section and condenser
embedded in the metal pipe which is attached to the heat dissipation
surface. Figure 1.2 shows simple schematic of the heat pipe [10]. Limited
volume of working fluid is a main problem with use of heat pipes in
electronics due to the wick structures, which limits the heat carrying
capacity of the heat pipe. Current heat pipes heat sinks are used for

removal heat power about 100 W [11].

Micr oprocessor

Figure 1.1 Finned heat sink and fan clipped onto a microprocessor [9]
1.1.3 Jet impingement
Arrays of the nozzles are used to impinge a liquid on the heat transfer
surface in jet impingement cooling method as shown in Fig. 1.3. Higher
heat transfer rate can be achieved by smaller jet diameter with higher
number of nozzles in jet array. Multi jet arrangement offers heat removal
rate up to 300 W/cm? [12]. However, to achieve this high heat flux
requirement, jet impingement method has to overcome issues like high

pumping power requirements, control of the jet velocity and prone to

2



possible surface erosion and nozzle obstruction. Thus, there is an urgent
need of the enhanced cooling techniques that can meet the heat dissipation

requirements of the aforementioned applications.

The fluid now condenses and releases its latent heat
] ; of evaporation. The condensed fluid. though gravity
Rojjid (apor. Withmsts and/or capillary action, is drawn back into the pores

from the evaporator area ;
. of the wick structure and returns to the evaporator.
into the condenser area. Vapor

The working fluid, as

condensation

Evaporator
end Oty
Porous wick
Vapor " structure
generation Wick serves two purposes. First, it acts as the wick, using

Heat ex?ters'the pipein 'the evsfporator 3. capillary pressure to bring the condensate back to the
where it boils the working ﬂ“fd The .boﬂed evaporator. Secondly. its sintered structure acts as an
vapor creates a pressure gradient which extended surface area to allow higher heat fluxes and
forces the vapor towards the condenser. ates 6E Heat wansfer.

Figure 1.2 Heat pipe arrangements [10]

Liquid outlet

Vapor outlet

Figure 1.3 Jet impingement cooling method

3



1.1.4 Microchannel heat sink

For removal of higher amount of heat, microchannel heat sink is one of
most promising solution of the twenty first century. Heat can be removed
either by single phase or by two phase (flow boiling) flow through
microchannel. In case of the single phase liquid flow, large surface area to
volume ratio is due to small hydraulic diameter which is responsible for
high heat removal. Single phase liquid flow in microchannel heat sink is
capable of removing heat flux over 500 W/cm? [13]. Under high heat flux
condition, microchannel heat sinks with single phase that are limited by
the high pumping power requirements due to large pressure drop, and non
uniform temperature distribution because they rely of sensible heat of the
fluid [14].

Heat generation in aforementioned applications crosses 10% W/cm?.
Hence, flow boiling in the microchannel heat sinks seems to be more
reliable solution over single phase flow in microchannel for high heat
dissipation task. Thermal performance of the flow boiling in
microchannels is impressively high due to the combined effect of very
small hydraulic diameter and associated latent heat of evaporation. It can
remove heat flux of more than 10° W/cm? [15]. Based on its superiority,
different companies started its implementation in real life application.
Recently, IBM scientists addressed that liquid cooled microchannel heat
sinks are capable of maintaining super computer’s component temperature
below 45°C and found that overall energy consumption of the cooling
system is reduced by 40% as compared to conventional air cooled systems
[16]. Gradually, microchannel heat sinks are expected to be used in variety

of other day to day applications.

1.2 Motivation of the study

Heat dissipation requirement will continue to rise with more advancement
in technologies and further reduction in the size of above mentioned
applications. Continuous quest for miniaturization and enhanced

functionality demands have further narrowed down available options.
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Flow boiling in microchannel can help in efficient cooling of the
aforementioned applications without abdicating their performance level.
Considering above facts, it can be concluded that flow boiling in
microchannel heat sinks seem to be the plausible solution of twenty first
century over cooling problems as it offer several advantages such as:

e Very high heat transfer coefficient can be obtained due to
combined effect of small hydraulic diameter and involvement of
latent heat of evaporation.

e Low pressure drop due to low flow rate resulted into low parasitic
power requirement.

e Uniform temperature distribution along the surface can be
achieved due to constant vaporization temperature.

e Low coolant and material inventory requirement.

e Compact size due involvement of micron size channel.

However, flow boiling in microchannels, while very promising solution of
thermal management of highly compacted systems in twenty first century,
is still a subject of intense research that requires comprehensive
investigation. While designing the microchannel heat sink based
application, challenging issues related to the flow boiling in microchannel
heat sink have to be addressed such as bubble dynamics (which has great
influence on the flow boiling in microchannel heat sink) and its intrinsic
relation with different boiling mechanism, critical heat flux etc. Further,
understanding of the heat transfer augmentation techniques in
microchannel heat sink and its impact on the performance of microchannel
heat sink is underlying in case of the single phase liquid flow. Following

section gives brief idea about the thesis organization.

1.3 Organization of the Thesis
This thesis is organized in six chapters, the first chapter provides brief
introduction to the research problem.



Chapter 2 reviews the previously reported work by researchers in the field
of microchannel heat sink. This comprises both single phase liquid flow
and two phase boiling flow in microchannel. It covers various aspects of
microchannel heat sink such as historical background, flow visualization,
flow regime map, bubble dynamics, pressure drop, heat transfer and
comparative assessment of heat transfer coefficient correlations,
associated instabilities and their mitigation methods, critical heat flux
(CHF) and findings of the previous work etc. The conclusions emerging
from the literature review and the objectives of the present work have been

reported at the end of this chapter.

Chapter 3 deals with a detailed theoretical modeling of the bubble grow
that nucleation site in microchannel. New theoretical energy based bubble
growth model has been proposed and its validation has been checked by
comparing its prediction with reported experimental works of [38, 39, 81,
186] and detailed numerical study of [35]. Furthermore, energy based
bubble growth model is explored to discuss the waiting time phenomena
in microchannel. Moreover, effort has been made to develop the energy
based non dimensional energy ratio utilizing the energy based bubble
growth and their variation during bubble growth at nucleation site from
bubble inception to bubble departure is discussed. Eventually, an intrinsic
connection of these ratios with inertia controlled region, thermal diffusion

controlled region and critical heat flux is discussed.

Energy based bubble growth model is extended along with non
dimensional analysis to develop the separate critical heat flux correlations
for water and refrigerants and is discussed in chapter 4. These correlations
are developed in conjunction with non dimensional analysis. The validity
of proposed CHF correlations has been checked by comparing against of
different experimental studies and also with existing CHF correlations.



Chapter 5 deals with experimentation of single phase liquid flow in open
type microchannel heat sink. Experimental test rig is developed to study
the heat transfer and pressure drop characteristics of two types of open
microchannel heat sinks (1) microchannels with fins, (2) microchannels

without fins. Their performance analysis and comparison are presented.

The overall conclusions of the present work and the recommendations for

future work are discussed in chapter 6.






CHAPTER 2

LITERATURE SURVEY

This chapter deals with comprehensive literature review on two phase
flow boiling in microchannel heat sink. It covers various aspects of
microchannel heat sink such as flow visualization, flow regime map,
bubble dynamics, pressure drop, heat transfer and comparative
assessment of heat transfer coefficient correlations, associated
instabilities and its mitigation methods and critical heat flux (CHF).
The conclusions emerging from the literature review and the objectives
of the present work are reported at the end of this chapter.
2.1 Introduction
In order to overcome the problem of high heat flux removal from small
area, first time Tuckerman and Pease [17] had developed microchannel
heat sink made up of silicon to remove heat flux of 790 W/cm? with
water as working fluid. They found that the performance of VLSI
circuit was accelerated with such type of microchannel heat sink.
Keyes [18] carried out theoretical analysis of finned microchannel heat
sink with conventional heat exchanger theory and concluded that the
size of fin and channel dimensions could be optimized to provide
maximum cooling under wide range of application. Thermal
performance tests were conducted on silicon and indium phosphate
microchannel heat sinks by Phillips [4]. He found that the thermal
performance of microchannel heat sink was approximately two times
better than conventional channel heat sink. Missaggia et al. [19]
developed a microchannel heat sink (40 channels of dimension (W, H)
(100, 400) um made through etching on silicon wafer) for cooling of
two dimensional high power density diode laser arrays, the use of
microchannel heat sink provided significant increase in optical power
output.
Classification of the microchannel is controversial issues. Some
authors have classified based on channel dimension, whereas others
believe that it should be based on flow stability. Following is the
9



summery of criteria reported in literature to distinguish between
microchannel and macrochannel. Kandlikar and Grande [20,21] had
proposed the range as 10 um < D < 200 um and Mehendale et al. [22]
had suggested the range as 1 um < D < 100 pum for indentifying
microchannel, where D is the diameter of tube or smallest dimension
for other cross-sections. Cornwell and Kew [23] and Kew and
Cornwell [24] had defined the confinement number (Co) in order to
distinguish between macro to micro scale flow boiling as given by
equation (2.1);

- 1/2
o = [sorsomr @1

As per their proposed criteria, channels with Co > 0.5 can be classified
as microchannels, as influence of the gravity was surpassed by the
surface tension above this level.

Manufacturing of the microchannel of required shape and size on
required material is another major issue. Researchers have used
different manufacturing techniques for the fabrication of microchannel.
Table 2.1 summarizes few of the typical manufacturing techniques and
the type of microchannel produced.

Kandlikar and Grande [20, 21] had reported that the technology to
fabricate microchannels had quickly evolved from the miniaturization
of traditional machining techniques (milling and sawing) to the
adoption of modern techniques (anisotropic wet chemical etching, dry
plasma etching and surface micromachining, LASER cutting) used in
the semiconductor manufacturing industry. These techniques have
changed the scenario of microchannel heat sink field, lot of companies
i.e. IBM Zurich Research laboratory, AAVID THERMALLOY,
Furukawa electric Co., Ltd. and Siliton R&D Corporation have come

in business related with microchannels.

Table 2.2, presents the summary of geometric parameters of

microchannel, working fluid and operating conditions used by different

10



researchers. Figure 2.1 shows typical parallel microchannel heat sink

and different cross sections of microchannel used.

Table 2.1

Different microchannel fabrication techniques

Author Process Material

Dimensions (W,
H) pm

Papautsky et  Electroplating Silicon and

al. [25] Glass
Lee etal. Micro-milling Copper
[26]

Wu and Photolithography Silicon

Cheng [27] method

Mei et al. Micro — Copper and
[28] moulding Aluminium
Wu et al. Deep reactive Silicon
[29] chemical etching

Chen and Saw- Cutting Silicon
Garimella

[30]

Lee et al. Reactive ion Silicon
[31] etching

Hwang etal. Laser Mythacrylate
[32]

Rectangular, W
=300 to 1500, H
=50-100
Rectangular, W
=194 t0 534, H
=5*W
Trapezoidal, Wy
=251, W, =
155.7, H=56.5
Rectangular, W
=137 — 174,
H=400
Rectangular, W
=483.4,H =50
Rectangular, W
=100, H = 389

Rectangular, W
=100, H =100
Circular, D=8 —
20

It can be concluded from Table 2.2 that majority of studies have been

carried out on copper and silicon substrate based test sections. Copper

is very popular material in thermal process equipments due its high

thermal conductivity and silicon is good semiconductor extensively

11



used in VLSI and electronics industries. From the Table 2.2, it can also
be concluded that most of studies have been carried out by using water
or refrigerant as working fluid. Water is not an appropriate coolant for
electronic devices due to its current carrying capability and corrosive
nature, which may be responsible for complete burnout of electronic
devices or scale formation hampering heat transfer characteristics.
However, common refrigerants used in field of microchannel heat sink
are R410A, R134a, FC — 72, FC — 77, HFE — 7000 and HFE — 7100.
Table 2.3 compares thermo-physical properties, ODP and GDP values
of different refrigerant. Thermo — physical properties play an important
role in boiling process like high viscosity of liquid phase, stabilizes
thin liquid layer in slug flow and annular flow. Hence, ensure smooth
boiling process (by slowing down flow instabilities). Similarly, large
density of vapor will facilitate boiling process by ensuring more
energetic vapor bubbles (vapor bubble will travel along heated wall
after departure, discussed in the flow visualization section) are
generated in boiling process. High liquid density is not desirable as it
tries to suppress growth of bubble. Whereas, low enthalpy of
vaporization, activates large number of nucleation site at early stage.
Hence, facilitating boiling process and reduces the thermal non
equilibrium of liquid and vapor phase. Thus, low enthalpy of
vaporization also helps in reducing the boiling instabilities associated

with microchannel.

In following sections, effort has been made to review single phase flow
and two phase flow in microchannel. In case of flow boiling, different
flow patterns observed, flow regime map, pressure drop characteristics,
heat transfer characteristics of microchannel heat sink are discussed in
detail. Dependency of pressure drop and heat transfer characteristics of
microchannels on various parameters is described in pressure drop and
heat transfer section. Further, instabilities associated with
microchannels such as flow reversal, pressure fluctuation, wall
temperature fluctuation, Ledinegg instability and their mitigation

techniques are addressed.
12



Table 2.2

Summary of microchannel geometry and operating parameters

Sr Author Fluid Microchannel Geometry Material Operating condition

no (W, H)/ D) (um), N

1 Tuckerman and Pease Water Rectangular, W = 56, 50, 55, H Silicon Pin =1 —2 bar, g” = 1810 to 7900

[17] = 320, 287,302 kKW/m?, V=4.7x10"® to 8.6x10°°
m3/s

2 Peng and Wang [33] Deionised water Rectangular, W =600, H = Stainless Tin=30-6060°C, G = 1480 —
700, N=3 steel 3947 kg/m’s

3 Qu and Mudawar [34] Water Rectangular, W =231, H = Copper G = 135 - 402 kg/m®s , Ti, = 30,
713, N=21 60 °C, Poyt = 1.17 bar

4 Qu and Mudawar [35]  Deionised water Rectangular, W =215, H = Copper G = 86 — 368 kg/m*s, Ti, = 30,
821,L=448mm,N=21 60 °C, Pyt = 1.13 bar

5 Steinke and Kandlikar ~ Water Rectangular, W =214, H = Copper G =157 - 1782 kg/m’s, q” = 5 —

[36]

200, L=57.15mm,N=6

930 kW/m?, Tin = 22 °C, Poy =

13



Table 2.2 continued

[.13 bar,x=0-1

6 Coleman and Krause R134a Dp,=830,L=5mm, N =18 G = 185 to 785 kg/m?’s
[37] ports
7 Lee etal. [38] Deionised Trapezoidal, Wy =102.8, W, = silicon q" = 1.47 — 449 kW/m?, G = 170
Water 59.18, H=130.1, N=1 — 477 kg/m?s
8 Li et al. [39] Deionised Trapezoidal, W; =100, W, = Silicon q” = 12.4 — 303 kW/m?
Water 41,H=41,N=2 G = 105 — 555 kg/m?s
9 Lee and Mudawar [40] R134a Rectangular, W =231, H = Copper P =1.44 - 6.6 bar, Xj, =0.001 —
713 um, N =21 0.25, Xout = 0.49 — supreheated, g
=316 — 938 kW/m? G = 127 -
654 kg/m®s
10 Kosar et al. [41] Water Rectangular, W =200, H = Silicon q” = 280 — 4450 kW/m?, G = 41
264, L=10mm,N=5 — 302 kg/m?s
11 Ling et al. [42] Distilled Water D =13,20, L =40to 100 mm, Silex Glass At room temperature

14



Table 2.2 continued

12 Chen and Garimella
[43]

13 Yun et al. [44]

14 Sobierska et al. [45]

15 Huh et al. [46]

16 Qietal. [47]

17 Lee and Mudawar [5]

FC-77

R410a

Water

Deionised water

Liquid Nitrogen

HFE — 7100

Rectangular, W =389, H =
389, N=24

Rectangular, Dy =1360 (N =
8), 1440 (N = 7)

Rectangular, W = 860, H =
2000, L =330 mm, N =1,

Rectangular, W = 100, H =
107,N=1

Circular tube, D =531, 834,
1042, 1931, N =1,
Rectangular, W = 123.4 to
259, H=304.91t01041.3, L =
10 mm, N = 24,11

silicon

Copper

Silicon

stainless
steel

Copper

Tin =71 °C, Peit = atms., q” =
94 — 617 KW/m?, 1 = 35, 47, 60
ml/min,

T =0, 5,10 °C,

q” =10 to 20 kW/m?, G = 200 to
400 kg/m?s

T =2-20K, Tin=36.4—
36.5, Poyt = atms., q” = 100
kW/m?, G =50 —1000 kg/m?s
Pout = atms., q” = 200 — 530
kKW/m?, G = 170, 360 kg/m>s
Re = 10000 to 90000, system
pressure =1 —9 bar

Tin=130°C, Py = 1.138 bar, q”
=0 - 7500 kW/m?, G = 670 to
6730 kg/m®s
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Table 2.2 continued

18

19

20

21

22

Wang et al. [48]

Agostini et al. [49]

Singh et al. [50]

Ergu et al. [51]

Schilder et al. [52]

Water

R134a

Water

Distilled Water,
Potassium

ferricyanide

Ethanol and
Water

Trapezoidal, Wy =427, W, =
208, H=146,N=8
Circular, D =509, 790, N =1

Dy = 142 constant, L = 20 mm,
B=1.24,1.43,1.56, 1.73, 2.56,
3.6,3.75,N=1

Rectangular, W = 3700, H =
107.9,L=35mm,N=1

Circular tube, D, =600, L =
110 mm, N =1

Silicon

Glass

Silicon

Acrylic

Glass

Tin=35°C, q” = 184.2-4855
KW/m?
Tin=30°C,q"=6.5-31.8
kW/m?, G = 200 to 1500 kg/m®s,
x =0.02100.19

q” =290 — 366 kW/m?, G = 82.4
—126.2 kg/m®s

in = 25 °C,
for pressure drop: Re =100 —
845,
for mass transfer: Re = 18 — 550
in=23°C, G =158-317
kg/m?s, q” = 50 — 97 kW/m?, Re
= 25-202
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Table 2.2 continued

23

24

25

26

27

Krishnamurthy and
pales [53]

Balasubramanian et al.

[54]
Megahed [55]

Barlak et al. [56]

Edel and Mukherjee
[57]

HFE — 7000 Rectangular, W =200, H =
243, L=10mm, N=5, pin: D
=100 pm dia, N = 24,

Pitch ratio= 4
Deionised Rectangular, W = 300, aspect
Water ratio = 4, N = 40,
FC-72 Rectangular, W = 225, H =

276, L =16 mm, N =45,
Three cross linked channel 500

pum wide,

Distilled Water  Circular, Dy, = 200 — 589, L/D
=16 to 265, N =1

Water Rectangular, W =201, H =

266, L=25mm,N=1

Silicon

Copper

Silicon

Stainless

Brass

q” =100 — 1100 kW/m*, G =
350 — 827 kg/m?’s

Tin = 90 °C, ” = 1400 kW/m?, G
=100 to 133 kg/m?s

q” =7.2t0 104.2 KW/m?, G = 99
to 290 kg/m?s, Xout = 0.01 to
0.71

in = 25 °C, Re = 100 — 1000

Tin =64, 80,98 °C, m =0.41 to
0.82 ml/min
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Table 2.2 continued

28

29

30

Lu and Pan [58]

Lee et al. [31]

Park et al. [59]

Water

Water

FC-72

Rectangular Varying cross
section, Inlet: W =100, H =
76, Outlet: W =560, H =76, N
=10

Rectangular, W =50, 100, H =
46, 48,100, L=64 mm,N=1
Rectangular, Dy, = 67 (N=190),
Dp =278 (N=95).

Silicon

Silicon

stainless

steel

G =99 — 293 kg/m°s

Pin = 1—10.15 bar, Ti, = 24 °C,
G = 138.9 kg/m?s

case I: Dp=67,0”=0.6-3.6
KW/m?, G = 188 — 742 kg/m?s
case Il: D, =278, q” =6 —45.1
KW/m?, G = 449 — 1538 kg/m?s
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Table 2.3
Thermo-physical properties at 25 °C, Global warming potential and ozone depletion potential index of different cooling fluids

Refrigerant Dynamic Liquid Vapor Thermal Enthalpy of  Surface ODP GWP

viscosity Density  density  conductivity evaporation  tension

(10*kg/ms) (kg/m®)  (kg/m®)  (W/mK) (kJ/kg) (N/m)
R134a 1.95 1206 32.35 0.081 177.78 0.0080 0 1300
R410a 1.84 1189 29.94 0.076 185 0.0091 0 1890
FC-72 6.40 1680 13.23" 0.057 88 0.0105 0 9000
FC-77 6.14 1664 16.63" 0.059 89 0.0130 0 9000
HFE — 7000 6.00 1400 5.71 0.075 142 0.0124 0 400
HFE — 7100 6.10 1520 9.87* 0.062 125 0.0136 0 320

Foot note: * Ty = 56.6 °C, # Py, = 1 bar, ODP = Ozone Depletion Potential
Courtesy: properties collected from various websites and product data sheet.
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Eventually, critical heat flux (CHF) associated with microchannel is

discussed briefly and different CHF correlations are also compiled.

W W,

“«
Rectangular ~ Trapezoidl  Triangular

Figure 2.1 Parallel microchannel heat sink

2.2 Flow visualization

The study of different flow regimes that exist in microchannels is
important because the pressure drop and heat transfer characteristics
can not be predicted accurately in absence of comprehensive
information about different types flow regime. It is very difficult to
predict the sequence of flow patterns in microchannels unlike
conventional channels without high speed photography. In
conventional channels as explained by Thome [60], the sequence of
flow pattern in vertical channel are: bubbly, slug, churn, wispy-annular
and annular flow, whereas for the horizontal channel are: bubbly, slug,
plug, annular, stratified, annular with mist and wave flow exists, as
shown Fig. 2.2 (a) and 2.2 (b), respectively.
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Figure 2.2 Flow patterns in conventional channel (a) vertical channel,

(b) horizontal channel

In case of microchannels flow patterns are quite different than
conventional channels. Hence, two phase flow pattern maps and flow
boiling heat transfer methods developed for macrochannels fail to
predict behavior of microchannels through simple extrapolation.
Pfahler et al. [61] carried out experiments on three different
microchannels (W, H) (100, 8) (100, 17) and (53, 135) using N —
propanol. They found that the largest cross section channel roughly
followed Navier — Stokes equation. However, as the channel size
reduced, they observed significant deviation from Navier — Stokes
prediction.

In the last two decades various researchers have carried out flow
visualization study on a single microchannel, multiple microchannels
and microtubes.

Sobierska et al. [45] performed experiments using water in a single
rectangular microchannel (W, H) (2000, 860) and observed bubbly,
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slug and annular flow. Lee and Mudawar [5] visualized the nucleate
flow boiling at inlet, middle and outlet section of microchannel and
related the flow patterns with boiling curve. Megahed and Hassan [62]
carried out experiments on 45 rectangular microchannels (W, H) (225,
276) with FC — 72 as working fluid over wide range of the heat flux (g
= 60.4 —130.6 kW/m?) and mass flux (G = 341 — 531 kg/m?s). They
concluded that two phase flow in microchannel can be divided into
three main flow regimes; bubble, slug and annular flow. Zhang and Fu
[63] performed experiments on vertically upward microtubes of 531
and 1042 pum inner diameter using liquid nitrogen as working fluid.
They reported bubbly flow, slug flow, churn flow and annular flow as
the main flow patterns. They also observed confined bubble flow (Fig.
2.3 (a)), mist flow, bubble condensation (Fig. 2.3 (b)) and flow
oscillation in their study. Two types of flow pattern were reported by
Kawahara et al. [64]; (a) quasi-homogeneous (Fig. 2.3 (c)): shorter gas
plugs at high liquid flux (b) quasi-separated (Fig. 2.3 (d)): longer gas
bubble surrounded by smooth and wavy liquid film at high gas flux.
Experiments were performed by mixing Nitrogen gas with distilled
water and aqueous solution of ethanol on circular tube of diameter 250
um. Choi and Kim [65] carried out water and Nitrogen-gas two-phase
flow experiments over range of superficial velocity of liquid (0.06 —
1.0 m/s) and gas (0.06 — 72 m/s ) on five different types of rectangular
microchannels (D, = 141, 143, 304, 322 and 490). They reported the
bubbly flow, slug bubble flow, elongated bubble flow (Fig. 2.3 (e)),
transition flow and liquid ring flow (Fig. 2.3 (f)) in their flow
visualization study. The elongated bubble flow and the liquid ring flow
are repeated periodically in transition flow. Choi et al. [66] observed
bubbly flow, transition flow and liquid ring flow on rectangular
microchannels of varying aspect ratio (a« = 0.16, 0.47, 0.67, 0.92).
They found that two phase flow became homogeneous with decrease in
aspect ratio, which they attributed to decreased liquid thickness at low
aspect ratio. Cornwell and Kew [23] conducted experiments with R-

113 flowing inside rectangular microchannels of size (W, H) (1200,
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900). They reported three flow patterns isolated bubble (= bubbly
flow), confined bubble and annular flow in their experimental study.
Kasza et al. [67] performed experiments on small channel of D, = 3.53
mm. They observed small size nucleating bubble under the thin liquid
film that formed between channel wall and vapor core during the slug
flow as shown in Fig. 2.3 (g). Similar situation is even possible in case
of microchannels but observing such small vapor bubble underneath
liquid layer is quite difficult in case of microchannels, dominating
surface tension effect worsens the situation.

Chung and Kawaji [68] performed experiments on four microtubes (D
=50, 100, 250, 530), using physical mixture of water and nitrogen gas
as working fluid. They observed the bubbly, slug, swirling pattern in
churn flow (Fig. 2.3 (h)), serpentine-like gas core in churn flow (Fig.
2.3 (1)), liquid bridge in slug-annular flow (Fig. 2.3 (j)) and fully
developed annular flow for tubes with 250 and 500 pm diameter.
Bubbly, churn, slug-annular flows were absent for 50 and 100 pm
tubes. The serpentine-like gas flow was having meandering motion.
This was attributed to the strong effect of surface tension and liquid
viscosity in 50 and 100 pm tubes, which prohibited the turbulence.

Lee and Mudawar [69] carried out experiments to study the two phase
flow patterns in test specimen with 53 rectangular microchannels (W,
H) (231, 713) for R134a at different heat flux and inlet quality. They
observed that bubbly flow regime and nucleate boiling occurred only at
low qualities (xe < 0.05) corresponding to low heat fluxes. Whereas,
annular film evaporation flow dominated at high heat fluxes producing
medium quality (0.05 < xe < 0.55) or high quality (0.55 < X, < 1.0).
Chen and Garimella [43] carried out flow visualization study of test
specimen with 24 square microchannels of size 389 um and wall
thickness of 100 um. They performed experiments under wide range of
heat and mass flux. They observed that at low heat fluxes, bubbly flow
was dominant, with the bubbles coalescing to form vapor slugs with

increase in heat flux. At high heat fluxes, the flow regimes after slug
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[70], (1) bubble interacting [53]
24

(k)

homogeneous flow [64], (d) quasi-separated flow [64], (e)

elongated bubble flow [65], (f) liquid ring flow [65], (g) bubble
nucleation in the liquid film [67], (h) swirling pattern in churn flow

bubble flow [63], (b) bubble condensation [63], (c) quasi-
[68], (i) serpentine-like gas core in churn flow [68], (j) liquid
bridge in slug—annular flow [68], (K) circulation in microchannel

Figure 2.3 Various types of flow patterns in microchannel (a) confined
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Figure 2.4 Periodic variation of flow patterns with time (Chen and
Garimella [43])

flow in the downstream portion of the microchannels had characteristic
of alternating wispy-annular flow and churn flow (Fig. 2.4), while flow
reversal was observed in the upstream region near the microchannel
inlet. They attributed the alternating flow patterns to the flow reversal
towards upstream and found that flow reversal continued as heat flux
was increased and it lasted until the complete dryout of the channel
was reached.

Wang et al. [48] carried out flow visualization study in parallel
microchannels with three different types of inlet/outlet configurations.
Type — A had inlet and outlet port perpendicular to the microchannels.
In Type — B, flow entering to and exiting from microchannels freely
without restriction. Type — C had inlet restrictions of triangular shape
and flow entering with restriction and exiting without restriction in
microchannels. They observed that the flow pattern changed with
operating condition as well as inlet/ outlet configuration. With B type
configuration, steady bubbly/slug flow regimes were observed for
vapor quality Xe < 0.044, in the range from 0.044 < x, < 0.103, bubbly/
annular alternating flow regimes were observed and for the value of
vapor quality x. > 0.103, annular/mist alternating flow were observed.
With C type configuration, bubbly, elongated bubble and annular flow
were the main flow regimes observed.

Kashid et al. [70] reported circulation of the liquid behind bubble as

shown in Fig. 2.3 (k) within the liquid slug. Which they attributed to
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the formation of vacuum generated behind the rapidly moving vapor
bubble that caused the recirculation of liquid at nose of the upcoming
bubble. They further concluded that the recirculation may cause bubble
distortion at tail of leading bubble or at nose of upcoming bubble.
Agostini et al. [49] observed similar distortion at the tail of elongated
bubbles in their study.

Schilder et al. [52] observed in their flow visualization study that the
bubble growth took place in both upstream and downstream directions
leaving behind a thin evaporating wavy liquid film on the tube. They
attributed the shear between vapor and liquid phase during slug flow
for the formation of wavy pattern on the film surface. Lee et al. [31]
also carried out similar flow visualization study for microchannel with
single artificial cavity. An explosive bubble growth was observed at
cavity due to high degree of superheat at artificial nucleation site.
Krishnamurthy and Peles [53] observed the flow for rectangular
microchannels (Dn = 222 um) containing a single row of 24 pin fin of
100 pum in diameter. Flow visualization revealed the existence of
isolated bubbles, bubbles interacting (Fig. 2.3 (1)), multiple flow and
annular flow.

Barber et al. [71] had observed the variation in interfacial velocities of
growing vapor slug over time along with bubble nucleation and growth
in a single microchannel (Dy = 727) using refrigerant FC — 72. The
downstream end of the bubble was called as nose and upstream end
was named as bubble tail. The tail and the nose moved with same
velocity until bubble was not confined. After confinement, tail velocity
was reduced due to inertia of incoming fluid suppressing the bubble
tail. Whereas, the bubble nose velocity increased as negligible
resistance of fluid was present in downstream direction.

Megahed [55] carried out flow visualization study on 45 straight
microchannels (D = 727) connected through three cross-links of width
500 um. They carried out experiments under heat flux range (37 — 69.6
kW/m?), mass flux range (109 — 195 kg/m?s) and vapor quality range

(0.2 — 0.4). They observed only slug flow under entire range of
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experimentation. They did not observe transition from slug flow to
annular flow, which they attributed to transverse flow within the cross
link.

Edel and Mukherjee [57] observed that elongation of the vapor bubble
after confinement Fig. 25 (a — b) resulted into suppression of
preceding vapor bubble. As vapor bubble started expanding after
confinement, pressure spike was generated in upstream direction. This
pressure suppressed preceding bubble, hence the size of preceding
bubble was reduced as shown in Fig. 2.5 (c). This smaller size bubble
again started growing, when larger bubble pushed enough liquid out of

the channel for decreasing built up pressure as shown in Fig. 2.5 (d).
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Smaller bubble begins to grow when Smaller bubble grow till push
larger bubble push enongh liquid out of ~ larger bubble out off the channel
microchannel to relief built pressure

@ (®)
Figure 2.5 Sequence of interacting bubble suppression in microchannel
(Edel and Mukherjee [57])

The small vapor bubble growth continued until it pushed larger bubble
out of the channel, as shown in Fig. 2.5 (e). Entire process repeated
itself in the same sequence after some time interval.

David et al. [72] performed experiments with single copper
microchannel (W, H) (124, 94) using mixture of air and water as
working fluid. One side wall of the microchannel was made up off the
hydrophobic Teflon membrane of 65 pm thicknesses and 220 nm pore

diameter in order to study the effect of venting process. This wall acted
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as venting wall, which helped in removing the air only through it, thus

avoiding instability due to vapor locking. Air was injected from

opposite site of hydrophobic thin membrane. They also observed that

with increase in inlet air flow, flow patterns followed sequence of

bubble, wavy, wavy-stratified, stratified, slug annular, annular at

constant water flow rate.

Table 2.4

Summary of important flow visualization studies

Author

Remark

Kasza et al. [67]

Chung and Kawaji
[68]

Lee and Mudawar
[69]

Schilder et al. [52]

Krishnamurthy and
Peles [53]

Megahed [55]

Edel and Mukherjee
[57]

David et al. [72]

e Bubble growing pattern inside thin liquid
film (below vapor slug) tries to avoid early

occurrence of dryout condition.

e They studied effect of microtube diameter

on flow pattern.

e Bubbly, slug, alternating wispy-annular

flow and churn flow.

e Temporary dryout can even initiate at low
vapor quality due to instable liquid film.
e Instability issues are more severe in case of

low viscous flow.

e Extended surface can help in mitigating

early stage flow instability.

e Flow stability can be improved by mass flux

retardation from downward direction.

e Instability issues easily provoke in case of

single microchannel.

e Bubbly flow was observed towards the end

of channel due to air venting by

hydrophobic membrane.
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At higher water flow rates, jetting type breakup was observed and no
air venting could take place as annular flow followed by jetting type
breakup. Table 2.4 presents main summary of few important flow
visualization studies. Use of flow map for predicting two phase pattern
is extremely popular and well established for conventional size
channels [73 — 77]. Flow map is basically two-dimensional graph with
transition criteria for separating various flow regimes of two phase
flow. As the state is transformed towards boundary (separating two
regimes), it become unstable and further transition beyond boundary
converts flow patterns. Few authors have tried to develop flow map for
microchannel. Perhaps, Triplett et al. [78] were the first to develop
flow map for microchannel. They identified the transition boundaries
between different flow patterns using gas liquid superficial velocities
as coordinates. Harirchian and Garimella [79] developed
comprehensive flow regime map for FC — 77 using non dimensional
form of heat flux (Bl - Re) as abscissa and convective confinement
number (Bo®°Re) as ordinate on flow map. They also suggested new
transition criteria (Bo®°Re < 160) for physical confinement in
microchannel. Sur and Liu [80] developed flow map for adiabatic air
water two phase flow using modified Weber number (Weg (D/L),
Wey) as X and Y coordinates. They also observed that boundary of the
annular flow regimes shifted to higher gas superficial velocity as the
channel dimension is reduced from 324 pum to 100 um. From the
reviewed literature related to flow regime map, it has been observed
that exact location of the transition boundaries on flow map varies
dramatically even for microchannels of same geometry under same
flow conditions. More efforts are needed for developing
comprehensive flow map for microchannels.

Authors have also studied complete bubble dynamics in microchannel
since its inception through flow visualization. Bubble dynamics
(bubble nucleation, growth, departure and its motion along the flow)
plays an important role in heat transfer and pressure drop
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characteristics as well as various flow instabilities during two phase
flow of microchannels. First step in the bubble dynamics is the
inception of the bubbles at active nucleation site. Basically, nucleation
site is small cavity, where the phase change process starts. Bubble
grows for certain duration at nucleation site then it departs from it.
Bubble departure diameter from nucleation site governs subsequent
bubble dynamics. If departure diameter is around equivalent to channel
dimension (in case of high heat flux or very small sized microchannel)
then confinement may occurs at nucleation site itself [38, 39]. Bubble
basically do not detach in such case before start of confinement
process. However, if bubble departure diameter is small in comparison
to channels dimension then bubble starts travelling along the flow
direction [81] at heated surface after departing from nucleation site.
Once bubble diameter grows equivalent to channels dimension then
confinement process initiates. The bubble growth process rapidly
increases after this due to heating from side walls. Once bubble
confines complete cross section then starts elongating in flow
direction. Elongated bubble finally leaves the microchannel or may
lead to flow reversal phenomena (explained in instability section) at
high heat flux values. Figure 2.6 shows complete bubble dynamics for

microchannel.
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Figure 2.6 Complete bubble dynamics in microchannel
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Hsu [82], first time proposed the phenomena of bubble inception at
nucleation site during boiling. As per his theory bubble nucleation is
possible only if the minimum surrounding temperature of nucleation
site being at least equal to the saturation temperature corresponding to
liquid pressure.

Mukherjee et al. [83] further concluded that bubble formation can also
take place, if flowing fluid is mixture of liquid and gas in addition to
the condition proposed by Hsu [82]. Various authors had proposed
quadratic equation for finding the nucleation cavity radius, solution of
these equations give minimum r¢ min and maximum r¢ max Cavity radius.
Hsu [82], Davis and Anderson [84] and Kandlikar and Spiesman [85]
have proposed the relation for cavity radius for subcooled boiling
based on different bubble height. Lui et al. [81] have developed
relation for cavity radius for saturated flow boiling in microchannels.
At heated surface number of cavities are present, but nucleation takes
place only if cavity radius obeys following criteria: remin< re< rcmax.

Such cavities are called as active nucleation sites.

Bubble growth at nucleation site is divided between two regions;
inertia controlled region and diffusion controlled region (Bogojevic et
al. [86]; Yin et al. [87];) as shown in Fig. 2.7. In the initial stage size of
bubble is very small, bubble growth is governed by the reaction force
of the surrounding liquid at the bubble interface. This stage is called as
inertia controlled region. As the bubble starts growing, thermal
diffusion (between vapor liquid interface and surrounding liquid) effect
increases. Once it overcomes inertia effect, subsequent bubble growth
is governed entirely by thermal diffusion process [86]. Liu et al. [81]
observed linear bubble growth at nucleation site from its inception to
the departure. Whereas, Lee et al. [38] observed explosive bubble
growth also for a few combinations of heat flux and mass flux values.
However, they failed to explain reason behind explosive bubble
growth. In case of Lee et al. [85] experimental study, bubble even
stretched away in flow direction during its growth at nucleation site.
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Further, they observed that bubble confined entire channel cross-

section before departing from the nucleation site.
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Figure 2.7 Inertia controlled and thermal diffusion controlled regions

Kew and Carnwell [24] were first to report the confined bubble growth
in case of the small tube. Barber et al. [71] classified the confinement
as the partial confinement (Dpynple = min (W, H) and full confinement
(Dpusbie = max (W, H). They observed that partial confinement
produced both radial and elongated growth, whereas full confinement
was coupled with elongated growth only. Fu et al. [89] carried out
bubble growth study before and after bubble departure from nucleation
site for minichannel (D = 1.3 — 1.5 mm) using nitrogen as working
fluid. They reported linear and constant bubble growth in both cases.
Gedupudi et al. [90] carried out experiments for the studying the
growth of confined bubble in rectangular microchannel using water as
working fluid. They observed exponential bubble growth after
confinement from microchannel wall. Yin et al. [91] concluded that
elongation of the bubble after confinement is influenced by effective
heat supplied and bubble moving velocity along the flow. Recently,
Tuo and Hrnjak [92] carried out complete bubble dynamic study using
R134a refrigerant. They observed linear bubble growth before
confinement and exponential bubble growth in axial direction after
confinement. Exponential bubble growth was accredited to intensive
evaporation of thin liquid layer trapped between vapor bubble and

microchannel wall.
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Bubble grows under the influence of various forces since its inception
until final departure. These forces play vital role in bubble dynamics.
Helden et al. [93] considered lift, surface tension, buoyancy, expansion
due to pressure difference, drag and temperature induced drag force in
analysis of bubble detachment from artificial nucleation site along
vertical wall of square channel. Zeng et al. [94] considered surface
tension, drag force in flow direction, drag force due to unstable growth,
shear, buoyancy, hydrodynamic pressure and contact pressure force for
analyzing the bubble departure diameter during flow boiling in
horizontal square channel and Yeoh and Tu [95] considered same
forces for analyzing the bubble departure diameter during flow boiling
in vertical annular channel. Qu and Mudawar [96] had acknowledged
drag and surface tension force (neglecting effect of buoyancy force) for
the analysis of bubble departure during flow boiling in horizontal
microchannels. Kandlikar [97] introduced an evaporation momentum
force for analysis of the critical heat flux (CHF) characteristics in pool
boiling and applied it successfully for CHF analysis in microchannels
[98]. Kandlikar [99, 100] considered inertia, drag, surface tension,
shear, gravity and evaporation momentum force for the scale effect on
flow boiling heat transfer in microchannels.

Many researchers have carried out detailed numerical analysis of the
bubble growth for studying boiling mechanism in microchannels.
Mukherjee and Kandlikar [101] simulated a vapor bubble growth in
microchannel. They had observed that bubble grows linearly till it fills
the microchannel cross section, afterwards it expands rapidly due to
evaporation of the liquid film trapped between wall and the vapor
bubble [102]. They further concluded that bubble growth rate increases
with increase in degree of superheat and decreases with increase in
mass flux. Mukherjee et al. [83] carried out numerical analysis of the
bubble growth and its effect on heat transfer in microchannels of cross
section (200 um x 200 um). They observed that the wall superheat has
dominating effect on bubble growth than the Reynolds number. Zhuan

and Wang [103] carried out numerical study of the vapor bubble
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growth at nucleation site in microchannel. They concluded that in early
stages bubble growth is dominated by the surface tension force and in
later stages bubble growth is controlled by the heat supplied. Wang et
al. [104] presented hybrid methodology (coupling micro-resolution
particle image velocimetry and three dimensional iterative numerical
simulation) that can be used for reconstructing three dimensional
bubble geometry and finding associated three dimensional velocity
field around the bubble during growth at nucleation site. Gedupudi et
al. [90] addressed flow instabilities and uneven distribution associated
with parallel microchannels. They developed one-dimensional model
for partially and fully confined bubble growth in a single microchannel
to study the effect of upstream compressibility due to subcooled
boiling in the preheater or trapped non-condensable gas as associated
with parallel microchannels. Majority of these numerical studies had
been carried out for the bubble that is already departed from nucleation
cavity. Moreover, detailed numerical bubble growth study is

cumbersome and time consuming.

2.3 Pressure drop

It is of significant interest to understand the pressure drop
characteristics across microchannel, when designing applications based
on microchannel. As hydraulic diameter of microchannel is very small,
it is expected that single phase pressure drop per unit length associated
with microchannel will be much higher than macrochannels under
same operating conditions. Boiling in microchannels even promotes
the two phase pressure drop associated in comparison to conventional
size channels. In spite of being associated with large pressure drop,
microchannel heat sinks had attracted lot of attention due to their
strong command over heat transfer characteristics. Large pressure drop
is responsible for huge power consumption of the pump utilized. Thus,
the study of pressure drop in microchannels is equally important
similar to other aspects associated. Two phase flow/pressure drop can
be modelled using the homogeneous flow model and separated flow
model. In homogeneous flow model, two phases (liquid phase and
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vapor phase) are treated as a single phase. Another fundamental
assumption of homogeneous model is that liquid and vapor have equal
velocity. The separated flow model considers the phases to be
artificially segregated into two streams, one contains only liquid and
anther contains only vapor. The fundamental assumption of the
separated flow model is that liquid and vapor have constant but not
necessarily equal velocities. The pressure drop across the channel is
mainly dependent on the fluid properties (density, viscosity and surface
tension), mass flux (flow velocity, mass flow rate or Reynolds
number), effective heat supplied (wall temperature), vapor quality and
channel geometry (aspect ratio, hydraulic ratio and cross section).
Various researchers have studied the effect of these parameters on the
pressure drop characteristics of microchannels.

Researchers have carried out pressure drop analysis in single phase,
two phase with subcooled and saturated inlet condition in
microchannels. Very few studies have been carried out in single phase
mode. Qu and Mudawar [105] carried out experimental and numerical
study to predict the pressure drop for single phase in rectangular
microchannel heat sink using water as working fluid. They observed
that pressure drop reduced with increase in heat flux at constant
Reynolds number. They accredited it to the decrease in viscosity of
water at elevated temperature. Ergu et al. [51] carried out experiments
in the range of Reynolds number from 100 — 845 using water as
working fluid on rectangular microchannel (W, H) (3700, 107.4). They
observed that pressure drop increased linearly with Reynolds number
and concluded that single phase pressure drop behavior of
microchannel is very much similar to the macrochannel for laminar
flow region. Barlak et al. [56] conducted experiments on microtubes
(D =200, 250, 400, 505 and 589) having L/D ratio in the range of 16 —
265 using water as cooling fluid. They observed that at low Reynolds
number (Re < 2000), pressure drop was weak function of L/D ratio and
linear relationship existed between pressure drop and Reynolds

number. Whereas, pressure drop was strongly dependent on L/D ratio
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at high Reynolds number. Unlike large diameter tubes, smaller
diameter tubes faced a noticeable change in pressure drop with L/D
ratio beyond Re > 2000. Ling et al. [42] carried out pressure drop
analysis on circular tubes of 13 and 20 um diameter and length ranging
from 40 to 100 mm under pressure driven force condition. Linear
relationship between the flow rate and pressure drop was projected by
them. They further concluded that the flow characteristics of the
microtubes are basically in agreement with macroscopic liquid flowing
lows. Qi et al. [47] carried out pressure drop study on different
diameter tubes (D = 531, 834, 1042 and 1931) of constant length (L =
250 mm) in the range of Reynolds number 10* — 9x10*. They observed
that the total single phase pressure drop increased with increase in
mass flux and decrease in tube diameter. It was also observed that
friction factor obeyed conventional channel theory for tubes having
diameter of 1042 and 1931 pum. However, for the 531 and 834 um
tubes, friction factor value deviated from conventional channel theory.
They attributed it to the effect of the surface roughness on friction
factor in case of small tubes. Akbari et al. [106] carried out pressure
drop analysis on rectangular microchannels of varying aspect ratio in
the range of 0.13 to 0.76. They observed that pressure drop increased
with increase in the aspect ratio. However, it increased very rapidly as
the width of channel also approached to the limiting criteria of
microchannel. They also characterized different type of losses such as
contraction and expansion loss, developing region and fully developed
region loss and loss due to electro-viscous effect. Peiyi and Little [107]
carried out single phase experiments on nitrogen, hydrogen and argon
gas with eight different microtubes having diameter ranging from
55.81 to 83.08 um. They concluded that friction factor is dependent on
the channel geometry, roughness and mass flux.

Two phase pressure drop is of significant interest as far as flow boiling
in microchannels is concerned. Figure 2.8 shows the variation of
pressure drop for single phase and two phase with respect to (g /qsqt)

for subcooled boiling and saturated boiling region in horizontal
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orientation of microchannel, following Lee and Mudawar [108]. In the
single phase, pressure drop is primarily governed by the behaviour of
liquid viscosity with temperature. For fluid like water pressure drop
reduces with increase in wall heat flux at constant mass flux due to
decrease in liquid viscosity for single phase region. Pressure drop
reduction starts decreasing once onset on nucleate boiling (ONB)
condition is approached. ONB is the location, where the first bubble
forms. ONB indicates the termination of single phase flow and
inception of the subcooled boiling region as shown in Fig. 2.8.
Formation of bubble introduces two phase pressure drop components,
frictional and acceleration. The magnitude of these components
increases with increase in heat flux due to growth of vapor bubble or
due to formation of new bubble at newly activated nucleation sites.

They try to pull up pressure drop associated with microchannel unlike
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Figure 2.8 Normalized plot of pressure drop versus wall heat flux for
subcooled boiling (Lee and Mudawar [108])

In subcooled boiling region pressure drop initially reduces after ONB

and attains minima. This was attributed to the higher degree of
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subcooling, which suppressed the bubble growth initially after ONB.
On further increase of heat flux beyond minima condition, the vapor
bubble pressure drop components become dominating. Therefore,
pressure drop starts increasing with increase in heat flux. This trend
continued even in saturated boiling region. However, in case of the
vertical orientation gravitational pressure drop/gain  (upward
flow/downward flow) will influence pressure drop characteristics of
both single and two phase flow. Gravitational pressure drop/gain is
more dominating than frictional pressure drop in case of single phase
flow. As flow shifts from single phase to two phase, effect of frictional
pressure drop supersede gravitational effect.

Yun et al. [44] carried out two phase experiments on microchannels of
hydraulic diameter of 1.44 mm. They found that pressure drop
increased with increase in mass flux at constant saturation temperature.
At given mass flux, pressure drop decreased with increase in saturation
temperature, which they attributed to change in viscosity and density
of R410A.

Lee and Mudawar [40] carried out experiments using R134a to study
the pressure drop characteristics in microchannels. Based on combined
pressure drop data of R134a and water (Qu and Mudawar [109]), they
developed two phase pressure drop multiplier empirical relations for
separated flow model incorporating liquid viscosity and surface tension
effect. These correlations were used to examine the effect of vapor
quality, heat flux and mass flux on total pressure drop characteristics of
R134a. They found that at constant heat flux total pressure drop
decreased with an increase in exit vapor quality, which they attributed
to decrease in mass velocity. They also found that for constant mass
flux, pressure drop increased up to particular heat flux value beyond
which pressure drop became constant or slightly decreased. Up to
particular heat flux value, two phase frictional and accelerational losses
increases due to conversion of liquid into vapor. After complete
conversion into vapor, two phase frictional loss decreases but it is

compensated by the increase in single phase vapor pressure loss.
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However, acceleration loss remains at same value over complete
conversion into vapor phase. Thus total pressure drop remained
constant or slightly decreased beyond particular heat flux value.
Balasubramanian et al. [54] had reported increasing trend of pressure
drop for the variation of heat flux at constant mass flux in stepwise
expanding microchannels with deionised water. However, they
observed that in stepwise expanding microchannels pressure drop
decreased with increase in mass flux, which was due to increase in
mass flux (inducing reduction in saturation flow length). Reduction in
saturation flow length reduces the magnitude of two phase pressure
drop per unit length, which is substantially higher than magnitude of
single phase pressure drop per unit length. They also observed that
pressure drop associated with stepwise expanding microchannel was
smaller than straight microchannel, which they attributed to the
deceleration of vapor in downstream direction.

Megahed [55] carried out pressure drop analysis of cross linked
rectangular microchannels. They observed that two phase pressure
drop increased linearly with exit vapor quality at a given mass flux and
it increased very rapidly with increase in mass flux at constant vapor
quality. They further reported slight increases in slope of pressure drop
verses vapor quality line at low mass fluxes (G = 111, 141 kg/m?s) and
rapid increase in slope at high mass fluxes (G = 191, 245, 290 kg/m?s).
They accredited it in favour of presence of cross links between
microchannels. The presence of cross link also increased associated
sudden expansion and contraction pressure losses in addition to
increase in pressure loss due to cross flow. Furthermore, they also
compared experimental two phase pressure drop data with pressure
drop correlations published by Lee and Garimella [110] for straight
microchannels. They found that two phase pressure drop in cross link
microchannels is almost 1.5 times greater than regular straight
microchannels over tested range of mass flux, except at minimum
value of mass flux (G = 111 kg/m?s). From Balasubramanian et al. [54]
and Megahed [55] experimental study, it can be concluded that
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expanding microchannels have superior pressure drop characteristics
than straight and cross link microchannels. Sobierska et al. [45] carried
out experiments using water as working fluid on a straight vertical
single rectangular microchannel in the range of mass flux from 50 to
1000 kg/m?s. They also observed that pressure drop associated with
two phase increases with increase in mass flux and exit vapor quality
separately. However, pressure drop increased moderately in the range
of mass flux (50 — 300 kg/m?s) and rapidly beyond of it. Megahed and
Hassan [62] and Park et al. [59] measured experimentally the pressure
drop per unit length across rectangular microchannels. In both works, it
was observed that pressure drop per unit length increased with increase
in mass flux and vapor quality respectively. Megahed and Hassan [62]
attributed this behaviour to the impact of void fraction on pressure
drop. Park et al. [59] used rectangular microchannels (Dy = 61 and 278
um) in their experimental study on refrigerant FC — 72. They observed
that for a microchannel (D= 278 um) at mass flux of G = 112 kg/m?’s,
the pressure drop increased continuously beyond vapor quality of 0.9.
This was attributed to the absence of turbulent wave at higher vapor
qualities because of very thin liquid film. Eventually, they concluded
that existing macroscale pressure drop correlations could not be
directly used for microscale (below Dy = 100 um) due to change in
flow patterns below this dimension.

Phan et al. [111] analyzed experimentally the effect of surface
wettability on two phase pressure drop using four test-sections having
single rectangular microchannel (W, H) (5000, 500) and coated with
hydrophilic (Polydimethylsiloxane (SiOx), titanium (Ti), diamond like
carbon (DLC)) and hydrophobic (Polydimethylsiloxane (SiOC))
substances. These surfaces had static contact angle of 29°, 49°, 63° and
103° respectively. They found that at a given mass flux and exit vapor
quality, two phase pressure drop increased significantly with increase
in static contact angle, which they attributed to the effect of contact
angle on surface tension force generated. For unwetted surface (SiOC)

having higher contact angle, surface tension force intended to maintain
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the bubble at the solid wall, which resulted into increase in frictional
pressure drop. On the other hand for wetted surface (SiOx), surface
tension helped in proper wetting of the surface. Thus, wetted surfaces
were subjected to low two phase pressure drop in comparison to
unwetted surface.

Singh et al. [50] investigated the effect of aspect ratio (B = W/H =
1.23, 1.44, 1.56, 1.73, 2.56, 3.6 and 3.75) of rectangular microchannel
theoretically as well as experimentally. They observed that the pressure
drop first reduced with increase in P, attained minima at § = 1.56, then
started increasing rapidly with increase in . The occurrence of
minima, they speculated in favour of the opposite nature of frictional
and accelerational pressure drop with respect to aspect ratio. With
increase in P, acceleration pressure drop decreased and frictional
pressure drop increased.

Choi and Kim [65] and Choi et al. [66] carried out experiments using
water liquid-nitrogen gas adiabatic two phase flow in microchannel.
They concluded that the typical two phase pressure drop characteristics
of microchannel can be divided in three regions. Region I: Bubbly flow
regime, including bubbly, slug bubble and elongated bubble, Region II:
transition flow region, Region IlI: Liquid ring flow regime. In the
Region I, number of bubbles amplified the pressure drop on increase in
superficial gas velocity. In the Region Il, pressure drop decreased due
to collapse of elongated bubble on increase in superficial gas velocity.
In the Region 111, pressure drop increased very rapidly with increase in
superficial gas velocity

Table 2.5 summarizes relations proposed by different researches to
predict pressure drop across microchannels. Bowers and Mudawar
[112] considered the total pressure drop as summation of the single
phase, two phase frictional, two phase acceleration and two phase
outlet pressure drop components. Qu and Mudawar [109] splited the
single phase pressure drop into the developing and the fully developed
region pressure drop components and also introduced contraction and

expansion pressure drop components to calculate exact total pressure
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drop associated in microchannels. In two phase flow, vapor has higher
velocity than the liquid due to its low density in comparison to
corresponding liquid phase. In order to accommodate this effect of
liquid and vapor, Lee and Mudawar [40] defined two phase frictional
pressure drop component in terms of two-phase pressure drop
multiplier (@). Two phase pressure drop multiplier was defined in
terms of Martinelli parameter (X) and two-phase multiplier parameter
(C), which defined the type of the two phase flow (Table 2.5).
Megahed [55] introduced dynamic two phase pressure drop
component, which accounted for the enlargement at outlet and bends

of microchannels.
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Table 2.5
Summary of pressure drop correlations for microchannel

Author Channel geometry Operating condition Correlations
and fluid (W, H, D)
pm
Bowers and Circular, D = 2540, P;, =1.38 bar, Ty APp = APy, + APr + AP, + APpyenn
Mudawar 510 =10-32°C,m= G2 Vsg
[112] R113 19 — 95 ml/min AR, = (;) <;) ()

Subcooled boiling >
and saturated boiling AP, = 2 fspG Lsp
psD

AP; = 2 fpG*Ly 142
AP - M 14+ x vf_g
out prh L vf

fip = 0.005
Qu and Rectangular, W = 231, T, = 30,60 °C, Pow APy = AP¢y + APy, + APy 4o, + APgyy rgey + APp + AP, + APy + AP,
Mudawar H=713 =1.17 bar, G =134.9 e . veKer
[109] Deionised water -400.1 kg/m’s APy =~ Gz =GP+ > G2
Subcooled boiling _Vf 2 2y 4 VrKe2 o
o AP, == (G -G — G
and saturated boiling =5 ( )+

Vitxe V (vtxevsg) %
AP,y = LS (G2 = 63) + Ky L5 62k, = (1-22)

2
Vitxe V VrtXe V A
APy = L2 (G~ G?) + K,y (optxevy) . 19) G2 k,, = (1——AZ>

AP _ 2 fapszLsp,deva
sp,dev —

Dp
fsp.aevResp gev = 24 (1 — 13556 + 1.9478% — 1.70183% + 0.9568* — 0.254/35)
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Table 2.5 continued

Lee and Rectangular, W =231, P =1.44-6.6 bar,
Mudawar [40] H =713 um Xin = 0.001 - 0.25,
R134a Xout = 0.49 —
supreheated, g = 316
- 938 kW/m? G =

127 — 654 kg/m®s
Saturated boiling

— GDp . , W
Resp,d - ' ﬂ - ;
HUsp,dev
AP _ 2 fapszLsp,fdeva
sp.fd — Dp
2+ fop fdevResp dev—344(L], )_05
-05 (4 ) sp.fdevitesp,dev™ >\ Lsp,fdev
_ 1 + . sp,fdev
fapp ~ Re 3'4’4(Lsp,fdev) + + -2
sp.fdev 1+131x1074(LE 400
Lsp,fdev GDp
L+ = ——RJCeV ' Re d =
sp.fdev Resp fdevDhn ’ sp.fdev HUsp,fdev

fop raevResp paes = 24 (1 — 13558 + 1.94782 — 1.70158° + 0.9563* — 0.2545%)
AP, = LSty [1 + x;(”ﬂﬂ fip = 0.003

dp Vf
AP, = G*vx,
APp = AP, + APf + AP, + APSp,g — AP,

G*v 1 2 1 VX
AP. = f[(——1) +(1——2)H1+M]
2 CC o; Uf

AP, = G*0, (1 — 0,)vf [1 + —vfgj“’"’“t]
¥

_ 2Lspg 2
APsp,g = on fsp.9G Vg

fsp.gReg = 24 (1 — 1.35536 + 1.9476% — 1.70183 + 0.9568* — 0.254>)
for Re,< 2000

fspg = 0.079Reg‘°'25 for 2000< Re, < 20,000

fspg = 0.046Reg‘°'2 for 20,000< Re,

-1
AP, = G2 VX3 out + v (1-xeout)” _ |vgxein + vr(1-%ein)’ a=l1+ (1—x) (2)2/3
®in (1-ain) x vg

Qout (1-agyut)
fx"i" fr(1 — x)vp0%dx, 0 = 1+ g + é X% = [(dP/dz),/(dP/dz),]

_ 2G%Lgy
AP = ———

DpXe
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Table 2.5 continued

Megahed [55]

Rectangular, W = 225,

H =276
FC-72

q=7.2t0104.2
kW/m?, G =99 to
290 kg/m®s, Xout =
0.01t00.71
subcooled boiling
and saturated boiling

Cyy, = 2.15Rep**"We¢ laminar liquid—laminar vapor
C,r = 1.45Re)*°Wel%3 laminar liquid—turbulent vapor
AP, = AP, + AP,

4 L
AP, = [(—f”” 0 b Ko + Ken) U2y + 2Kt

me (Tsat—Tin)
qA

Lsub -

24
fip = 77 (1= 135538 +1.94676° — 1.7012f + 0.95644* — 0.25374°)

K, = 0.6796 + 1.2197p + 3.30898% — 9.592153 + 8.90898* — 2.9959p4°
Kgo= bending pressure loss coefficient
APy, = APy + AP, + APy gyn

G%v A
Aptp dyn = f 1- 06)2 [1 +Xx ( ff)]v O; = E
h [Qnet - C (Tsat ln)]
fg

Qnet - Qmput - Qloss

e
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2.4 Heat transfer

Heat transfer coefficient is the most important parameter governing the
usefulness of microchannel heat sinks. Heat transfer coefficient for
flow boiling in microchannels is impressively high due the combined
effect of very small hydraulic diameter and associated latent heat of
evaporation. Heat transfer coefficient is primarily influenced by fluid
properties (density and viscosity), mass flux, effective heat flux,
channel geometry (cross section area and aspect ratio) and vapour
quality. Various researchers had carried out experimental studies in
single phase as well as two phase heat transfer in microchannels.
However, major focus had been given to two phase heat transfer
studies.

Peng and Wang [33] studied the effect of force convection on single
phase heat transfer characteristics using rectangular microchannels (W,
H) (700, 600). They observed that decrease in liquid subcooling and
increase in flow velocity induced steep increase in heat transfer
coefficient. Wang and Peng [113] also carried out single phase forced
convection study using six heat sinks of microchannel dimesions (W,
H, N) (800, 700, 4), (600, 700, 4), (400, 700, 4), (400, 700, 6), (200,
700, 4) and (200, 700, 6) using water as working fluid. They observed
three different trends for the variation of single phase heat transfer
coefficient in above microchannels. In first the trend on (800, 700, 4)
heat sink, heat transfer coefficient smoothly increased with wall
temperature. In second trend on (600, 700, 4), (400, 700, 4) and (400,
700, 6) heat sink, steep increase in heat transfer coefficient at low wall
temperature was observed. This was followed by moderate increase in
heat transfer coefficient at high wall temperature. In third trend on
(200, 700, 4) and (200, 700, 4) heat sink, heat transfer coefficient
decreased first and then moderately increased as the wall temperature
was increased. They further concluded that heat transfer characteristics
in laminar and transition region of microchannels are highly
complicated compared to conventional channel. This was attributed to
the considerable change in thermo-physical properties of the flowing

fluid because of large variation in liquid temperature along the length
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of microchannel. Qu and Mudawar [105] carried out experimental and
numerical study of single phase heat transfer using twenty one
rectangular microchannels (W, H) (231, 713) heat sink. They
compared the result of numerical study with experimental data and
suggested that Navier-Stoke and energy equation can successfully
predict heat transfer behavior of the single phase flow. Unlike previous
studies, they did not observe the flow transition in the tested range of
Reynolds number from 139 to 1672. Qi et al. [47] carried out
experiments of the single phase heat transfer analysis on microtube
using liquid nitrogen as working fluid. They observed that contrary to
water in case of nitrogen heat transfer coefficient and local heat
transfer coefficient both decreased in the flow direction with increase
in heat flux, which they attributed to the inverse relationship between
temperature and thermal conductivity of nitrogen. They concluded
that thermal properties of working fluid play an important role on flow
and heat transfer characteristics of microchannels. Herwig and
Mahulikar [114] had proved importance of change in thermal
properties of the working fluid on heat transfer characteristics through
their numerical study. Sui et al. [115] carried out experiments using
deionised water on three wavy microchannels test pieces (W, H) (205,
404) with different wavy magnitude (0, 138 and 259 pm). They
compared the heat transfer performance of the wavy microchannels
with straight microchannels and concluded that wavy microchannels
had superior heat transfer performance than straight microchannels.
The accredited it in favour of secondary flow inside curves of wavy
microchannels.

It is widely accepted that the saturation flow boiling in microchannels
is governed by nucleate boiling and forced convection boiling (Collier
and Thome [116]). The nucleate boiling region is normally associated
with the bubbly and slug flow pattern, and the forced convection
boiling region is associated with the annular flow pattern. In the
nucleate boiling region, the wall temperature is few degree higher than
the saturation temperature of the working fluid, which is sufficient for

the bubble nucleation and its growth. In this region the heat transfer
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coefficient is primarily influenced by the heat flux, whereas the effect
of mass flux and vapor quality is less significant. In forced convection
region, heat is mainly transferred through the single phase annular
liquid film and is carried away by the evaporation at an interface of
liquid and vapour. In this region heat transfer coefficient mainly
depends on mass velocity, vapours quality and heat flux. Peng and
Wang [33] observed that flow boiling was reached to the fully
developed nucleate boiling for wall temperature slightly higher than
saturation temperature and was not affected by liquid velocity and
subcooling.

Two phase heat transfer coefficient along the length of the
microchannel was measured by Lee and Mudawar [69]. In their
experiment, the quality of vapour was maintained by changing the
mass flow rate of R134a. They suggested dividing the quality region
into smaller interval for better estimate of heat transfer coefficient.
They proposed three regions, X, < 0.05 for nucleate boiling generated
at low heat flux, 0.05 < x, < 0.55 for annular film evaporation
generated at high heat flux and high mass flux and x. > 0.55 for
annular film evaporation generated at high heat flux and low mass flux.
Whereas, Yen et al. [117] claimed through their experiments that
nucleate boiling region remained dominate up to X < 0.4 in case of
HCFC123 followed by convective boiling region. From the above
discussion it can be concluded that vapor quality limit which
determines the dominance of either nucleate boiling or convective
boiling is dependent on individual fluid.

Kosar et al. [41] monitored variation of the two phase heat transfer
coefficient with heat flux and mass flux. They observed that at low (G
= 41 kg/m?s) and moderate (G = 83 and 166 kg/m?s) mass fluxes, two
phase heat transfer coefficient dropped rapidly after critical heat flux
condition due to complete dryout. However, at higher mass flux (G =
302 kg/m%), two phase heat transfer coefficient decreased
continuously from nucleate boiling to critical heat flux condition. They
also observed large fluctuations in two phase heat transfer coefficient

at low mass flux with exit vapor quality. They attributed it to the
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oscillatory flow pattern. Oscillatory flow pattern continuously shifted
between confined bubble moving back and forth along the channel.
Eventually, they concluded that nucleate boiling is dominant at low
mass flux under all heat fluxes and moderate mass fluxes under low
heat flux conditions. Whereas, for moderate mass fluxes under high
heat flux and for high mass flux under all heat fluxes convective
boiling is a dominant heat transfer mechanism. Schilder et al. [52]
performed the experiments on circular glass tube (Dn = 600) using
ethanol as working fluid. They observed that for single phase liquid
flow, the measured Nusselt number approached the classical value for
constant heat flux under Poiseuille flow (Nu = 4.36) at about 80% of
the heated tube length. Based on two phase experiments they
concluded that evaporation of thin liquid film covering the tube wall is
dominating heat transfer mechanism. They further concluded that
presence of wavy patterns on the film surface indicated the existence
of shear force between the vapor and the liquid phase.

Steinke and Kandlikar [36] carried out flow boiling experiments on
six rectangular microchannels with Dy, = 207 um using subcooled inlet
conditions. They carried out experiments in heat flux range of 5 — 950
kW/m? and mass flux range of 157 — 1782 kg/m?s. They found that
local heat transfer coefficient value was very high at very low vapor
quality (Xe = 0), which they attributed formation of first bubble (carting
maximum energy) on that location. Local flow boiling heat transfer
coefficient decreased very sharply with increase in vapor quality
irrespective of heat flux value, this was accredited in favour of rapid
bubble growth. Yen et al. [117], Sobierska et al. [45] Zhuan and Wang
[118] and Kosar and Peles [119] also observed similar kind of trend in
their studies as Steinke and Kandlikar [36]. Sobierska et al. [45]
attributed the above to the following possible reasons; (i) partial dryout
due to complete cross section filled by bubble, (ii) high pressure
gradient associated with microchannels. Qu and Mudawar [34] also
observed the same trend in their study and attributed it to appreciable
droplet entrainment at the onset of annular flow regime. However,

above reasons can not affect heat transfer characteristic in the vicinity
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of ONB, where vapor quality is very small. Retardation in local liquid
phase velocity after ONB may be responsible for it. Park et al. [59]
observed the same trend using FC — 72 but for low heat flux (q < 8.6
kW/m?) region only, they attributed it to the insufficient heat flux for
generating active boiling in microchannels. At high heat flux values (q
> 8.6 kW/m?), the local heat transfer coefficient first increases up to
certain vapor quality and then decreased. They also observed
decreasing trend of local heat transfer coefficient with increase in mass
flux at constant heat flux value, which they attributed to the possible
dry out of the liquid film surrounding the elongated bubble and annular

flow.

Yun et al. [44] carried out experiments to study the effects of mass
flux, heat flux and saturation pressure on heat transfer characteristics.
They observed that effect of mass flux, heat flux and saturation
pressure on heat transfer coefficient was more significant after dryout
vapor quality. After dryout vapor quality region, heat transfer
coefficient increased with increase in mass flux, heat flux and

saturation pressure respectively.

The variation of heat transfer coefficient of HFE — 7100 with wall
temperature and heat flux for different rectangular microchannels (W,
H), (123.4, 304.9), (123.4, 526.9), (235.2, 576.8) and (259.9, 1041.3)
was studied by Lee and Mudawar [108]. They concluded that smaller
microchannel dimensions helped in improving the heat transfer
characteristics by increasing mass velocity and wetted area. However,
smaller width microchannels are more likely to face premature stability
problems due to early transition from bubbly to slug flow.
Balasubramanian et al. [54] compared the heat transfer coefficient in
straight and expanding microchannel. They reported that heat transfer
coefficient increased more rapidly with heat flux supplied in case of
expanding microchannel as compared to straight microchannel. They
attributed to it to the improved stability provided by expanding
microchannel. Prajapati et al. [120] compared experimentally three

different configurations (uniform cross-section, diverging cross-section
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and segmented fin microchannels) of microchannels. They observed
that segmented fin microchannels perform better than uniform and
diverging cross-section. This is attributed to the availability of more
nucleation sites, breakage of thermal boundary layer, easy passage of
bubbles or slug along main and secondary channel and minimum
reverse flow. Law and Dhir [121] performed flow boiling experiments
in straight-fin and oblique-fin microchannel using FC — 72 as working
fluid. They observed improved thermal performance of the oblique-fin
microchannel compared to the straight-fin microchannel and attributed
to the stable flow boiling offered by oblique fin in terms of reduced
wall temperature gradient and pressure fluctuation.

Study of Choo and Kim [122] was concentrated for finding the heat
transfer characteristics of nonboiling two phase flow in microchannel.
They observed the effect of microchannel hydraulic diameter on the
heat transfer coefficient as shown in Fig. 2.9. When the channel
diameter was smaller than about 235 — 260 um, the two phase heat
transfer was even lower than the single-phase case. They concluded
that this may be due to the dominant effect of surface tension and
liquid viscosity that prohibited the turbulent mixing in liquid film
covering the wall. Furthermore, the transition channel diameter did not
change once the gas Reynolds was increased beyond Re = 300.
Experiments were performed with mixture of water and air on circular
tubes of 140 pum to 506 um diameter under different flow rates of air
and water. Wang et al. [123] experimentally analyzed the effect of
channel inclination (rectangular microchannel Dy, = 825) by carried out
experiments at different heat flux (25, 37.5) and mass flux values (100,
200, 300). Experiments were performed at five different inclinations —
90° (vertical downward), — 45°, 0°, 45° and 90° (vertical upward).
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Figure 2.9 The variation of the Nusselt number with channel hydraulic

diameter for different Reynolds number (Choo and Kim [122])

They observed that heat transfer coefficient increased by 30% at an
inclination of 45° relative to horizontal orientation.They attributed the
above to the two possible reasons (i) rise of distance between the
bubble nose and contact surface brought the increase of velocity
adjacent to the contact surface, (ii) concurrent nature of the inertia and
buoyancy force. The heat transfer coefficient associated with vertical
up (6 = 90°) and horizontal (6 = 0°) arrangements had almost same
values due to the symmetric nature of the elongated bubble in both
arrangements. For the vertical downward inclination heat transfer
coefficient showed 50% lower value as compared to the inclination of
45° due to opposite direction of inertia and buoyancy forces.

Lu and Pan [58] observed significant enhancement in heat transfer
coefficient in microchannels with artificial nucleation sites, which
facilitated bubble nucleation. Yen et al. [117] observed high heat
transfer coefficient in case of square microchannel as compared to
circular microchannel up to vapor quality of 0.4. This was attributed to

square corners that acted as host for active nucleation sites. They
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reported similar heat transfer at high vapor quality for both cases.
However, the trend may be opposite at annular flow regime, surface
tension force intends to attenuate liquid film (on the wall) more
effectively in case of square cross section. Resulting local dryout in
case of square channel will reduce its heat transfer performance in

comparison to circular channel.

Few correlations to predict heat transfer coefficient in single phase
and two phase flow are reported in open literature. Table 2.6 and 2.7
present details of these correlations for single phase and two phase
respectively. These correlations for single phase and two phase heat
transfer are plotted in Fig. 2.10 and Fig. 2.11, respectively against of
experimental data of Koyuncuoglu et al. [126] for single phase and Qu
and Mudawar [34] for two phase.
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Figure 2.10 Single phase heat transfer coefficient variation with

Reynolds number

53



90000
///ét%
J Q/@/éb
80000 - @/
70000 ®  Quand Mudawar (Exp.)
| —O— Bertsch et al.
< 60000 —A— Choo and Kim
NE 1 —v— Lee and Mudawar
E 50000 —b— Kosar et al.
N—r 4
=) | |
<~ 40000 - .
| v .
30000 - . "
| 5 )
20000 - N .
10000 . , . : , : . | . | .
100 200 300 400 500 600 700
Re

Figure 2.11 Two phase heat transfer coefficient variation with
Reynolds number

Form Fig. 2.10 and Fig. 2.11, it can be concluded that existing heat
transfer correlations are inconsistent and show large deviation in
comparison to experimental data. This may be due to limited range of
experimentation, difference in operating conditions, and difference in
type of channel geometries used in these studies. Therefore, still lot of
efforts are needed so that generalized equations can be found for
finding out heat transfer coefficient associated with single phase and

two phase flow in microchannels.
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Table 2.6
Single phase heat transfer correlations

Authorand  Channels geometry and fluid Operating parameter Correlation
year (W, H, D) pm
Wang and Rectangular, W = 200 to 800, H P, = 1 bar, Ti, ,, = 10t0 35 °C, Ti, m=14 Nu = [0_00805Re4/5pr1/3]
Peng [113] =700 -19°C, Re =1000- 1500.
Water and methanol
Vidmar and  Circular, D = 131 P, =500 to 4500 psi, Ti, =23.4to 31.4 Nu = 4.36, for Re<2300

Barker [124] Water

Nacke et al.
[125]

Rectangular, W =254 , H = 762
Water

Rectangular, W =200, H = 50,
Water

Koyuncuoglu
etal. [126]

OC, Toy = 74-163.1 °C, m = 1.510x10°
to 4.43x10°% kg/s.

Tin = 24.4, m = 0.001 to 0.0053 kg/s.

Tin=24.41025.1°C, Ty = 70.7-96.8
°C, m = 2.91x10° to 6.67 x10°® kg/s.

Nu = (f/8)(Re—1000)Pr
T |1+12.7(Pr2/3-1)(r/8)1/2|
_ (f/8)Re Pr 4 7
Nu = [k1+k2(Pr2/3_1)(f/8)1/2 , for 10°<Re<10
ky =1+13.6(fp/4), k, = 11.7 + 1.8/Pr°33
Re =22n  pp =K%
! k
0.079Re 025
f =
[

for 2300<Re<20000

4000 < Re < 20000
20000 < Re < 10°
10000 < Re < 107

0.049Re 025
1.581In(Re) — 3.28] 2

1 114 - 21 <—e +—9'35 )
= . —_— Og
3).5 10 D, RefDO.S
0.0668 (%)Repr

Nu = 3.66 + 575 for Re <2300 and Pr >5

140.04 [(D—Lh)RePr]

1/3 0.14
Nu = 1.86 (f/e;r) (:—l> , for Re <2300 and Pr <5
h Ls

Nu = (W/H)—0.053(Re)0.782 (PT')O'O41
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Table 2.7
Two phase heat transfer coefficient correlations

Author Channel geometry Operating condition Correlation
and fluid (W, H, D)
pm
Lee and Rectangular, W =231, P;,=1.44-6.6 bar,q=159 - For x,=0 - 0.05,
Mudawar [69] H=713 938 KW/m?, G = 127 - 654 h. =3.856X°267h_  \Where X2 = 2P/9%)r =N Xt
2 _ tp ' sp.L (dp/dz)g’ Pt 3Dy
R134a kg/m*s, i, = 0.001 — 0.25, Xout g

= 0.49 — superheat

q = 280 — 4450 kW/m?, G =
41 - 302 kg/m?s

Kosar etal. [41] Rectangular, W = 200,
H=264,L =10 mm

Water

1-x, 0.5 " 0.5 v 0.5 £ rRe02S 0.5 1-x, 0.5 /4 0.5
fo=(5) () () %=(") (297 ()
e g g kg Xe Vg
Nus = 8.235 (1 — 1.8838 + 3.76782 — 5.8145% + 5.3618* — 28°)
For x,= 0.05 - 0.5
hep = 436.48 BoOS22 /0352 Y0665 | Where hg,; = Nug -
” ’ Dh

For x,=0.55-1

hep = max{108.6X*"hy, ;, h, ,}

K
= L
hgp,g = Nug @,

hspy = 0.023RedEPr2* for turbulent flow
hep = 1.068(g")%6*

for laminar flow

Nucleate boiling,

1-x, 0.02 . .
hyp = 4.068 x 10*(Re))*%(1 — x,)°8 (—e) Convective boiling

Xe
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Table 2.7 continued

Bertsch et al. Dy =160 to 2920 Tet =—194 tzo 20°C,q=4- h=hy(1—x,) + hep (1 + 80 (x,2 — x,5)e~00C0)
[127] ié/SrgZI;W/m , G =20 to 3000 h,, = 55 Pr(0.12—0.2(logloRp)(_ 10gy P,) 055 M 05067

hcb = hconv,l(l - xe) + hconv,vxel
_ 0.0668Dy/LRe|PT] )ﬁ
heonv = (3'66 + 1+0.04[Dy/LRe;Pr;]2/3) D)y
0.0668Dp/LReyPry )ﬁ
140.04[Dy/LRe,P1,]%/3) Dy’
P.=Inlet pressure/ critical pressure= Reduced Pressure,

heonv = (3.66 +

0.5
— g _ % _ % _ Cp, il _ Cpyly
0= [g(Pz—pu)Dﬁ] , Re; = e Re, = ol Pr; = o Pr, = S
Choo and Kim Circular, D, = 140 - g= 340 —-950 kW/mz, Vg = Nutp — 0.023R€FP7"L0'4F, F=CX™" m=08-— 08[1 + e(d*—37)/7]_1’
[122] 5086, 1.24-40.1 m/s, V,=0.57 - —o1d® (@ —an)j2]"t e _
Water and air 213 mis, C=294+358e™ %% n=07-08[1+e | d =d/Ja/pg
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2.5 Instability

Instability is also called as malfunctioning of the flow in
microchannels. Instability in microchannel may cause several problems
such as vibration, problems of system control, thermal fatigue and in
extreme circumstances it may even be responsible for surface burnout.
The well known instabilities associated with microchannels are flow
reversal, pressure fluctuation, wall temperature fluctuation, flow
maldistribution and Ledinegg instability. Out of above mention
instabilities Ledinegg instability is static instability, whereas pressure
fluctuation, wall temperature fluctuation and flow reversal are dynamic
instabilities. A thorough understanding and determination of these
associated instabilities are important.

Qi et al. [128] carried out experiments in order to study the two phase
flow instabilities using liquid nitrogen as working fluid on two
microtubes of diameter 1.042 and 1.931 mm. They observed repetitive
regular oscillation of mass flux, pressure drop and wall temperature at
ONB in both microtubes. These oscillations were referred as stable
oscillation, as it remained stable, if system pressure, heat flux and
outlet condition of the system did not change significantly. They
explained that after ONB, many small bubbles nucleate, grow, detach
from nucleation cavities and finally move along the flow in microtube.
These small vapor bubbles entered and accumulated gradually into the
outlet mixing chamber having diameter much larger than microtube
that ultimately reduces bubble velocity. Hence, inertia force turned
weaker and gravitational force magnitude increased significantly. Due
to low vapor density these bubbles accumulated in upper part of outlet
mixing chamber and formed vapor patch. This vapor patch temporarily
blocked the mouth of outlet port. Thus, mass flux gradually decreased,
which eventually resulted into increase in wall temperature and two
phase vapor quality due to continual supply of heat flux. Higher exit
vapor quality increased associated pressure drop. After discharge of the
vapor patch, microchannel was again filled with fresh liquid nitrogen

and the process repeated itself. Huh et al. [46] observed similar kind of
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oscillations in their study. They further concluded that pressure drop
fluctuation and mass flux fluctuation remained in phase. Whereas,
mass flux fluctuation and wall temperature fluctuation were exactly out
of phase. They also observed that fluctuation period and fluctuation
amplitude decreased with increase in mass flux and decrease in heat
flux. Qu and Mudawar [109] carried out experiments on multiple
parallel microchannels. They reported two types of instabilities,
pressure drop oscillation and parallel channel instability associated
with microchannels. Pressure drop oscillation produced fairly large
periodic amplitude flow oscillation, which arose due to interaction
between generated vapor and compressible volume coming from
upstream direction. Whereas, parallel channels instability produced
very mild flow oscillations resulting from density wave oscillation
within each channels. They further reported that severe pressure drop
can even lead to premature critical heat flux condition. Chang and Pan
[129] concluded that large magnitude of the pressure drop oscillation
may result into growing and shrinking of the bubble slug alternatively
with flow reversal. Bogojevic et al. [130] carried out series of
experiments on 40 parallel microchannels (D, = 194) using water as
working fluid. They observed that low inlet water temperature was
subjected to higher magnitude of temperature oscillation. Whereas,
high inlet water temperature promoted better flow distribution, which
resulted into lower magnitude of temperature oscillation. Megahed
[55] observed that microchannels were subjected to low magnitude of
pressure and temperature fluctuation at high mass flux. Therefore, he
concluded that flow becomes more stable at high mass flux.
Balasubramanian et al. [54] observed that pressure fluctuation and wall
temperature fluctuation were less severe in expanding microchannel
than the straight microchannel under same operating conditions.

Flow reversal is another potential instability reported by several
authors in which vapor slug flows back into inlet plenum. Qu and
Mudawar [35] and Bergles and Kandlikar [131] observed that flow
reversal occurs generally when CHF condition was approached. In the

vicinity of CHF, rapid evaporation of the liquid caused bubble to
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expand in both upstream and downstream directions and form vapor
slug. Kandlikar [132] concluded that location of the ONB decides the
flow reversal. When nucleation occurred towards microchannel outlet
(Fig. 2.12 (a)), no flow reversal was observed. This was due to the fact
that vapor pressure of liquid could not overcome inertia of incoming
fluid. On the other hand, when nucleation was initiated near
microchannel inlet, vapor bubble could easily overcome lower inertia
of the incoming fluid. Thus, flow reversal was observed as shown in
Fig. 2.12 (b). Recently, Tuo and Hrnjak [133] studied the effect of the
flow reversal on the performance of microchannel based evaporator of
vapor compression system and concluded that it causes refrigerant
flow maldistribution. They also concluded that local heat transfer
coefficient may reduce because the vapor re-entrainment is likely to
form a “dryout” bubble slug (without being surrounded by a thin liquid
film). Kandlikar [132] mentioned that flow reversal could be avoided
either by reducing the local liquid superheating at the ONB or by
introducing pressure drop element at the entrance of each channel.
Kaun and Kandlikar [134] performed experiments with inlet restrictors
and observed that the flow become stable and flow reversal problem
was reduced due to application of restrictors. Wang et al. [48] had also
confirmed that the inlet restrictor helps in reducing flow reversal
instability. Kuo and Peles [135] observed that the presence of
reentrant cavities helped in reducing the pressure drop oscillation,
parallel channel instability and flow reversal instability by acting as

host for active nucleation sites at much lower heat flux.

fnlet maifold . OC /I\@?
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ﬂ/ ) Q Q Outl et manifold
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Figure 2.12 Effect of nucleation location ((a) towards outlet, (b)

towards inlet) on flow reversal (Kandlikar [132])
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Xu et al. [136] and Liu et al. [137] experimentally demonstrated seed
bubble generation method to mitigate flow instabilities (flow reversal,
pressure drop oscillation and temperatures oscillation) associated with
microchannels, which arises mainly due to strong thermal non
equilibrium of liquid and vapor phase. Originally this idea was
proposed by Thome and Dupont [138]. Seed bubbles are micron size
bubble, generated on the set of microheaters, which were installed near
to inlet port at the top wall of microchannels. These microheaters were
driven by pulse voltage signal. When the voltage signal was on during
pulse cycle, heating of microheaters generates seed bubble, Marangoni
effect help in sticking of these seed bubbles at microheaters. As the
signal turned off in the same pulse cycle, Marangoni effect become
weak and shear force from the flowing liquid took away seed bubbles
from microheaters surface. These seed bubble grow further soaking up
energy from superheated liquid. At low frequency, these seed bubbles
not only decreased oscillation amplitudes of pressure drop and
temperature but also reduced oscillation cycle periods. At high
frequency, these seed bubbles completely suppressed the flow
instabilities. However, this method had not facilitated the subcooled
liquid flow and vapor flow at high vapor mass quantities. Han and
Shikazono [139] demonstrated air injection as a stabilization method
for flow boiling in microtube using water as working fluid. They
observed that pressure fluctuation and wall temperature fluctuation

reduced significantly with increase in air injection flow rate.

Recently, Tuo and Hrnjak [140] proposed new vapor venting method
to mitigate problem associated with flow reversal in microchannel
evaporator. Proposed method provides 5% increase in cooling capacity

and 3% increase in COP of air conditioning system.

In case of two phase flow in parallel microchannel heat sink, equal
mass flow distribution to each microchannel is very important. In
absence of properly design inlet/outlet header, microchannel heat sink
is bound to face large amplitude fluctuation of pressure and

temperature due to backward flow which eventually decrease the
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cooling capacity of heat sink and has to be obliged by running the
system at moderate load. The headers which connect all microchannels
in case multiple microchannel heat sink unavoidably introduce
additional pressure drop due to contraction/expansion, friction and
pressure loss/gain due to deceleration/acceleration [141]. This causes
uneven pressure difference across each tube, resulting in unequal mass
flow through each microchannel. Researchers have also suggested
modification in of inlet/outlet header for removing flow
maldistribution problem. Tonomura et al. [142] carried out CFD
simulation to find optimum design of manifold for parallel
microchannel heat sink. They observed that large outlet manifold
provide uniform flow distribution. However, enlargement of outlet
manifold is increased dead volume inside microchannels. They also
generated optimal shape header automatically (somewhat like
trapezoidal header) by integration of optimization method with CFD
simulation. Cho et al. [143] performed experiments on 33 straight and
33 diverging microchannels having rectangular as well as trapezoidal
header. They observed that diverging microchannels with trapezoidal
header gave more uniform flow distribution as compared to other
configurations such as straight microchannel-rectangular header,
straight microchannel-trapezoidal header and diverging microchannel-
rectangular header. Cho et al. [144] carried out numerical simulation to
obtained optimal header geometry which somewhat like trapezoidal in
shape for two phase flow in the microchannel heat sink.
Kumaraguruparan et al. [145] carried out numerical study on
microchannel heat sink to investigate the causes of flow mal-
distribution. They observed that flow field in inlet header was non
uniform due to occurrence of circulation zone at inlet of some channels
which resulted into flow mal-distribution. Numerical results also
showed that smaller width or depth or larger channel length turn flow
distribution more uniform. Furthermore, flow mal-distribution problem
aggravated at high flow rate or by the use of less viscous fluid. Tuo
and Hrnjak [146] in their experimental study on microchannel

evaporator (34 tubes) identified two types of fluid mal-distribution:

62



quality induced mal-distribution and header pressure drop induced
mal-distribution. They used flash gas bypass method to mitigate
problem of the quality induced mal-distribution. They also observed
that increase in outer header diameter resulted into uniform flow rate in
each microctube. Szczukiewicz et al. [147] concluded through their
visual observation on sixty seven rectangular microchannels (100, 100)
evaporator that introduction of the inlet orifice successfully suppressed
flow instability, vapor back flow and significantly improved flow

uniformity across microchannel.

Study of Ledinegg instability is helpful to avoid malfunctioning of the
pump used in microchannels heat sink loop. As per Kakac and Bon

[148], Ledinegg instability is due to sudden variation in flow rate to a

lower value.
E- ]
c Internal (microchannels)
; characteristics
E
External
ch ar;? stics (A)

Flow rate

Figure 2.13 Ledinegg instability (Kakac and Bon [148])

It is explained through pressure drop verses mass flow rate
characteristics reported by Kakac and Bon [148] in the Fig. 2.13. It
occurred when slope of the channels demand curve (internal

characteristics curve) is negative and steeper than the loop supply
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curve (external characteristics curve, A) and under multiple interaction
of this both curves (P, P’, P”). A slight variation in flow rate to the
lower side result in more pressure drop is required to sustain the flow
available from external curve. Zhang et al. [149] studied Ledinegg
instability in microchannels and proposed ways to avoid this instability
as having less number of channels, increased system pressure, lower

heat flux, low sub cooling and short channels.

2.6 Critical heat flux

Boiling phenomenon in microchannel is associated with dissipation of
large heat flux as long as heat transfer surfaces remain wetted with a
fluid. Loss of contact between liquid and heat transfer surface results
into sudden dramatic decrease in efficiency of heat transfer. This
condition is termed as critical heat flux (CHF), which causes localized
overheating of the heated surface. CHF condition is categorized as
subcooled CHF and saturated CHF [150]. In the subcooled CHF,
bubbles nucleated at heated surface coalesce and form a localized
vapor blanket having inherent tendency of poor heat transfer rate due
to low thermal conductivity of vapor phase. In the saturated CHF,
evaporation of the thin liquid film trapped between vapor core and
channel wall occurs, which causes direct exposure of surface to the
vapor. Researchers have suggested different hypotheses for the
occurrence of CHF under subcooled conditions. Kutateladze and
Leontev [151] proposed that subcooled CHF occurs on account of
intense boiling, which causes separation between heated surface and
the bubble-liquid boundary layer and evaporation of resulting stagnant
liquid. Another hypothesis accredits the accumulation of tinny vapor
bubbles within liquid boundary layer, which inhibits direct contact
between liquid and heated surface. Limited enthalpy transport between
the bubbly layer and liquid leads to subcooled CHF condition [152].
Similarly, as per another hypothesis for subcooled CHF on vertical
surface, vapor blankets (formed from small bubbles piling on heated
surface) formed on heat transfer surface prevents the liquid from

entering the bubbly sublayer from the sides of the blanket and CHF
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tends to occur when the amount of liquid entering the sublayer is less

than the amount of liquid evaporated [153].

In summary, it is known that nucleation associated vapor blanketing of
the heating-surface is the CHF mechanism for sub-cooled or saturated
pool-boiling. CHF mechanisms and values for flow boiling in larger
diameter ducts can depend on orientation with respect to gravity
vector, method of heating/cooling (e.g. uniform or non-uniform
temperature or heat-flux controlled heating of the in-tube boiling),
whether or not inlet vapor flow rate is substantially different from zero
[154], etc. Despite the possibility of CHF values dependence on the
“method of heating,” it is common practice to assume uniform heat-
flux method of heating based characterization of CHF values to be

most conservative.

Despite the aforementioned complexities, in broad terms, CHF has one
of the following two mechanisms. (i) At small mass-fluxes and low
quality (for cases where inlet quality is effectively zero in terms of
vapor flow rate), it is typically due to vapor blanketing (of the heating-
surface) as departure from nucleate boiling (DNB, associated with
vigorous nucleation and coalescence of bubbles) is reached at rates that
do not allow the possibility of subsequent attainment of steady
plug/slug flow regimes. (ii) At high mass-fluxes and high vapor quality
(typically if the flow achieves annular regime prior to dryout or, as in
[154], the flow is annular right from the inlet), it is due to dryout
instabilities associated with thin film boiling. For moderate mass-
fluxes and qualities, one could have either of the two mechanisms
[155]. This is likely due to the fact that the transition between these
two mechanisms is influenced by other non-dimensional parameters
(besides non-dimensional mass-flux and quality) and this transition has

not yet been characterized.

At present, in the absence of availability of flow visualization for all
the data reported in literature, mechanism classification in the above

two broad categories is dependent on whether or not similar fluids in
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similar experiments (involving variations in inlet quality and non-

dimensional mass-flux) fit a certain trend in CHF correlations.

For micro-channels, only the first of the two above stated mechanisms
change slightly. This mechanism (for low inlet mass-flux and zero/low
inlet quality) changes to bubbles clogging the entire micro-channel and
not just the heating-surface and this can happen at lower CHF values
than those for the larger diameter cases. For moderate to high mass-
fluxes, the dryout CHF mechanism possibility remains the same as for
the larger hydraulic diameter cases.

Qu and Mudawar [35] carried out experimental CHF study on twenty
one parallel rectangular microchannels of cross section (215pum x
821um). They concluded that flow reversal in microchannel may force
early (near inlet) occurrence of CHF and observed that parallel channel
instability (ascribing it to mild flow fluctuation occurring due to
density wave oscillation of neighboring channels) becomes more
severe once CHF condition is reached. Qi et al. [156] in their
experimental study on circular microtubes of diameter (531, 834, 1042,
1931um) observed that CHF occurred towards the exit end of
microtubes. Importantly, they did not observe CHF caused due to flow
reversal and attributed it to the longer length (and, possibly, larger
pressure-gradients) of their microtubes. Wojtan et al. [157] observed
that the magnitude of CHF increased with increase in internal diameter
of microchannel tube and mass flux. They observed that CHF value
decreased with increase in channel length. Bergles and Kandlikar [131]
concluded that non uniform distribution of the circumferential heat
flow in a specific microchannel introduces non uniform CHF condition
in neighboring microchannels. Researchers have also investigated
methods for improving/increasing the CHF value for a given set of
operating conditions. Introduction of reentrant cavities [135, 41],
provision of artificial nucleation site [132] and use of expanding
microchannels [158] are the techniques reported in open literature for

avoiding/delaying occurrence of CHF conditions.
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Critical heat flux value is an important design parameter, which in
spite of its negative influence, has attracted a lot of attention. Accurate
prediction of CHF is important especially for heat controlled systems
as it can cause disastrous failure of the systems. Its study is also
important as it sets a maximum limit of performance of heat transfer
system. In 1978, Katto [159] first time derived CHF correlation for
circular tube following non-dimensional analysis. The CHF correlation
proposed by Katto [159] is given by Eq. (2.2).

b’ ¢ fr ' i’ )
AdcHE —(thg)a'(:’j (V\ie) d '+e'[:|lj (We)h (dlhj (AR)J

2.2)

Where, a’, b’, ¢’, d’, e’, f°, h’, i’ and j’ are constants that depend on
thermo-physical properties of working fluid and can be determined
through experimental data. Several authors have proposed CHF
correlation for microchannel following Kotto’s work. Table 2.8
presents the summary of these correlations [35, 41, 112, 156, 157, 160,
161] and details of other CHF experimental studies [41, 162, 163, 164,
165, 166, 167, 168, 169, 170] associated with microchannel.
Kandlikar [98] discussed effect of forces: surface tension (F),
evaporation momentum change (Fr), inertia (F;) and gravity (Fg) on
flow boiling in microchannel and showed that CHF condition during

flow boiling in microchannel can be correlated in terms of two non-
dimensional numbers given by (K,=F,/F)""x(K,=F,/F,).

Researchers had also attempted to develop mechanistic models for
CHF condition in microchannel. Kuan and Kandlikar [171] developed
CHF model for flow boiling in microchannel. They considered inertia,
surface tension and evaporation momentum forces acting on the vapor
bubble in their model and revealed that ratio of evaporation momentum
to surface tension force is an important parameter influencing CHF
condition in microchannel. Kandlikar [100] refined earlier work of

[171] by introducing additional effect of shear force on vapor bubble.
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They developed CHF expression in terms of non-dimensional
numbers: Weber number, Capillary number andK,=F, /F;.

Eventually, they proposed generalized solution (including refrigerants
and water) for CHF during flow boiling in microchannel following

regression method. Both correlations are reported in Table 2.8.

Revellin and Thome [172] formulated theoretical model for prediction
of saturated CHF condition for fluid boiling under stable conditions in
circular microchannel. Basic transport equations along with Laplace-
Young equation and semi-empirical expression for height of interfacial
waves had been used to replicate evaporation of the thin liquid film in
annular flow region just before CHF condition. Model showed very
good agreement (96 % data within £20 % error band) for refrigerants.
Revellin et al. [173] modified CHF model of [172] to account for non-
uniform axial heat conditions (generated due to presence of multiple
hot spots) along the microchannel. They recommended many useful
suggestions for dissipating heat flux of hot spots in better manner i.e.
high mass flux, small size, and number of hot spots, large distance
between two hot spots and low saturation temperature.
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Table 2.8

Summary of CHF studies on microchannel

Author Working Geometry Operating Correla Constants
fluid and conditions tion
dimension develop
(W, H) Dum T (°C), P(bar), ed a’ b’ c’ a e f v Jj’
G(kg/m?s)
Qu and Water Rectangular, T;;=30and 60, yes 33.43 111 0.21 0 1 0 0 036 O
Mudawar 215, 821 Pou=113,G =
[35] 86-368
Qietal. Liquid Circular, Tin=78.2-79.8, vyes 0.214+0.14Co 0133 0333 1 00 0 0 1 0
[156] nitrogen 531, 834, Pout = 1.4 5.8, 3
1042, 1931 G =440-3000
Wojtanet R134a Circular, Tab=2— yes 0.437 0.073 0.24 0 1 0 0 072 O
al. [157] 500 15,Tsa= 30, 35,
800 G =400 -1600
Kosaret  Water Rectangular,  Tin=22,Poy = yes 0.0035 0 0.12 0 1 0O 0 O 0
al. [41] 200, 264 1.01,G=41-
302,
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Table 2.8 continued

Miner R134a
[158]

Bowers R113
and

Mudawar

[112]

Ongand R134a,
Thome R236fa,
[160] R245fa
Fu et al. HFE7100
[161]

Expanding
rectangular,
Win =138 -
154.1, Woyt =
137.3 -
148.5, Hi, =
528.5 -
626.5, Hoy =
586.1 —
1046.1
Circular,
510,

2540

Circular,
1030, 2200,
3040
Diverging
rectangular,
Wi, =300 —
870, Wout =
680 — 1590,
H =300 -
4000

Tin=3.3-6.7, no
Pin=3.4—-4.17,
G =483 -1500

Tsun =10-32, Pin  yeSs
=138, G=31-
480

Tsub=5—24, Tsar Yes
=25-35G=

100 - 1500

Teup =44, 64, Tsar  Yes
=61,G=39-

180

0.16

e

0.112

W/
3(dh/Dth)0.1l

0 0.19
0.062 0.141
0 0.17

0

1

0

0

0.54

0.7

0.86

0

0.3
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Table 2.8 continued

Kosar R123
and Peles
[162]
Kuan R123
[163]

Water

Agostini R236fa
et al.[164]

Park R134a,
[165] R236fa,
R245fa

Mauro et R134a,
al. [166] R236fa,

R245fa
Basu R134a
[167]

Rectangular,
200, 264

Rectangular,
1057, 157

Rectangular,
223, 680

Rectangular,
467, 4052
199, 756

Rectangular,
199, 756

Circular,
500, 960,
1600

Tin =22, Pout =
227-52,G=
291 - 1118
Tin=17.2, Pou =
2.1-2.358,G=
377.3-485.2
Tin=25.4, Pyt =
1,G=504-
231.7

Tew =0.4 —15.3,
Tinsat= 20.31 —
34.27, Toutsat =
23.4-36.4, G=
276 —992
Tewp=-1.1-
24.0, Tsat=0—
45, G = 84—
3736.1
Tsun=5-25, Tsat
=20-50,G=
248 — 1500

Tsub =5 —40,
Pout =4.9-11.6,
G =300-1500

yes

yes

no




Table 2.8 continued

Roday Water Circular,

Tsub - 2 2 80 3, no = =

[168] 286, 427,700 Py =0.253 -

1.79,G=315 -

1570
Hsieh and Water Rectangular, T, =15, Poit=1, no - - - - - -
Lin [169] 200, 100 G =820 - 1600
Roach et Water Tin=489-71.1, no - - - - - -
al. [170] Circular, Pout = 3.44 —

1131, 1168 10.43, G = 250 —
1037
Models not based on Katto’s correlation
Kosar 2 1/1.08 -
and Peles ., 2 R R -4 | 059
[162] deHE = Ghyg {9.34x10 - 0'34(%) 1.3x10 Jx }
Kuan and C =0.002492 Water
Kandlika 5 =0.003139 R123
o C0S ﬁ G

r [171] oeHE = ChigyPgy| = 0.002679 Common
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Table 2.8 continue

Kandlika
r [100]

KZ,CHF =3 (1+ cos 9) + aZWe (1— x) + a3Ca (1— x)
KZ,CHF =ay [al (1+ cos 0) + aZWe (1— x) + a3Ca (1— x)]

KZ,CHF =3 (1+ cos 9) + a2We (1— x) + a3Ca (1— x)

n
Ko CHE = 85 (v\/elcaj [al (1+ cos 49) +a)We (1— x) +agCa (1— x)]

a;=1.03 X 10* a,=5.78 X 10°, a3 = 0.783, a,=0.125, as = 0.14, n = 0.07

We <900, L/D <140
We < 900, L/D > 230
We > 900, L/D < 60

We > 900, L/D > 100

Footnote: Dy,=1/Co (a/g(pr-p.))"> Co=0.5.
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2.7 Summary

From the literature considered in this chapter, following remarks have

been observed which are helpful in deciding the objectives for the

current work.

Flow visualization study is very important as it gives an insight
of the heat transfer and the pressure drop characteristics. Lot of
flow visualization studies have been carried out on
microchannels. However, unlike conventional channels, flow
regimes are not well accepted yet for microchannels.
Phenomena like bubble suppression, bubble circulation, bubble
nucleation inside thin liquid film, bubble condensation, and
their effect on flow regimes are not well studied yet. Hence,
unusual states such as absence of bubbly flow, swirling pattern
in churn flow and liquid bridges in slug—annular flow have

been reported in different research works.

Majority of the microchannel research work in the last two
decades had been oriented for better understanding of
mechanism involved in heat transfer. Current heat transfer
correlations comparative study shows that still lot of efforts are
needed for setting up generalized heat transfer correlations for
microchannels. Limited range of experimentation, difference in
operating conditions, and channel geometries could be possibly
responsible for that. Future research will certainly focus more
on finding suitable heat transfer augmentation techniques by
choosing among from conventionally proven methods e.g.
extended surfaces, artificial nucleation sites, surfactants,

artificial surface roughness, nanofluid etc.

Various instabilities associated with two phase flow are the
main constraints limiting the application of microchannels. Few
suggestions have been made in order to avoid instabilities such
as flow reversal (reducing liquid superheating at ONB,

throttling at inlet of microchannels and re-entrant cavities),
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Pressure and temperature oscillations (operating at high mass
fluxes, and expanding microchannels) and Ledinegg instability
(increased system pressure, lower heat flux, low sub cooling
and short channels). More studies are needed in this direction
such as novel design can be devised free from major

instabilities.

Majority of the studies have been carried out on rectangular
microchannels or microtubes. Very few studies have been
carried out on other cross sections like trapezoidal, V-shape,
hexagonal, open microchannel heat sink etc. It would be
interesting to know, what is the effect of channel geometry on
heat transfer characteristics and especially on instabilities?
Moreover, refrigerant like R600a and R290 (with low ozone
layer depletion potential) have not been explored as working

fluid in microchannels.

The bubble dynamics (i.e. such as vapor bubble nucleation,
growth, departure from nucleation site and its motion along the
flow) governs the two phase heat transfer, pressure drop
characteristics and possibly associated instabilities also. Use of
conventional channel theory is ambiguous for this task.
Detailed numerical study of each stage will be helpful in
accurately predicting heat transfer and pressure drop
characteristics under wide range of operating conditions.

2.8 Objectives of the current work

Use of the microchannel heat sinks become more popular due to is

very good command over the high heat removal capacity. It also has

several other advantages such as compact and light weight, low coolant

inventory and uniform temperature distribution. Hence it is very

important to understand the boiling phenomena in microchannel heat

sinks. Based on the literature reviewed, following objectives are

decided for current work.
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Formation of the bubble at nucleation site is first stage of the
boiling and has great influence on two phase heat transfer,
pressure drop characteristics and possibly associated
instabilities. Use of conventional channel theory is ambiguous
for this task. Thus the first objective of the present research is
to develop simplified model to predict bubble growth in
microchannel. Development of the bubble growth model will
help in giving more insight of the flow boiling phenomena in
microchannel.

Bubble growth at nucleation site is divided between inertia
controlled region and thermal diffusion controlled region. From
the open literature, it is observed that no effort has been made
to distinguish between these two regions. Thus the second
objective current work is to explore bubble growth model to
differentiate inertia controlled region and thermal diffusion
controlled region.

From the literature it is observed that unlike the conventional
channels, the CHF correlation for microchannels are limited
and associated with significant errors. Hence, third objective of
present study is to develop the CHF correlation for
microchannel utilizing bubble growth model.

Lot of studies have been reported in the literature on the
performance enhancement of microchannel. However, no
efforts have been made to performed experimentation on open
microchannel heat sink with single phase flow. Hence, last
objective of current work is to analyze performance of the open
microchannel heat sink with single phase liquid flow and

possibility to improve its performance.
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CHAPTER 3

DEVELOPMENT OF ENERGY BASED BUBBLE
GROWTH MODEL FOR MICROCHANNEL

3.1 Introduction

The bubble dynamics governs the thermal and hydraulic behavior of the
flow inside the microchannel heat sink. Hence, it is more important to pay
attention to understand the bubble dynamics in microchannel. Bubble
dynamics in homogeneous superheated bulk medium is governed by the
well-known Rayleigh equation and its extended form [174 — 176]. Fu and
Pan [177] had developed an elegant numerical model for mixing process
of sulfuric acid and sodium bicarbonate in microchannel utilizing
modified Rayleigh equation. However, Rayleigh equation predicts larger
bubble growth rate than experimental value for heterogeneous bubble
growth in microchannels [38, 178]. This indicates that, there is a clear
need to develop simplified model that can predict the bubble growth at
nucleation site inside the microchannel. Considering this fact, attempt has
been made to develop a simplified model to predict the bubble growth at

nucleation site in microchannel.
3.2 Development of energy based bubble growth model

As soon as fluid neighboring the nucleation site acquires saturation
temperature corresponding to nearby pressure, bubble nucleation starts.
Bubble starts growing at the nucleation site and after some time bubble
departs from it. Bubble diameter continuously increases from inception to
departure as the time progresses. Figure 3.1 shows growing bubble at the

nucleation site. Following assumptions are made in present model.

1. Nucleation site is assumed in form of an inverted cone shape.
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2. The bubble appears in the form of truncated sphere at
nucleation site with contact angle (t = try = 0, Gincep = 90°).

3. Thermal properties do not change with time.

4. Bubble growth is not affected by the heat supplied in
neighboring region.

5. Heat supplied at the nucleation site is divided between liquid
phase and vapor phase as per instantaneous void fraction
value.

6. Condensation on bubble surface is assumed to be negligible.

7. No heat losses occur between the test section and atmosphere.

Channel Wall I w—

Nucleation Cavity

21=2Imin

Figure 3.1 Energy distributions at nucleation cavity

As it is assumed that heat supplied at the nucleation site is divided
between liquid phase and vapor phase as per instantaneous void fraction

value. Thus, heat supplied at nucleation cavity can be given by Eqg. (3.1).

Heat supplied at the nucleation cavity = q”(l—ei )AC + q”ei AC (3.1)

Where the first term represents heat carried away by the liquid phase and
the second term indicates heat taken away by the vapor phase. Heat taken
away by the vapor phase is utilized in bubble growth (Epupe) and
overcoming resistive effects due to surface tension (Erg), inertia (Er;),

drag (Ersn), gravity (Erg) and change in momentum due to evaporation
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effects (Ery). Equation (3.2) shows the energy balance equation for the
vapor phase.

Wﬁ-A

¢ = Epubblet Efst + B B

h+Eb+E% (3.2)
The void fraction is an important parameter associated with the two phase
flow. It had been extensively used in empirical models for prediction of
the flow pattern transition, heat transfer and pressure drop characteristics
of microchannels. The void fraction can be specified in terms of various
geometric definitions: local, chordal, cross-sectional and volumetric void
fraction [179]. The cross-sectional void fraction is used in current study as
given by Eq. (3.3).

o = Cross sectionof channelaccupied by thevapor bubble Ai,c/s

i Crosssectionof channel T Ay (3:3)

Experimentally the cross sectional void fraction can be measured either
directly by optical method or by an indirect method such as through
measurement of electrical capacitance of the conducting liquid phase
[180].

3.2.1 Energy utilization in vapor bubble

In this section energy required for bubble growth and consumed in
overcoming other resistive effects are discussed. Complete derivations of

these resistive effects are given in Appendix A.1.
(a) Energy required for the bubble growth (Epupbie):

Evaporation is an endothermic phase change process in which significant
amount of heat supplied to the vapor phase is consumed during bubble
growth period. Due to evaporation at the interface, vapor is added into the

bubble, thus bubble volume continuously increases at the nucleation site
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since inception until its departure. The energy required for evaporation at
the liquid-vapor interface is given by Eq. (3.4).
Vi 3.4
Epubble =AM tg at (3.4)
(b) Energy required to overcome the surface tension effect at interface
(Ersf):

Surface free energy at the interface continuously increases with time due
to increase in surface area of the bubble during growth period. Surface
tension can be expressed in terms of the Gibb’s energy and surface area
utilizing Eq. (3.5) [181, 182].

o =96 (3.5)

A, s

Rearranging Eq. (3.5) gives the surface energy required to maintain the

interface. It is shown in final form by Eq. (3.6).

dA
,S
Ersf =0 gt

(3.6)

(c) Energy required to overcome the inertia effect (Er;):
Inertia force acting over the bubble is given by Eq. (3.7) following [99,
100, 171].

G2

Energy required to overcome the inertia effect is calculated by multiplying

the inertia force with bubble growth rate as shown in Eq. (3.8).

2dr G2 dr

clsV EZ_Ai,c/sa (3.8)

Eri = Fi x growmth rate= A P
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(d) Energy required to overcome the drag effect (Ersp):

Flowing fluid exerts the drag force on the bubble. Only half portion of
vapor bubble is directly exposed to the flowing fluid and it experiences the
drag force. Effect of the drag force on downstream direction is neglected
due to the formation of eddies, which creates flow separation in downward
direction. The drag force acting over the bubble is given by Eq. (3.9)
following [99, 100].

=l——X— (3.9

Energy required to overcome the drag effect is calculated by multiplying

the drag force with bubble growth rate as shown in Eq. (3.10).

G Ais dr
Er, =F rowth rate = y—— =X —
sh ™9 ﬂZpIrX 2 “dt

" (3.10)

(e) Energy required to overcome the gravity (buoyancy) effect (Erg):

The effect of gravity (buoyancy) is due to density difference between
liquid and vapor phase. Energy required to overcome the gravity
(buoyancy) effect is given by Eq. (3.11).

Er =glp - )aﬁ (3.11)
() Energy required to overcome the force due change in evaporation

momentum (Ery,):

Evaporation at the interface results in a force due to change in momentum
as vapor leaves the interface [97-100]. The force due to change in

momentum due to evaporation is given by Eq. (3.12).

q" q"
Fo=——xAx (3.12)
m o hy NPy
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Thus, energy required to overcome this effect is computed by multiplying
the force due to change in evaporation momentum with bubble growth rate

as shown in Eq. (3.13).

g dr
dt

Erm :thgXAi,S X hfgpv (3.13)
The instantaneous volume (V;), surface area (Ajs), cross sectional area
(Aicss) and centroid (a) of the bubble are derived in terms of contact angle
and bubble radius. Complete derivations of Vi, Ais, Aics, and a are
provided in Appendix A.2. The shape of the bubble is assumed as a

truncated sphere as shown in Fig. 3.2.

Truncated Bubble
/ C
I
|

‘\“.._-__ - -7 ¥
T \BubbleCnp

21, RRET i

—

Figure 3.2 Diagram of truncated bubble and centroid of the bubble

Instantaneous volume, surface area and cross sectional area of the bubble
are given by Eq. (3.14), Eq. (3.15) and Eq. (3.16), respectively.

T3
Vi—3 ra (3.14)
Alszﬂ-rz-,B (3.15)
1,2
A|,c/s_2 4 (3.16)

Where, o, y and g are given by Eq. (3.17-3.19).

o= [4—0.5{3(1—0050)sin29+(1—cos€)3ﬂ (3.17)
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ﬂ:[4—{sin29+(1—cose)2ﬂ (3.18)

y :[Zﬂ—i—gngsin 29} (3.19)

The location of the centroid of the bubble is shown in Fig. 3.2 at point ‘0’.
The distance between centroid of the bubble and plate is given by Eq.
(3.20).

4sin3(wj
a=y-x=r —_2)—sin(90—%j =r¢ (3.20)

Where, y and ¢ are given by Eq. (3.21-3.22).

w =2(180-0) (3.21)
4sin3(l/2/j v
4- m—sm(%—z) (322

Substituting Eq. (3.3, 3.4, 3.6, 3.8, 3.10, 3.11, and 3.13 — 3.16) into the Eq.
(3.2), the bubble growth rate is given by Eq. (3.23).

2
A 2

g - 22280, Vhf+G ya| 2 i

oh 2 dt g 2pI hfg A,
dr Toa-g

+r-—|oc-(2-7-B)++ +rP—
S S L O
(3.23)

Integrating Eq. (3.23), we get general bubble growth equation in terms of
heat supplied, mass flux, thermal properties of the flowing fluid and

channel geometry, Eq. (3.24).
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ch 2 (| V] 2 4-p|
) 2
Gey |9 | =B
+l7moa-phy +—<+|—| —=|-r+C
& 9 A 2 hfg Py

(3.24)

Bubble growth at nucleation site is finally calculated by solving Eq. (3.24)
at given operating conditions (G, ¢”), channel geometry (Aq), and
thermal properties of working fluid (hyg, W, p1, pv,) at different time

intervals (from experimental observations) by Secant method [183].

Integration constant (C) is calculated by applying boundary condition; t =
tev = 0; 1 = re = rpin and given by Eq. (3.25). As the bubble becomes
visible at nucleation site, when it reaches up to cavity mouth, the
minimum visible bubble radius is assumed as nucleation cavity radius and
is given by Eq. (3.25). Stepwise derivation of Eq. (3.24) is provided into
Appendix A.3.

| ma¢| 2 |puGzp
C:— g(pl_pv) 2 :|.rmin_

——-I-Zﬂ"p-ﬂ:l-m(rmin)
| 4

1

2 (3.25)

Contact angle at the time of bubble inception is assumed as (fincep = 90)
following [81,184]. During the process of bubble growth at nucleation
cavity, contact angle decreases with increase in bubble radius. However,
no effort has been made in previous works relating variation of the contact
angle during the bubble growth with fluid property [185] and the time
lapsed after inception. An empirical relation (Eg. 3.26) has been
developed in order to find out contact angle variation during the bubble
growth in terms of surface tension (¢) and time (t), following experimental
work of [81].
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0 = Oincep—13794In (1) - 2.31In (o) (3.26)

Where, 6 is in degree, tisin msand o is in N/m.
3.3 Results and discussion

Few experimental works are available in open literature on bubble growth
at the nucleation site for microchannels [38, 39, 81, 186]. Figure 3.3
shows comparison of the proposed model with Lui et al. [81] experimental
and Zhuan and Wang [103] numerical work. Results show good
agreement between bubble diameter predicted by the model and
experimental data. The mean absolute percentage error (MAPE) of Zhuan
and Wang [103] numerical study is around 7%, whereas MAPE of current

model is around 14%.
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Figure 3.3 Comparison of present model with Lui et al. [81]

In order to find out the influence of energy consumed in bubble growth
and different resistive effects on growth process, their variations during
entire bubble growth period since inception until departure need to be
investigated. Figure 3.4 shows variations of the energy consumed in
growing bubble and resistive effects during bubble growth period.

Evaporation at an interface (Epuble) CONsumes largest proportionate of
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energy [187] and remaining energy is utilized in resistive effects i.e.
surface tension, inertia, drag, gravity (buoyancy) and change in
momentum due to evaporation. Among resistive effects, the surface
tension is most detrimental to bubble growth. Moreover, as expected, the
magnitude of all these resistive effects increases during bubble growth
period.
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Figure 3.4 Variation of energy utilization in various effects during bubble
growth

The present model is also compared with experimental work of [38, 39,
186]. Figure (3.5 — 3.7) show the results of comparative analysis between
current model and experimental results of [38, 39, 186] respectively.
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Figure 3.5 (a), (b) Comparison of present model with Lee et al. [38]
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Figure 3.6 Comparison of present model with Li et al. [39]
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Figure. 3.7 Comparison of present model with Meder [186]

MAPE between value predicted by the model and experimental data is
calculated by Eqg. (3.27).
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Mmeas™ rp red

r
MAPE (%) = Eeas x100 (3.27)

—MZ

Table 3.1 gives summary of the MAPE between predicted data and the
experimental data at different heat flux and mass flux conditions. From
Table 3.1, it can be observed that the current model over predicts in

certain cases and also under predicts in certain cases.

Table 3.1
Summary of MAPE between experimental data and present model
Author G q" MAPE Remark
(kg/m?s) (KW/m%) %
Liu et al 626 157.8 14 Under prediction
[81]
Li et al [39] 105 121 0.1 Negligible
269 12.3 25.8  Under prediction
269 30.1 10.8  Over prediction
269 65.4 55 Negligible
555 70.6 23 Over prediction
Lee et al 170 1.47 20.8  Under prediction
[38] 170 57.6 0.7 Negligible
170 196 3.5 Negligible
341 6.94 0.6 Negligible
477 15.7 24.3  Under prediction
Meder [186]  259.8 46.7 25 Under prediction

259.8 494 16.4  Over prediction
364.6 58.8 14.7  Under prediction
415.9 66.8 1.1 Negligible
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Over prediction can be attributed to associated heat losses occurring from
the test section and possible condensation at the top portion of vapor
bubble during subcooled boiling [188], which suppresses actual size of
vapor bubble. Whereas, under prediction may be due to the merging of
small vapor bubbles generated in close neighborhood of the bubble under
consideration. In certain observations MAPE is greater than 20%. This
may be due to presence of unsteady growth force, which arises due to
fluctuation in local flow field [189].

From Table 3.1, it is also observed that at constant heat flux, bubble
growth rate decreases with increase in mass flux. As mass flux increases at
constant heat flux, energy consumed in overcoming the inertia and the
drag resistive effects also increase. Hence, bubble grows slowly and
associated waiting time would increase. On the other hand bubble growth
increases with increase in heat flux at constant mass flux and associated
waiting time would reduce. This may be accredited to the enhancement in

evaporation rate at high heat flux.
3.4 Waiting Time

When bubble nucleates at the nucleation cavity, it takes time to grow.
Waiting time is very important phenomena as far flow boiling is concern.
This gives information that how frequently next bubble is generated from
the active nucleation site. Basu et al. [188, 190] and Yeoh et al. [191]
defined waiting time (t,) as the time period between bubble departure and
next bubble inception at a given nucleation site (small circular cavity).
Figure 3.8 represents the waiting time and growth time of the vapor
bubble nucleated at nucleation site [192]. Bubble is incepted at point ‘O’
and grows till point ‘P’. At ‘P’, bubble departed from the nucleation site.
There is no bubble for duration between point ‘Q’ and point ‘R’. At point
‘R’, new bubble starts growing at nucleation site. Time interval between
‘O’ and ‘Q’ represent bubble growth period (tg) at nucleation site and time

interval between point ‘Q’ and point ‘R’ represents waiting time (ty).
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Bubble waiting time along with growth time is helpful in determining the
bubble release frequency (1/(tw+tg)) of the active nucleation site [192,
193]. Information of the bubble release frequency is important variable in
predicting the nucleate boiling heat flux [193, 194].
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Figure 3.8 A schematic showing bubble growth and waiting time [192]

Shape and size of the nucleation cavity is dependent on surface roughness,
which eventually depends on the type of manufacturing process used for
fabrication purpose. In actual, nucleation site may be approximated as
inverted cone as reported by Lui et al. [81], Lee et al. [178], Fazel and
Shafaee [195], Li and Cheng [196] and Kandlikar [132].

. A «——Apex of cone

27‘3;::’:;
—-

Figure 3.9 Stages of bubble nucleation process

Very first point where the bubble can incept in case temperature reaches to
the saturation temperature is apex of the inverted cone, Fig. 3.9. Thus,

vapor bubble is more likely to initiate at the apex of cavity (r = 0) and
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grows inside the cavity [197]. When bubble reaches at the cavity mouth (r
= Imin), it can be visualized through high speed photography. To obtain
waiting time, it is assumed that bubble grows inside the cavity in similar
manner as it grows outside the cavity. Thus, slope of the bubble growth
line will remain constant even in the period since inception to the first

visualization at a given nucleation site and is given by Eq. (3.28).

gt 7
dr _ Ach 2
dtrzrmin 2 " ’
n-a~pvhfg+2—y+ hq— ﬂ
A fg ) Py

+|:O-(2;z-ﬁ)+/u4Gpﬂ-ﬁ L

| | ‘min
Jo(a-2) 75 oz

This slope is applied between conditions; (1)t=0;r=0,and (2)t=t,; r

= rmin. Eventually, the waiting time can be obtained by Eq. (3.29).

r .
=g min (3.29)

W = "min

Experimental waiting time is obtained by extrapolating experimental data
up to r = 0. Table 3.2 shows the summery of waiting time calculated
through experimental data and by current proposed model. From Table
3.2, it is validated that at constant heat flux, waiting time value increases
with increase in mass flux. Whereas, waiting time value decreases with
increase in heat flux. Expected reason for these is already explained in

previous section.
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Table 3.2

Summary of waiting time calculation

Author G q" waiting time
Model  Experimental
(kg/m3s) (KW/m%)  ms ms
Liu et al 626 1578  161.7 151.3
[81]
Li et al [39] 105 121 4.5 3.83
269 12.3 88 49
269 30.1 32.1 41.54
269 65.4 9.21 6.17
555 70.6 14.6 22.28
Leeetal 170 1.47 132 64.3
[38] 170 57.6 5 5.23
170 196 2 2.6
341 6.94 57.6 60.87
477 15.7 52.84 29.73
Meder [186]  259.8 46.7 58.1 15.95
259.8 49.4 37.6 35.7
364.6 58.8 29.9 43
415.9 66.8 27.4 28.29

3.5 Non dimensional Group

Since the boiling process is very complex, it is very difficult to model

every phenomena theoretically associated with boiling process such as

heat transfer characteristics, pressure drop characteristics and critical heat

flux. These phenomena can be better understood through various non

dimensional numbers that can be derived from the various governing

effects involved into the boiling process. These numbers are generally the

ratio of the two governing effects. The bubble growth model involve

various terms which describe the energy required for bubble growth and
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overcoming the various resistive effects. These energy terms can be
utilized to identify the non dimensional group during bubble growth at
nucleation site in microchannel which can be helpful in providing more
insight of flow boiling phenomena in microchannel. Hence, effort has
been made to extend the bubble growth model to develop the non
dimensional energy ratio. Fig. 3.4 shows the variation of Epyppie, Ers, EFi,
Ersh, Erg and Erp,. It can be observed that the energy required to overcome
resistive effect of evaporation momentum is negligible out of these.
Hence, this effect has not been considered in current non-dimensional
study. Following that, Epuobie, Erst, Eri, Ersh, and Erg are remaining
influencing parameters in Eq. 3.2. During current analysis, energy
required to overcome the surface tension effect has been taken as
reference as it plays important role in bubble growth and departure both in
microchannels. Four dimensionless energy ratio terms have been formed
as: Ej, E, Ez and E4 as shown by Eq. (3.30 — 3.33).

pVhfg a
&) = Eoubble/ E'sf % '3 (3.30)
r 62 ¥ /4
E _Er Er, = —— |=We| — (3.31)
2 st po \4np 47
uG Ca
Er 3.32
h/ 8pI 8 (332)
a\p—p, Bo
E,=FEr /Er :Mr2 ga | _2f da (3.33)
g/ s 20 ) 2\ p
r62 . uG . .
Where, We| =—— |is Weber number,Ca| =—— |is Capillary number,
Py Po
_g(pl‘pg) 2. : :
Bo| =————=r" |is Bond number. E; is the ratio of the energy
O

required for bubble growth to the energy required to overcome the surface
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tension effect. E; is the ratio of the energy required to overcome the inertia
effect to the surface tension effect. It finally appears in terms of the Weber
number. E3 is the ratio of energy required to overcome drag effect and
surface tension effect. E3 is function of the capillary number. E4 is the
ratio of the energy required to overcome the gravity (buoyancy) effect to
the surface tension effect. It appears in terms of the Bond number.

Many researchers had carried out experimental studies of bubble growth at
nucleation site [81 38, 39, 182] in microchannels. But, they had not
observed inertia controlled region and diffusion controlled region
distinctly in their experimental studies. They reported that bubble grows at
nucleation site in linear manner. A very few experimental studies [86, 87]
were found in the open literature, which clearly indentified these regions
separately during bubble growth at nucleation site in microchannel.
Following Bogojevic et al. [86] study, it is observed that period of the
inertia controlled region is very short as compared to thermal diffusion
controlled region. This could be a possible reason that in earlier studies
this region was not given major attention or may be due to limitation of
high speed photography. The above mentioned non-dimensional groups
are plotted following instantaneous values of bubble radius (since
inception till departure) as reported in experimental work of Bogojevic et
al. [86]. Fig.3.10 — 3.13 shows the variation of E;, E, E3 and E4 during the
entire bubble life. Note that bubble growth approximately above 225 ms
is not of our interest as bubble interface enters in boundary layer of the
adjacent wall. It is clear from these figures that E; and E, play important
role in bubble growth at nucleation site. E3 does not change with time
during entire bubble growth at nucleation site as shown in Fig. 3.12. The
effect of E,4 is almost negligible. Hence, gravitation force does not play
any significant role. Variation of E; and E, show that they can be utilized
to distinguish the inertia controlled and thermal diffusion controlled

region. E, appears in terms of the We, which is useful in defining the
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dominance of the surface tension and flow inertia on flow patterns in

microchannel [98].
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Figure 3.10 Variation of the E; with time
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Initially the value of E; increases very rapidly and attains value of around
400 within a short time (around 25 ms). In this region bubble size is very
small thus surface tension effect plays an important role. Later, the slope
of the curve reduces as the bubble size increases. In this region,
evaporation is mainly responsible for further growth of bubble as surface
tension effects turns weaker. Thus, bubble growth in this region is
governed by the thermal diffusion taking place at the liquid vapor
interface. Hence, variation of E; can be used successfully for easily
recognizing inertia controlled region and diffusion controlled regions.
Transition of inertia to thermal diffusion is found to occur in the range of
E; from 1300 to 2400 under different operating conditions [87]. Thus,
more efforts are required to generalize the inertia controlled region in
terms of operating conditions.

From the Fig. 3.10 it is clear that rate of bubble growth is much higher
in inertia controlled region than thermal diffusion controlled region.
Hence, it implies that rate of the heat transfer from the surface is much
higher to fluid in the inertia controlled region than the thermal diffusion
controlled region. If the bubble can be departed before it enters into
thermal diffusion controlled region, higher heat transfer rate can be
achieved.

3.6 Impact of non dimensional numbers on critical heat flux

Intrinsic relationship between bubble dynamics and associated two phase
flow regimes is not well understood at micro level. Two phase flow starts
with bubble formation at active nucleation sites on heated surface.
Unusually in case of microchannel; single bubble may grow to the size of
channel and completely blocks the flow. The above is in contradiction
with boiling on conventional scale channel. Considerable attention had
been put in past to visualize isolated bubble growth pattern in case of
microchannels.

Flow blocking by the individual channel has dramatic influence on two

phase flow behavior of microchannels. It induces temperature and velocity
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fluctuations apart of fueling various instabilities. It is more like the critical
heat flux condition and actually activates it. Critical heat flux; which
decides the upper thermal limit of performance of microchannel heat sink
under given operating conditions requires special attention. The effort has
been made to relate the influence of non-dimensional energy ratio on
critical heat flux condition. Following are the expected impacts of the non-
dimensional numbers on critical heat flux.

E; indicates the ratio of energy that is utilized in the bubble growth
process (which finally stores inside vapor bubble) to the energy required
in overcoming resistive surface tension effect. Larger value of E; implies
either vapor bubble posses large energy or effect of resistive surface
tension effect is weak. Under both circumstances, bubble behavior is
entirely different. If E; is large due to high value of hg (low evaporation
rate) or p, (formation of denser bubble) under both conditions bubble
growth rate reduces; otherwise bubble growth rate is fast but bubble is not
stable (thinner bubble) thus collapses easily. Side effects of flow blocking
transmit frequently in fluids with low value of E;. And, the fluid suffers
from the early occurrence of CHF condition in comparison to the fluid
with high value of E;.

E. represents the ratio of energy required to overcome inertia effect to the
surface tension effect acting upon the vapor bubble. Both of these two
effects have negative influence on bubble growth rates. High value of the
inertia effect helps in early detachment of vapor bubble from nucleation
site thus helps in avoiding flow blockage condition as required for stable
flow boiling condition. The effect of surface tension effect is already
discussed, weak surface tension effect helps in rapid growth of bubble but
it destabilizes vapor bubble by formation of thinner vapor bubble. Thus,
ideally fluid should have high inertia effect. If the vapor bubble continue
to stick nucleation site then high value of surface tension is beneficial
otherwise low value of surface tension is helpful as it helps in easy

collapsing of vapor bubble. As surface tension plays more vital role in
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boiling process at microscale, the value of E, should be small in order to
have stable boiling process. Small value of E, can help in avoiding early
occurrence of CHF condition in microchannel. Similarly, E; is the ratio of
energy required to overcome viscous effect to the surface tension effect
acting upon the vapor bubble. Viscous force increase helps in detachment
vapor bubble from the nucleation site, frequent removal of vapor bubble
from nucleation site stabilizes the boiling process and helps in avoiding
flow blocking, which ultimately delays CHF condition.

Es represents the ratio of energy required to overcome resultant
gravitational effect to the surface tension effect acting upon the vapor
bubble. The resultant gravitational force acting on the vapor bubble tries to
pull up vapor bubble out of nucleation site, which is required condition for
stable boiling process. Thus, value of E4 should be higher to avoid early
occurrence of the CHF condition. However, many past researchers [96,
98] had quoted that effect of buoyancy force can be neglected for the
microchannels.

From above discussion, it is clear that critical heat flux is strongly
influenced by the bubble dynamics of individual bubble in case of
microchannel.

3.6 Conclusion

Simplified mathematical model has been developed to predict the bubble
growth at nucleation site following assumption that heat supplied at the
nucleation site is divided between liquid phase and vapor phase as per
instantaneous void fraction value. Heat consumed by the vapor phase is
utilized in overcoming resistive effects and growth of vapor bubble. New
empirical relation is developed to obtain contact angle in terms of time and

surface tension during the growth period.

1. Itis found that bubble growth is influenced by heat flux, mass flux,

thermophysical properties of the liquid and channel geometry.
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2. Presented model shows good agreement with the past experimental
studies available with maximum MAPE of 25%.

3. Waiting time phenomena is discussed and current model is utilized
to predict waiting time. Predicted waiting time is also found close
to experimental waiting time. It is observed that the waiting time
increases with increase in mass flux and decreases with increase in
heat flux.

4. Bubble growth model is extended for developing non dimensional
energy ratio. The new non dimensional energy ratio number E; is
proposed to differentiate inertia controlled region and thermal
diffusion controlled region. Eventually, possible impacts of the

non-dimensional energy terms on critical heat flux are discussed.
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CHAPTER 4

DEVELOPMENT OF NEW CHF CORRELATION
FOR MICROCHANNEL

4.1 Introduction

Unlike conventional channels, empirical equations for microchannel are
limited in number. Importantly, none of the previously proposed CHF
correlations (Table 2.8) was generated to model CHF due to bubble
dynamics leading to bubbles clogging the microchannel. Significant
variations in CHF predictions for microchannels are observed, when they
are tested against reported experimental data (discuss in result and
discussion section). Detailed theoretical models based on evaporation of
thin liquid film trapped between heating surface and vapor slug is lengthy
and time consuming. From the previous chapter, it is concluded that non-
dimensional number developed using bubble growth model can be useful
in determining the critical heat flux in microchannel. Therefore, in the
present chapter, an effort has been made to develop a new correlation for
CHF conditions (associated with bubble growth and clogging) realized in
microchannels that employ a uniform heat-flux “method of heating”. This
approach is based on a non-dimensional analysis (Buckingham's TII
theorem) that is coupled to an energy based bubble growth model at
nucleation sites developed in chapter 3.

Bubble dynamics plays an important role in any boiling process but its
importance increases many folds as channel dimension goes down from
macro to micro level. At micro level individual bubble growth starts
influencing many aspects of boiling such as heat transfer rate, temperature
and pressure field distribution in a very unusual manner — this is due to
liquid flow field’s complete confinement by individual bubbles. Many
researchers have stated that this can lead to an early occurrence of CHF in
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case of flow boiling in a microchannel. Kenny et al. [198] write “In a
microchannel system, the bubble can grow to fill the channel before
detachment, leading to complete blockage and early dryout of the
channels.” Mukherjee and Kandlikar [199] write “The resulting reversed
flow is detrimental to the heat transfer and leads to early CHF condition.”
Hence, for this mechanism, state of CHF in microchannel depends on
bubble growth rate.

4.2 Development of new CHF model for microchannel

In chapter 3, development of energy based model for prediction of the
bubble growth at nucleation site in microchannel is discussed. From this
model (Eq. 3.24) it is observed that bubble growth is dependent on various
parameters (pi, pv, 6, 11,9, hig, G, 1i, @, B, y, and ¢). Where, a, S, y, and ¢ are
non-dimensional angle parameters associated with bubble volume, surface
area, cross section area and centroid of vapor bubble — and they all are
functions of the equilibrium contact angle. Details of a, S, y, and ¢ are
available in Appendix 2. Gravity (g) is considered as variable as it
influences buoyancy force acting on the bubble and it also facilitates
representation of complete CHF correlation in terms of energy consumed
in various processes [200]. In case of supplied heat flux q” < qcpr, the
terminal value of instantaneous bubble radius r; at any nucleation site is
less than channel dimension. However, for q” > qcnr, the vapor bubble
occupies entire cross section of the channel. Hence, r; for such critical heat
flux condition can be considered to be approximately equal to hydraulic
radius (r; = rn, = Dp/2).

Hence, for this mechanism, CHF can be given by Eq. (4.1).

qCHF:f(p|1leo-nu|1glhfg!Gvrhva1ﬁ17!¢) (41)

Total number of variables (n) are thirteen including gcur. Thus, Qcur IS
function of the twelve variables. Bubble radius (ry), surface tension (o),
mass flux (G) and a are set as repeating variables (k = 4). Following
Buckingham's IT theorem [200], the number of IT terms are nine (n — k =

9) and each IT term is function of repeating variables plus one of the
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remaining variables. They are given by Eq. (4.2) — Eq. (4.10). Detail steps

of the non dimensional analysis are provided in Appendix 4.

d
l_ll =AdcHE I’halab'l'Gcla 1 (4.2)

M, = pvrhazabzeczadz (4.3)
a=h rhasabchsads (4.4)
My = 08645 (4.5)
Mg = o1, 50 56545 (4.6)
Mg =hyg rhaGabGGC%OI6 4.7
M, = ,Brha7ab7607ad7 (4.8)
_ ﬂhascbsscsads (4.9)
Mg = g1, 95 9G04 (4.10)

Principle of dimensional homogeneity is applied to find coefficients of the
Eq. (4.2) — Eq. (4.10). Table 4.1 presents the value of these coefficients for

each IT term.

Table 4.1

Values of coefficients ay, by, ¢k and d
Ty a bx e Ok
Ty 2 -2 1 0
I, -1 1 -2 0
I13 -1 1 -2 0
I, -1 0 -1 0
I1s 3 -2 2 0
Is 2 -2 2 0
I1; 0 0 0 -1
ITg 0 0 0 -1
Ig 0 0 0 -1
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The proposed (discussed in chapter 3) non dimensional energy ratio terms
(E1, E2, E3, E4 given by Eq. (3.302) — Eg. (3.33)) and analyzed their
variation during bubble growth at nucleation site in microchannel.
Following these, IT terms (except I1 1) are converted into four modified IT
terms in such a way so that each modified IT term contains one non
dimensional energy ratio term. Modified IT terms are given by Eq. (4.11) -
Eq. (4.14).

_Mplle _ A"t @

e 4.11
Mg =15 o g (4.11)
. - I8 %y (4.12)
B T3ll7  po p
Mg _#4C
e _AF 4.13
HES [13 p|o ( )
2
9(a )5
M, = (M3-M12)- M5 - Tg = (4.14)

Process of confinement of cross sectional area of flow begins with partial
confinement as shown in Fig. 4.1(a). It is the state at which vapor bubble
size reaches up to minimum dimension of microchannel. The confinement
process terminates at full confinement state, when vapor starts touching all
sides of microchannel as shown in Fig. 4.1(b). The time lag between
partial confinement and full confinement also influences CHF value and it
depends on (W/H) ratio. Hence, ITar = W/H has been included as non-
dimensional term. Similarly, effect of inlet subcooling on CHF [165 — 167]
has been taken in to account by introduction of another non dimensional
term Ilgp = Tin/Tsa. Function correlating above seven non dimensional I1

terms is given by Eq. (4.15),

f(l_ll,l_[El,l_lEz,l_lES,l_[E4,l_[AR,l_lsub)=0 (415)
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Figure 4.1 States of bubble confinement in different type of cross section:

(@) partial confinement, (b) full confinement

Equation (4.15) can also be written as;

GcHFCh _o[AMMg @ | [CThr | | 4G
0'2 o hﬂ P B P (4 16)

(] e e

Full confinement is not the actual state of CHF. Bubble grows for certain

duration before acquiring state of CHF. This time lag is taken care of by
finding values of coefficients m, n, o, p, g and r through regression
process.

Critical heat flux data are typically either based on a certain transverse
base area (Qcurs) [35, 158, 164 — 166] below the channel(s) or on the
actual total heat transfer area (Qcurw) [35, 41, 162 — 165, 169] of
microchannel(s) as shown in Fig. 4.2. All gcurs experimental data are
converted in to gcurw- TOp surface of microchannel is assumed perfectly
insulated as it is normally covered by toughened glass for easy flow
visualization purpose. Hence, relationship between gcurw and Qcues iS
given by Eq. (4.17).
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W-+HW ¢
9cHF W = 9CHF B We2,H (4.17)

Where, 7 is fin efficiency and in current analysis it is assumed as 0.8.
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Figure 4.2 Microchannel geometry showing base and wall CHF

4.3 Results and discussion

4.3.1 CHF correlation for refrigerants

Total seven experimental studies were found in open literature which are
related to CHF in microchannel and used different refrigerants as working
fluids (compiled in Table 2.8). These studies covered refrigerants (R123,
R134a, R245fa, R236fa), microchannel of diameters (237 pum < Dy, < 1600
um), mass flux range (84 kg/m? s < G < 3736 kg/m?s), inlet subcooling (-
1.1 to 60°C) and operating pressure (1.2 < Pgy < 13.2). Experimental data
from most of the studies were carefully extracted from graphical
illustration and, for some cases, data were directly used as they were
explicitly available in tabular forms. Experimental studies of Refs. [158,
165, 166] are used in regression analysis for finding value of coefficients
m, n, 0, p, g and r. Regression of data has been carried out using
MATLAB version 7.7.0 (R2008b) regression tool. Equation (4.18) shows
the final form of CHF correlation for refrigerants.
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, 074, , 028 191
e gb| o [P ] [T | (a8
CHF W er? ) o Mg po B po

{"(”Ipv)rh2 ¢ }0'43 (W )—0-39 [ I ]—1.41

(4.18)
H Tsat

The range of non-dimensional parameters appearing in Eq. (4.18) are:1.8 x
10 <TIg; <1.5x10°% 2.4 x 10! <TIgp <3.5x 107 1.7 x 10° < Mgz <7.4 X
102,36 X 10° <TIgs <26 x 101, 1.1 x 10 <W/H <6.7,and 8.3 x 10 <
Tin/Tsat S 1

Validity of the newly proposed empirical relation has been checked by
comparing it with experimental work of Refs. [158, 162 — 167]. Figures
4.3 — 4.9 show results of comparative analysis between previously
proposed equations and current work.

The mean absolute percentage error (MAPE) has been calculated by using
Eq. (4.19).

9"CHF exp 9 CHF, pred |

q"CHF,exp
N

)
>
1

MAPE (%) = x100 (4.19)

Table 4.2 presents the summary of MAPE in prediction of CHF using
present work and existing correlations. In order to compare actual
predicting capability of past correlations [35, 162, 171, 100] (developed
with fin efficiency of 100%) with present work, CHF prediction through
their models are first converted into wall CHF with 80% fin efficiency as
given by Eq. (4.20). Then, MAPE of their correlations have been

estimated.
W+2H
q —q (7) 4.20
CHF Wgqo, ~ 1CHF, W, 50, \W+L.8H ( )

It is observed that unlike earlier correlations, proposed correlation shows
good agreement with most of the experimental observations. This may be
due to the fact that in earlier correlations effect of influencing variables
(inertia, surface tension, drag, gravity and evaporation momentum) were

presented through combined non-dimensional parameters that did not fully
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represent independent effects of key thermophysical properties. Figure
4.10 show comparison of complete set of CHF predictions with

experimental value obtained for refrigerants.
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Figure 4.3 Comparison of proposed model with earlier models using

experimental data of Miner [158]
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110



Experimental
* Kuan [163]
Correlations
Current model

NA
(S —— Qu and Mudawar [35]
3 < Qietal. [156]
= Wojtan et al. [257]
é —o— Kosar et al. [41]
E —— Bowers and
o Mudawar [112]
= - —o— Ong and Thome [160]
S 10°4 ~ —o—Fuetal. [161]
= 1. o o —o——9o—° ——Kosarand peles [162]
S
O ] ; . ——Kuanand

Kandliakr [171]
Without Pressure Drop Element < Kandlikar [100]

40 450 500 550
Mass flux (kg/m’s)
Figure 4.5 Comparison of proposed model with earlier models using

experimental data of Kuan [163]
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Figure 4.6 Comparison of proposed model with earlier models using
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Figure 4.7 Comparison of proposed model with earlier models using

experimental data of Park [165]
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Figure 4.9 Comparison of proposed model with earlier models using
experimental data of Basu [167]
Besides, current study (MAPE 21% with 77% data within 30% error
band), correlation of Ong and Thome [160] also showed good agreement
(MAPE 23% with 74% data within 30% error band) with the available
experimental CHF dataset.
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Table 4.2

Summary of mean average percentage error (MAPE)

Authors No.of Quand Qiet Wojta Kosar Bowerand Ongand Fuet Kosar Kuanand Kandlik Current
points  Mudawa al. netal. etal. Mudawar Thome al. and Peles Kandlikar ar [100] model
UIA  r[35] [156] [157] [41] [112] [160] [161] [162] [171]

Miner [158] 26/26  354.6 1571 133 356 287 23.9 61.7 83.2 57.0 50.7 14.9

Kosar and 30/30  445.6 1776 21.3 484 325 29.9 35.7 15.8 73.9 25.0 20.5

Peles [162]

Kuan [163] 8/8 244.8 1260 473 249 79 52.4 67.6 135.6 28.0 30.1 18.5

Agostiniet  25/25  282.8 1342 7.0 338 325 18.6 57.1 25.0 59.2 23.3 16.2

al. [164]

Park [165] 323/323 487.9 1204 37.7 473 512 20.7 57.7 55.1%! 69.1 50.5"° 18.0

Mauroetal. 66/66  636.7 986 9.2 629 142 22.2 61.1 116.3 53.5 N.A" 247

[166]

Basu [167] 80/111 845.6 265.7 475 168 11.9 26.6 59.0 232.0% 229 34.5 31.3

*1

Footnote: N.A. Not Applicable, Superscripts: (a cases: CHF —ve), (b cases: x > 1), (1, 2, 3) (13, 29, 52), *1 D = 510um, (readings
left)
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4.3.2 CHF correlation for water

Initially Eq. (4.18) was also checked for CHF data of microchannel using
water as working fluid. It is found that CHF condition for water can not be
predicted accurately using same value of coefficients — as for refrigerants.
This is possibly due to large variations in enthalpy of evaporation and
other thermophysical properties that lead to non-dimensional numbers
which are well out of the admissible range for Eq. (4.18). Analyzing the
thermo-physical properties of water and refrigerants, it is found that,
unlike refrigerants, effect of gravity to surface tension (Ilg4) on the vapor
bubble for the water case can be neglected. Under typical operating
conditions considered here, influence of this parameter for the water case
is found to be around thirty five times lower than for cases involving
refrigerants. Hence, influence of Ig,4 for the water case has been neglected.
Unlike refrigerants, water experimental studies had been carried out for a
smaller limited range of mass flux, and there is smaller available data set.
For the large mass flux range, from 2000 — 9000 kg/m?s, no experimental
data is available in open literature. Hence, experimental readings of all
available relevant cases Refs. [35, 41, 163, 168 — 170] have been utilized
for finding the values of coefficients m, n, 0, q and r. Current experimental
readings cover hydraulic diameter range (133 pm < Dy <1168 um), mass
flux range from (40 kg/m? s < G < 1600 kg/m?s), inlet subcooling range of
(2 — 132 °C) and operating pressure (0.253 < Pgy < 10.47). CHF
correlation for the water is given by Eq. (4.21).

171, 5 -0.92
q ~10° o |[ g - 7
CHF W Grhz s N po B
3.35
HO | (w0 {Tin]_lﬁl
no H Tsat
The range of non-dimensional parameters appearing in Eqg. (4.21) are: 0.9
x 10* <TIg; <1.6 X 10°, 6 x 10° <TIe, <2.8 x 10* and 2 x 10™* <ITgz <1 X

102,26 x 10 < w/H <6.7, and 7.1 X 10 < T/ Teae < 1.

Figures 4.11 — 4.16 show comparative analysis of the previously proposed

(4.21)
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correlations and current correlation for water. Summary of MAPE of

current and previous correlations are reported in Table 3.3.
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Figure 4.12 Comparison of proposed model with earlier models using

experimental data of Kosar et al. [41]
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Prediction capability of water correlation is found to be poorer than the
refrigerant. Only 60% experimental data are found to fall within error
band of 30% as shown in Fig. 4.17. This may be due to effect of
significant unaccounted heat loss to the atmosphere in case of water —
unlike refrigerants. However, still the prediction of current correlation is
better in comparison to previous existing correlations. The MAPE of

current correlation for water case is found to be around 27%.
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Figure 4.17 Comparison of the experimental CHF and predicted CHF data

for water
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Table 4.3

Summary of mean average percentage error (MAPE)

Authors No.of Quand Qietal. Wojtan Kosaret Bowerand Ong Fuetal. Kosar Kuan Kandlik Current
points Mudawa [156] et al. al. [41] Mudawar and [161] and and ar [100] model
UA  r[35] [157] [112] Thome Peles  Kandlik
[[160] [162] ar [171]
Qu and 18/18 5.2 16537.0 270.9 3636  556.4 125.1 747 63.8 19.0 321.1 259

Mudawar [35]
Kosar et al. [41] 4/4 37.2 19383.6 237.6 18.8 325.6 439 94.0 89.2 583 19.0 32.2

Kuan [163] 11/11  25.6 12589.3 845 2275 2449 45 2245 681 3.1 854  26.0
Roday [168]  76/136 54.07 13227 3456 811.4  908.9 326.3 2974 584*' 92.1 110.4 315
Hsiehand Lin ~ 24/24 71.3 5809.2 32.6 916 54.2 493 6.9 63.6 6.6 105.9°* 8.8
[169]
Roach et al. 42/72 723 12165 21.2  56.6 68.9 252 3505 859 117 32.5"% 315
[170]

Footnote: N.A. Not Applicable, Superscripts: (a cases: CHF —ve), (b cases: x > 1), (1, 2, 3) (22, 2, 7), *1 D =1448 um (readings
left)
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4.4 Limitations of current model
Current model has been developed based on the assumption that instability
due to bubble confinement stimulates the condition of CHF in
microchannel. Proposed correlations strongly justified experimental
observations of parallel microchannel heat sink; whereas MAPE is found
to be on slightly higher side (~32%) for single microchannel (circular
tube) experimental cases [167, 168, 170]. Current limitation is in line with
the finding of past researchers. Bergles and Kandlikar [131] noted that
CHF in parallel microchannel is due to the result of excursive instability
rather than conventional dryout mechanism. Influence of confinement on
CHF is expected to decrease with increase in channel diameter and mass
flux. Therefore, proposed correlations showed large deviation from
experimental values obtained at high mass flux (G) values in
microchannels [201, 202]. Similarly, unlike the past correlations of [160]
and [100] , which capably estimated CHF conditions for both mini and
microchannel flows, large deviation of around 80% is found when
proposed correlation for water is tested against experimental values for
minichannels [203, 204]. However, as key non-dimensional numbers
remain approximately the same, the reported limitations can be minimized
by separate implementations of this scheme for data covering high mass
flux flows in micro- and minichannels.
4.5 Conclusion
In the current study, new semi-empirical CHF model for microchannel has
been developed. This assumes vapour bubble blockage mechanism of
CHF and associated experimental data set. A non dimensional analysis and
energy based bubble growth model at nucleation site are used to develop
the models.
1. Two separate CHF correlations have been proposed to estimate
CHF wvalues for refrigerants and water. The correlation for
refrigerants show good agreement with almost all experimental

studies and predicts 77% data within error band of 30%.
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2. Whereas, correlation for water predicts only 60% of available data
within error band of 30%. The MAPE of refrigerant and water are
21% and 27% respectively.

3. ltis also found that influence of energy ratio term Ilg4 (gravity to
surface tension) on water CHF condition can be neglected.

4. Superior prediction ability of current CHF model can be attributed
to its dependency on all independent parameters relevant to bubble
dynamics. Proposed model can help in advancing current state of

art of CHF studies pertaining to microchannel strictly.
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CHAPTER 5

EXPERIMENTATION ON HEAT TRANSFER
AND PRESSURE DROP CHARACTERISTICS OF
OPEN MICROCHANNEL AND ITS
PERFORMANCE AUGMENTATION

5.1 Introduction

Use of flow boiling in microchannel heat sink meets high heat dissipation
requirements compared to single phase flow. However, flow boiling in
microchannels is prone to high pressure drop and subjected to the flow
instabilities like parallel channel instability [109], pressure fluctuation
[205], vapor blocking [128] and flow reversal [35, 131, 132] which leads
to CHF [35, 131, 206]. Hence, researchers are engaged in an effective
implementation of single phase flow with enhanced heat transfer
techniques to tackle with high heat dissipation problem. Generally, this
technique involves modifications in microchannel geometry like wavy
microchannel [115], double-layer wavy microchannel [207], diverging
microchannel [120, 143], converging-diverging microchannels [208] etc.
Steinke and Kandlikar [29] speculated that single phase flow in
microchannel with enhancement techniques can compete with flow boiling
in microchannel. Also, an attempt has been made for heat transfer
enhancement using nano fluid as working fluid [210, 211]. However,
Wang et al. [212, 213] concluded that use of nano fluid does not always

offer superior heat transfer performance over water.

Kandlikar et al. [214] and Kalani and Kandlikar [215] studied flow boiling
in open type microchannel heat sink. Kandlikar et al. [214] observed that
open type microchannel heat sink helps in reducing the flow reversal.
They further observed that heat transfer performance is influenced by

depth of the gap. Kalani and Kandlikar [215] observed tremendous
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reduction in the pressure drop in open type microchannel heat sink than
plain microchannel heat sink. From the open literature, it is observed that
single phase flow with open type microchannel heat sink has not been
studied. Recently, Yadav et al. [216] carried out numerical simulation of
single phase flow in microchannel with fins inside the microchannel.
Three configurations of extended fins in microchannel (upstream finned
microchannel, downstream finned microchannel and complete finned
microchannel) are compared with plain rectangular microchannel. They
concluded that introduction of the fins in all three configuration helps in
enhancing the thermal performance of the microchannel compared to plain
microchannel. Further, they observed that overall performance of the
upstream finned microchannel is better than downstream finned
microchannel and complete finned microchannel. This is attributed to the
higher heat transfer potential due large temperature difference between
inlet temperature and wall temperature in upstream part of the
microchannel than downstream part. However, no experimental evidences
have been found in the open literature which addresses single phase flow
in microchannel heat sink having fins. Hence, in this chapter, attempt has
been made to perform experiments with open type microchannel heat sink
and its performance augmentation using fins. For this purpose, two
configuration of the microchannel heat sink are fabricated; (1)
microchannels without fins (2) microchannels with fins. The development
of the experimental set up and performance comparison of these
configurations is discussed in this chapter.

5.2 Experimental set up

Fig. 5.1 shows the schematic diagram of the open loop experimental setup
used in order to study open type microchannel heat sink. Actual apparatus
is shown in the photograph in Fig 5.2. Experimental set up is developed
keeping in mind the interchangeability of the microchannel heat sink.

Water is stored and supplied from the inlet tank. Micro annular gear pump
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is used to circulate the water through filter. The speed of the pump is
controlled, to achieve different flow rates, via variable speed gear pump
drive. Flow rate is measured using mass flow meter which is installed after
pump. Subsequently, water is preheated in preheater to achieve required
constant inlet temperature, measured at outlet of the preheater, throughout
the experimentation. Flow passage between preheater and test section is
insulated in order to reduce heat loss to environment. Inlet and outlet fluid
temperatures, using K type thermocouples, are measured at inlet and outlet
plenum of the microchannel heat sink. Four K type thermocouples are
placed at the bottom of the microchannel heat sink to measure the base
temperature. Five cartridge heaters are used to heat test section and its
power is controlled, to facilitate different heat flux conditions, with help of
the auto transformer. Inlet and outlet pressure is measured with help of the
pressure transducer. The signals of the thermocouples, pressure
transducers and mass flow meter are collected with help of high speed data
acquisition system. Details of the equipments used in the current

experimentation are discussed in following section.

Data Acquisition Personal
system < computer [ Inlet
AR | tank
TTTITT ) T e |
HERE R | Filter
|
EP' IR :
Ou%let Microchannel ~ Preheater Mass flow Micro gear
tank assembly meter pump

Figure 5.1 Experimental set up
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Micro Pump Auto transformer

Controller box

Figure 5.2 Photographic view of experimental set up

5.2.1 Equipments detail
Following is the details of the equipments used while performing the
experiments. These equipments are presented in sequence as per their use

in the set up.

Inlet tank: Inlet tank is made of the stainless steel having storage capacity
of 50 liter of the water. This tank is placed before the filter.

Filter: Inline filter is used which prevent any solid particle present in
flowing fluid from blocking the microchannels. The filter (Cole-Parmer) is
housed in a transparent casing that can help to visualized degradation of
the filter cartridge. The cartridge, which is easily replaceable and readily
available, is 10 inch in length with diameter of 2.5 inch. The pore size of

the cartridge is 10 pum.

Pump: A positive displacement, micro-gear pump drives the flow through
the loop. The gear pump (mzr-7205, HNP mycrosystem) delivers flow
from 0.047 to 288 ml/min at a maximum pressure of 32 bars. This type of
pump is chosen to give a constant flow rate at the test section inlet
regardless of the pressure drop occurring in it. The micropump is selected
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because of its accuracy of flow rates, ability to dispense small volumes,

and its small footprint.

Flow meter: Flow is measured with help of coriolis mass flow meter
(M14-AGD-22-0-S, BRONKHORST CORI-Tech). This flow meter is
capable to measure flow rate between 10 ml/min to 500 ml/min and placed
in between pump and preheater. Care has been taken while installing the
mass flow meter that the inlet length (=0.05*Re*Diameter of inlet pipe)
should be sufficient to insured hydraulically developed flow enters the
flow meter. The flow meter is calibrated and it has an accuracy of less

than 2% over entire range of the flow rate (discussed in Appendix C.1).

Preheater: Liquid enters the microchannel heat sink through preheater.
The preheater is used to maintain inlet fluid temperature near ~ 30 °C. The
coil is formed using cooper tube of 5 mm outer and 3 mm inner diameter
and immersed into the oil tank. The required temperature of the inlet fluid
to microchannel is measured at outlet of the preheater (Tin, eibow). The

power of the preheater is controlled through PID controller.

Pressure transducer: Two pressure transducers are used to measure inlet
and outlet pressure across microchannels. These are OMICRON (U3221-

6-001BC) made having range of £0.5 bar with an accuracy of +0.1%.

Thermocouples: K type thermocouples are used for all temperature
measurements. The thermocouple wire has diameter of the 100 micron.
The beads of the thermocouples are formed using bead making machine at
the Raja Ramanna Centre for Advanced Technology (Indore, Madhya
Pradesh, India). Thermocouples are calibrated and found an accuracy of
+0.59 °C (discussed in Appendix C.2).

Data acquisition system: Agilent (34792A) made data acquisition system
is used to collect information of the thermocouples, pressure transducers
and mass flow meter readings. This data logger is coupled with personal

computer to record and store the information.
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Heaters: Five cartridge heaters are used having capacity of 250W each.

The diameter and length of the heater are 10 mm and 50 mm, respectively.

Figure 5.3 Heater block with cartridge heaters

These heaters are inserted into the copper block as shown in Fig. 5.3

which acts as heat source during the experimentation.

Glass: Top surface of the microchannel heat sink is covered with
transparent glass for flow visualization purpose. In current study, heat
resistance glass (<1000 °C) is used to cover the top surface. The glass has
length of 105 mm, width of 55 mm and thickness of 10 mm. The glass has

12 holes of 6 mm diameter which are used for tightening purpose.
5.2.2. Test section

Two configurations of the microchannel heat sink are fabricated. One is
with fins fabricated inside microchannels along half length and other
configuration is without fins. Figure 5.4 shows the microchannel test
sample. Each microchannel heat sink has 16 microchannels. Microchannel
heat sink consists of inlet and outlet plenum. Microchannels are fabricated
in between inlet and outlet plenum. Both plenums are rectangular in shape
having width of 13 mm, length of 10 mm and 6.5 mm in depth. Each
plenum has two holes, one acts as port to facilitate flow of the flowing
fluid having 5 mm diameter through which 3 mm internal diameter tube is
inserted. Other hole is for the temperature and pressure measurements

having diameter of 3 mm through which 2 mm internal diameter tube is
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inserted. The thermocouple is inserted through tube and also connection is
given to the pressure transducer. Four holes of 2 mm diameter are drilled
from the bottom of microchannel heat sink as well as from the side. The
length of these holes is such that the side hole opens at base of the bottom
hole and vice versa. The side and bottom holes are at distance of 10 mm

from the inlet of the microchannels and 10 mm apart along the length.

In both samples, microchannels are 50 mm long and their dimensions are
given in Table 5.1. A 100 um diameter circular fins are fabricated in half
length of the microchannels. The first fin is 2 mm away from the inlet of
the microchannel and distance between two fins is 4mm. There are seven
fins in each microchannel, thus total number of fins are 112. Figure 5.5
shows schematic of both configurations, with and without fin

microchannel heat sink.

Table 5.1
Geometrical parameters of the test section

GeometryN W, W,, H; L. (mm) Dy No.of Ds Hs¢

(um) (um)  (pum) (um) fins  (um) (um)
(Ny)
Without 16 314 289 295 50 304 0 - -
fins
With fins 16 320 274 310 50 315 112 100 310

5.2.3 Microchannel assembly

Copper substrate over which microchannels are fabricated, have ten
threaded holes (five on either side of microchannel along the length) as
shown in Fig. 5.4. A glass cover is placed over the microchannel heat sink

and is fastened with 10 bolts.
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Figure 5.4 Actual photograph of the test sample. (1) Inlet port, (2) Inlet
plenum, (3) Outlet plenum, (4) Outlet port, (5) Inlet temperature and
pressure port, (6) Outlet temperature and pressure port, (7) Holes for

fastening glass, (8) Holes for fastening sample with heater block

—
o ]
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& 1 &
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e © o o o —_ r
[ ]
2mm™ m With fin

Figure 5.5 Schematic of microchannel heat sink with and without fins

Thin layer of adhesive is form on the heat resistance glass. This layer is
390 pum and 392 um thick (Hg) respectively for the microchannel without
fins and microchannels with fins. Portion of the adhesive layer above the
microchannels is removed to achieve gap above microchannels. An
assembly of microchannel heat sink with glass is placed over the top of
heater block (heat source). Microchannel heat sink with glass cover holds
against heat source through two bolts. In order to have proper thermal
contact between microchannel heat sink and heater block, silicone based
thermal paste is applied at its junction. Complete parts of the assembly of
the microchannel heat sink are shown in Fig. 5.6. Figure 5.7 (a) and (b)
shows the sectional view of the open type and closed type microchannel

heat sink and glass assembly.
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Figure 5.6 Complete assembly of the microchannel heat sink

Such geometry of the microchannel heat sink is called as open type
microchannel heat sink [214, 215]. Considering the gap, hydraulic
diameter of the microchannel heat sink without fins and with fins are
7119 pm and 711.6 pm respectively. The values of the confinement
number for current experimental observations are found to vary between
3.72 to 3.79 for both configurations, which satisfies the criteria of the
microchannel. This assembly is placed into the box which is filled with
insulation to reduce heat loss to the environment and only top portion of

the microchannel heat sink is exposed to the atmospheric environment.

Gap for
fluid flow
.. Section .. Section
“ e view “"“"~--v.i§|5v---""'
Glass \ | Adhesive
: > T—> Glass :
T — !_"“_‘\I»Flmd Fluid» — !—"‘"_‘\:Lmuid
Open rn:icr'gc’haiunel out M| Closed microchannel Sl
L f}ff‘?ff‘?f‘?f
Heat flux ’ eat flux '
(a) (b)

Figure 5.7 Open and closed type microchannel heat sink
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5.2.4 Problems associated with experiments and their solution

5.2.4.1 Side flow

Initially, microchannels were fabricated at the top flat surface and glass
was tightened over it. But, this assembly had problem of the side leakage.
In next stage, side portion of the microchannels in rectangular shape were
machined to depth of 1.5 mm. In this modification, steps were formed
such that microchannels appear on the top of steps as shown in Fig. 5.8
(a). The silicone sheet is used as gasket around the step. The problem of
the side leakage was overcome but problem of the side flow over step was

faced as shown in Fig. 5.8 (b).

Figure 5.8 Modifications in the test sample
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There was liquid flow from the side portion of the step along with
microchannel. To resolve this issue, additional material from steps
fabricated in the previous stage is removed such that step is around 2 mm
away from the microchannels and plenums as well as from the plenums as
shown in Fig. 5.8 (c). At this stage even, side flow issue could not be
resolved completely. There was flow of the liquid over side portion of 2
mm. In order to mitigate this issue completely, step fabricated in second
stage was machined and microchannels were fabricated over flat surface
as done in the first stage. The thin film of the adhesive was formed over
heat resistance glass and portion of this film which appears over the
microchannels was removed. The modification of the sample and glass
made in this stage is shown in Fig. 5.8 (d). This modification helps in
removing the side flow issue completely. There is flow of fluid through
and above microchannels as shown in Fig. 5.8 (e).

5.2.4.2 Inlet and outlet temperature measurement

Inlet and outlet temperature of the fluid is measured at inlet and outlet
plenum respectively. K type thermocouples are inserted in the plenum
through holes drilled into inlet and outlet plenum. These thermocouples
tips are placed at approximately center of the plenum. Initially, length of
the bared surface of the thermocouples and the temperature captured by
them were closer to bottom wall temperature. This may be due to the
touching of the microchannel heat sink wall by the bare surface of
thermocouple as shown in Fig. 5.9 (a). Hence, the length of the bare
surface of thermocouple is reduced to remove this problem as shown in
Fig. 5.9 (b).

5.2.4.3 Base temperature measurement

Four thermocouples are placed at the bottom of the test sample to measure
the base temperature. Initially, slots were manufactured as shown in Fig.
5.10 (a) to locate the thermocouple but it was difficult to hold their tip at

proper location. Thus, thermocouples were not shown correct temperature
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of the base. In next step, 2 mm holes are drilled from bottom side of

samples as shown in Fig. 5.10 (a).

Bared surface of
thermocouple bead
touches wall of plenum

Bared surface of
hermocouple bead not
touches wall of plenum

@) (®)

Figure 5.9 Position of the thermocouple in plenum

But, similar problem of holding the tips was faced as faced in previous
step. In order to mitigate this issue, 2 mm side holes (as shown in Fig. 5.10
(b)) were drilled to insert the thermocouple. The length of these holes is
such that the side hole opens at base of the bottom hole and vice versa. For
proper holding of the tip, thermocouples are inserted through side holes,
cotton is filled and pressed tightly into the bottom holes. This arrangement
helps in holding the thermocouples properly to its position and giving

accurate reading of the base temperature.

Slot

Side hole

Figure 5.10 Position of the thermocouple inserted in to side wall
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5.2.5 Experimental procedure

Before initiating the experiments, inlet tank is filled with water, all electric
connections are checked properly and power supply of set up is switched
on. Following experimental procedure is followed in current

experimentation:

1. Initially pump is activated and required flow rate is set.

2. Inlet temperature (=30°C) of the flowing fluid for set flow rate is
adjusted by controlling the power of the preheater.

3. The power supply of the cartridge heaters is switched ON and
required voltage value is set after inlet temperature is stabilized.

4. Around 20 — 22 minutes are required to reach steady state in each
run. The temperatures, pressures and mass flow meter information
is logged at interval of 10 seconds and averaged of the last 2 min in
each run is used for calculation purpose.

5. The heat flux is then increased by increasing the voltage supplied
to the heater. Then procedure 4 is repeated.

6. Next flow rate is applied and procedure 2 — 5 is repeated.

After finishing set off experiments, heater supply is shut down and allows
water flow to cool test sample. After achieving temperature close to
atmosphere, pump is stopped and power supply of complete set up is
switched off. Total five different voltage settings are applied to cartridge
heater for single flow rate and five flow rates are studied in current
analysis. Detailed information of the voltage settings and flow rates
conditions used in current study are presented in Table 5.2. This
combination of the mass flow rate and applied voltage gives mass flux
range (G) 157 — 754 kg/m?s, Reynolds number (Re) 149 — 854, effective
heat flux (¢ "ef ) 6.12 — 246 KW/m?.

135



Table 5.2

Details of mass flow rates and applied voltage

Sr.No.  Mass flow rate (ml/min) Voltage (V)

1 50 25, 45, 50, 65, 75

2 100 25, 50, 65, 75, 100
3 150 25, 50, 75, 100, 125
4 200 25, 50, 75, 100, 125
5 250 25, 50, 75, 100, 125

5.2.6 Data reduction

Following data reduction process is adopted for an analysis. Heat carried

away by water i.e. sensible heat is calculated by Eq. (5.1) given below,
Geff =MCp (Tout _Tin) (5.1)

Where, m is mass flow rate of the liquid, Ti, and Toy indicates liquid
temperature at inlet and outlet of the microchannels and C,, is specific heat
of liquid. Thermophysical properties of the water are taken at mean bulk
temperature of the fluid that is average of the inlet and the outlet
temperatures and is given by Eq. (5.2).

Taut + T
out In
Thulk == (5.2)

An effective heat flux is determined by Eqg. (5.3) based on base area.

" Geff
Geff b = K (5.3)

Where, Ay is footprint area of the copper block on which microchannels

are fabricated and given by Eq. (5.4).
A, :WgL:[N W +(N —1)WW]L (5.4)
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Similarly, effective heat flux is calculated (Eg. (5.5) based on actual area

of microchannel in contact with fluid.

" Geff
Yeff ht = 4 (5.5)

t
Where, Ay is actual heat transfer area of the microchannels and given by
Eq. (5.6).

Anp =NWe +2H )L+ (N =Wy L =N ¢ Ay ¢+ N A ¢ (5.6)

Where, Ni, Agst (=1/4Df%), Ass (=nDsHs) and #; are number of fins, cross
section area of fin, surface of fin and fin efficiency. For microchannel

without fins, Nt is zero.

Average single phase heat transfer coefficient is determined based on

actual heat transfer area as given by Eq. (5.7),

q
hep = eff ,ht (5.7)
(Tw = Tourk )

Where, T,, is measured from the thermocouple placed at bottom of
microchannel as follows. Four thermocouples are placed at the bottom
microchannel at distance of b (b =1.72 mm and 1.14 mm for microchannel
without fins and microchannel with fins, respectively) as shown in Fig
5.11.

______________ JE.
e 2 & o=
Tttt f1
PEELLIN L e 5

L3

L4

Figure 5.11 Thermocouple position
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Considering the one dimensional heat conduction, T,, is measured using
Eqg. (5.8).

Yeff p P
K

Tw = Tave — (5.8)

Where, Tae IS average temperature of the four thermocouples,

T =(T,+T,+T,+T,)/ 4, kis thermal conductivity of the copper.

As fins are fabricated inside the microchannel, it is important to calculate

the fin efficiency and it is given by Eq. (5.9).

tanh(mH f )

g = (5.9)

me

Where m is fin parameter and given by Eqg. (5.10).

h D
no [0 (5.10)
I(CAc/s,f

Eqgs. (5.7 and 5.9) are solved by iterative method for hg, and #:. Fin
efficiency is varies between 96.5% — 98.4% depending upon operating

conditions.
The average Nusselt number (N,) is calculated based on the average heat
transfer coefficient as given by Eq. (5.11).

_ hgpDy,
Ky

Nu (5.11)

Where k: is the liquid thermal conductivity correspond to bulk temperature

and Dy, is hydraulic diameter and given by Eq. (5.12).

Canys 4(NWeHg +HgWg )
Dy, = _ (5.12)
P N(W; +2H¢g) +(N —1)WW+2Hg +Wg

Mass flux (G) is calculated by Eq. (5.13).
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m

G=—— (5.13)
NAch
Where, Acn is microchannel cross section (NW,H_ +W H ).
The Reynolds number is expressed as follows:
GD,,
Re=—+ (5.14)
U

Where, p dynamic viscosity of the fluid corresponds to bulk temperature.
Uncertainties associated with different variables parameter (calculations

are presented in Appendix C.3) are presented in Table 5.3.

Table 5.3

Uncertainties in estimated parameter

S No. Measurement Uncertainty
1 Gap width (W) 2.8%

2 Heat transfer area (Any) 5.7%

3 Effective heat flux (g 7n) 17.2%

4 Heat transfer coefficient (hy) 17.2%

5 Cross section area (Acss) 4.4%

6 Mass flux (G) 6.3%

5.3 Result and discussion

Before starting each of these experiments, the temperature of the incoming
fluid (Tineow), Measured at the outlet of the preheater, is maintained
constant which is 30 °C throughout the experimentation. Figure 5.12
shows the variation of this temperature for complete experimentation for
different flow rate. It is observed that incoming fluid temperature is varies
by +0.2 °C.
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Figure 5.12 Variation of the preheater outlet temperature
5.3.1 Repeatability

Prior to starting the experiments, repeatability of the experimental setup is
checked. The repeatability test has been conducted at mass flux 471
kg/m?s corresponds to flow rate of 150 mlpm. Two run of the experiments
have been carried out and compared to check the repeatability of the
temperature and pressure readings. The temperature difference (Tw — Tou)
and pressure drop data is shown in Fig. 5.13 and Fig. 5.14 for these two
run. Temperature difference (Twan — Touk) IS found to be repeatable at
deviation up to 1.1 °C for given heat flux and pressure drop is deviated
between 54 to 77 Pa. The trends of temperature and pressure drop data are

found repeatable.
5.3.2 Heat flux Vs temperature

Fig. 5.15 shows the variation of the effective heat flux with wall
temperature for microchannels without fins. It is observed that with
increase in the wall temperature, heat carried away by water increases for

constant flow rate.
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Figure 5.13 Temperature data repeatability for 471 kg/m?s
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Figure 5.14 Pressure drop data repeatability for 471 kg/m?s

As heat supplied at base of the microchannel heat sink increases, wall
temperature increases. This results into increase in the temperature of the
thermal boundary layer. Thus, thermal conductivity of the fluid present in

the thermal boundary layer increases. Consequently, heat transfer rate
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Figure 5.15 Heat flux Vs wall temperature for microchannels without fins
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Figure 5.16 Heat flux Vs wall temperature for microchannels with fins

Further, with increase in the mass flux, heat carried by fluid increases.

This is due to the fact that thermal boundary layer thickness reduces.
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Similar trend is observed for the microchannel with fins as shown in the
Fig. 5.16. However, there is slight increase in the effective heat flux in
case of the microchannels with fins compared to microchannels without
fins. By comparing both configurations, it is observed that effective heat
flux in case of the microchannels with fins is around 9% higher than
microchannels without fins. This is attributed to the presence of the fins
(discuss in section 5.3.4).

5.3.3 Pressure drop comparison
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Figure 5.17 Comparison of pressure drop between without fin and with fin

microchannel

Figure 5.17 shows the comparison of the pressure drop for both
configurations. It is observed that pressure drop decreases as effective heat
flux increases for given mass flux. Fluid temperature increases with
increase in the heat flux and results into reduction in the liquid viscosity.
Consequently, friction inside the fluid as well as between fluid and
microchannels wall reduces. Thus, velocity of the flowing fluid increases
along the channel. This increase in the velocity is presented through the
increase in the Reynolds number as shown in Fig. 5.18. Thus, an overall

impact of the increasing heat flux is reduction in the pressure drop for
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constant flow rate. For lower mass flux G = 157 kg/m’ and
microchannels without fins, the pressure drop reduces from 285 Pa
corresponds to 6.11 kW/m? to 125 Pa correspond to 59.95 kW/m?,
Similarly, for microchannels with fins reduction in pressure drop is from 310
Pa for heat flux 7.18 kW/m? to 135 Pa for heat flux 64 kW/m?. The trend
of the pressure drop reduction is in line with previous experimental studies
[85]. From Fig. 5.17, it is also concluded that, pressure drop increases with
increase in the flow rate at constant heat flux. With increase in the flow
rate, fluid velocity increases and contributes to the additional pressure
drop. For higher mass flux G = 754 kg/m?s, pressure drop decreases to 3414
Pa from 4520 Pa for without fins microchannels correspond to heat flux
of 9.4 kW/m? and 227.1 kW/m? respectively. However, for microchannels
with fins, pressure drop falls from 5687 Pa to 4675 Pa at heat flux of 9.4
kW/m? and 246.0 kwW/m? for G = 754 kg/m?s.
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Figure 5.18 Variation of the Reynolds number with heat flux
Such lower value of the pressure drop in both configurations is attributed
to the gap above the microchannel (open microchannel) which provides an
easy path to flowing fluid. This is clear from the Fig. 5.17, that pressure
drop for the microchannels with fins have higher than microchannels
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having no fins. The presence of the fins into the microchannels adds
additional pressure drop because fins act as flow obstacle and retards the
flow. The average percentage gain in the pressure drop penalty is 18%
higher in comparison to microchannels without fins for operating
conditions considered in experiments.

5.3.4 Heat transfer coefficient comparison
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Figure 5.19 Comparison of heat transfer coefficient between without fin

and with fin microchannel

Fig. 5.19 shows the comparison of the average heat transfer coefficient of
microchannels with and without fins for different heat fluxes and mass
fluxes conditions. In case of the microchannels without fins, it is observed
that heat transfer coefficient increases almost linearly with increase in the
heat flux for constant mass flux. This is attributed to the increase in the
temperature of the thermal boundary layer which results into increase in
exchange of the heat between liquid and surface due large temperature
difference. Further, with increase in the mass flux, thermal boundary
thickness reduces [217]. Heat transfer coefficient has inversely
proportional relation with thickness of the thermal boundary layer. As a

result heat transfer coefficient increases with increase in the mass flux.

145



Similar influence of heat flux and mass flux on heat transfer coefficient
has been observed for microchannel with fin. However, heat transfer
coefficient is higher for the microchannels with fins than that of
microchannels without fins. This is attributed to the fins fabricated inside
the microchannels. Fins inside the microchannels interrupt the temperature
profile. As a result, thermal boundary layer breaks and is redeveloped
repeatedly at leading edge of each fins. Thus flow always remains in
developing stage in the region of the fins (half length of microchannel heat
sink). Redevelopment of the thermal boundary layer provides better
mixing of the fluid and improves heat transfer rate. Further, heat transfer
rate increases due to addition of the fins surface area. The combine effect
of the reestablishment of the thermal boundary layer and additional
surface area makes microchannels with fins better than microchannels
without fins. It is observed that for entire tests, enhancement in the heat
transfer coefficient varies from minimum 7% to maximum 23% with
average improvement of 15%. Thus, it is concluded that presence of the
fins helps in enhancing the heat transfer performance of the microchannel

heat sink.
5.3.5 Wall temperature comparison

Heat transfer performance of the microchannel heat sink is enhanced due
to the presence of the fins as discussed in the above section. In addition,
presence of the fins also helps in reducing the wall temperature of the
microchannels. Fig. 5.20 shows the comparison of the wall temperature
for microchannels with and without fins for different mass fluxes. Wall
temperature increases with increase in the base heat flux almost linearly
for given flow rate in both configurations. However, it is interesting to
note that wall temperature is lower in case of the microchannels with fins
compared to the microchannels without fins. This is attributed to enhance
mixing of the fluid and additional area provided by fins. It is observed that

reduction in the wall temperature is not significant at low heat flux but
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increases with increase in the heat flux. Similarly, increase in the mass
flux results into reduction of the wall temperature. It is observed that
maximum wall temperature reduction is 3.65 °C at mass flux 626 kg/m?s

for microchannel with fins than microchannel without fins.
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Figure 5.20 Wall temperature comparison

5.3.6 Overall thermal performance
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Heat transfer enhancement and reduction in wall temperature in
microchannel with fins has been observed on the expense of the pressure
drop penalty. The average improvement in the heat transfer performance is
15%, on the other hand average pressure drop penalty is 18% which
increases the pumping power. Hence, for the reasonable use of the
microchannels with fins, it is important to consider these two parameters.
These parameters are related through overall thermal performance factor
() and given by Eq. (5.15).

Nuf / Nu

= U3
(w9, /7]

(5.15)

Overall thermal performance factor helps while decision making for use of
the modified microchannel from pumping power aspect. Hence, it is
always desirable to have n > 1, for better deployment of the modified

microchannel het sink.
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Figure 5.21 Overall thermal performance factor
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Fig. 5.21 shows overall thermal performance factor for different heat
fluxes and mass fluxes conditions. It is observed that thermal performance
factor in all operating conditions is greater than unity. This proves that
fabrications of the fins in to the microchannels are beneficial.

5.4 Comparison of open microchannel with closed microchannel

Open type of MCHSs are new addition to the area. Very limited work had
been carried out yet on open type microchannels [214, 215]. Hence, it is
important to compare the heat transfer and Pressure drop characteristics of
closed and open type microchannels. Experimental pressure drop of open
type MCHS has been compared with corresponding closed type MCHS
with same dimensions. Pressure drop in closed microchannel heat sink is
calculated using Eq. (5.16) [197].

2
2 4f L
AP:p—;m {%} (2K5o) + K, + K+ =2 (5.16)

p h

Where, un is mean velocity, Kgo is bend loss coefficient, K. and K,
represents the contraction and expansion loss coefficient due to area
change. Value of the Kgy, K; and K. are considered as 1.2, 1 and 1
respectively. The value of the fap, (= 14.23/Re) is calculated considering

fully developed flow inside the microchannel.

Figure 5.22 shows the pressure drop comparison of open type MCHS and
closed type MCHS. It is clear that the open type microchannel heat sink
suffers very less pressure drop penalty as compared to closed type MCHS
and pressure drop penalty increases with increase in Reynolds Number.
The gap above the microchannels provide the easy passage for the flowing
fluid across microchannels thus they can operate at expanse of less
pressure drop. It is observed that average pressure drop inside closed type
MCHS heat sink is around 14 times higher compared to the open type
MCHS.
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Heat transfer performance of the open and closed type MCHS could not be
compared as average thermophysical properties of fluid for the

corresponding close MCHS are not known.

Figure 5.23 shows the experimental observation of heat transfer
performance of open type MCHS and heat transfer performance of close
type MCHS available from the past literature [26, 115, 218, 219], which
are found close to size and operating conditions of the current study. It can
be observed that heat transfer performance of open type MCHS is
comparable with close type MCHS. However, more number of
experimental studies are required to draw realistic comparison of pressure
drop characteristics and heat transfer performance between open type
MCHS and closed type MCHS.

5.5 Conclusion

Experiments of single phase liquid flowing through open type
microchannel heat sink has been carried out. Two configurations of the
microchannels have been tested; (1) microchannel without fins, (2)
microchannels with fins. Following observations are made based on

current experimentation:

1. Microchannel with fins has higher value effective heat flux and it
is around 9% higher than microchannels without fins. It is
attributed to the presence of the fins which helps in providing the
proper mixing of liquid and additional heat transfer area.

2. It is observed that microchannels with fins has higher average
pressure drop penalty of 18% compared to the microchannels
without fins.

3. An average heat transfer coefficient improvement is 15% in

microchannels with fins compared to microchannel without fins.
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4.

It is observed that maximum wall temperature reduction is 3.65 °C
at mass flux 626 kg/m?s for microchannel with fins than
microchannels without fins.

From the current experimentation, it is recommended to use fins in
the microchannels based on the overall thermal performance factor
as its value is above the unity in all operating conditions tested in

current study.
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CHAPTER 6

OVERALL CONCLUSION AND FUTURE SCOPE

6.1 Conclusion

The main objective of the present study is to develop energy based bubble
growth model for prediction of the bubble growth at nucleation site in
microchannel. Further, effort has been made to extend this bubble growth
model to analyze different phenomena associated with flow boiling in
microchannel such waiting time, proposed non dimensional energy ratio to
differentiate inertia controlled and thermal diffusion controlled region and
critical heat flux (CHF). Eventually, experimentation has been carried out
with single phase liquid phase flow through open microchannel heat sink.
Two configuration of microchannel heat sinks are fabricated; (1)
microchannels without fins, (2) microchannels with fins. The thermal

performance of these two configurations has been studied.

Following are the main conclusions/outcomes of the current research

work.

1. It is evident that bubble dynamics plays an important role heat
transfer and pressure drop characteristics of flow boiling in
microchannel. A new energy balance bubble growth model has
been proposed to predict the bubble growth behavior at nucleation
site in microchannel. Developed model shows good agreement
with available experimental results mean percentage error of
14.4%. Proposed model is also extended for prediction of waiting
time and it is found that model predicts waiting time also with

good accuracy.

2. Bubble inception and growth in microchannel is very conspicuous
phase in microchannels. New non-dimensional energy ratio terms

based on bubble growth model at nucleation site are introduced. It
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is found that E; (energy used in bubble growth/energy required to
overcome surface tension) can be used to distinguish inertia and
thermal diffusion controlled region during initial phase of bubble
growth at nucleation site. The effect of these non-dimensional
numbers on bubble confinement and CHF conditions are

discussed.

Condition of CHF is the key design consideration for the systems
involving heat dissipation through boiling application. Unlike the
conventional channels, the CHF correlation for microchannels are
limited and associated with significant errors. Combining semi-
empirical approaches (combining energy balance based bubble
growth model and non-dimensional analysis); New CHF
correlations for refrigerants and water have been proposed. The
mean errors for the refrigerant and water cases are, respectively,
found to be 21% and 27% for seven and six relevant datasets.
Around 77% data of the refrigerant and 60% data of water are
predicted within error band of + 30%.

Heat transfer and pressure drop behavior of single phase flow in
open type microchannel are measured experimentally. It is found
that open type microchannel provided comparable heat transfer
performance but pressure drop penalty was increased by around
18%. Heat transfer performance augmentation of open type
microchannel using extended surface is also carried out. Extended
surface intensified heat transfer performance of open type
microchannel by 15% and reduction in the wall temperature is 3.65
°C. Overall thermal performance of the extended open type
microchannel is found to be above unity for all operating

condition.
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6.2 Future scope
Following are the suggestions for future work:

1. Bubble departure from the nucleation site plays vital role in
microchannel. Current energy based bubble growth model involves
various resistive effects such as surface tension, inertia, drag,
gravity (buoyancy) and force due to evaporation momentum.
Among these effects, some try to hold the bubble at nucleation site
and some try to detach the bubble. There can be some additional
effects, which are not considered in current model, can influence
the bubble departure. It can be possible to obtained bubble
departure diameter by carefully balancing (holding and detaching)

the resistive effects and possible additional effects.

2. More rigorous experimentation needs to be carried out on open
type microchannel including single phase flow and two phase
boiling flow both in order to ascertain the benefits offered by them
in comparison to the conventional channel. Bubble flow dynamic
studies on open type microchannel can be another interesting area,
which can be carried out. It would also be interesting to explore,
how these type of microchannel facilitates in improving CHF

condition associated with conventional channels.
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APPENDIX
Appendix A

A.1 Various effects

Energy required in overcoming inertia effect:

Mass flow rate is, m = AA o5V (A1)

Where, v is liquid mean velocity (m/s).
: 2
Fo=mv=pA sV (A.2)

Energy required to overcoming inertia:

' 2dr
Er. = F. xgrowth rate = mvx growth rate = p A ¢/eV" ¢ (A.3)
G2 y 2dr
Er =— ¢ (A.4)

Energy required in overcoming drag effect:
Drag force is defined in term of shear stress. Shear stress is given by

(from Newton low of viscosity)

dv v
T= ﬂay = ﬂ? (AS)
As
Drag Force FSh =7TX ) (A.6)
Energy required to overcoming drag effect:
Ai,s dr
Er, =F growth rate = 7 x , "t (A7)
Ersh:’u%X”"er% (A8)

Energy required in overcoming the surface tension effect at interface:

Gibbs free surface energy dG =o-dA; (A.9)
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: : — dA s
Energy required to overcoming surface tension: Er, =0 gt (A.10)

dr
Ersf =o-(27-p)- M 4 (A.11)

Energy required in overcoming gravitational effect:

Gravitational energy Erg =(p|—,0\/)~g~a% (A.12)
3d
Erg =x(p-pv)-g-a-gr B% (A.13)

Energy required in overcoming the force due change in evaporation
momentum:

Force due change in momentum due to evaporation is given as

Fem = evaporatian mass flow ratex vapor vebcityrelativeto vaporinterface

q" q"
Fem:h— x Ai,sxh 5 (A.14)
fg fg'v
Energy required in overcoming this effect Er = Femx% (A.15)
> 5
Er_ = hL e 'ﬂ% (A.16)
fg Py

A.2 Bubble geometry
Bubble volume:

Geometry of the truncated bubble is shown in Fig. A.1 and Fig. A.2.

Truncated Bubble

- -7 ¥
\ Bubble Cap

T
2,

Figure A.1 Truncated bubble
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Volume of spherical bubble - g” 3 (A.17)

Volume of spherical cap = @( b + h2) (A.18)
6

Where, b=rsin@and h=r(l—cos®).
Volume of the truncated bubble = VVolume of spherical bubble - VVolume

of spherical cap

Therefore, Volume of the truncated bubble — %ﬂ. r —%(Bbz +h? ) (A.19)

Volume of the truncated bubble

—zr [4—0.5{ 3(1-c0s6)sin? 6'+(1—cos€)3ﬂ (A.19)
Where, o = [4—0.5{ 3(1—cosH)sin29+(1—cos€)3}J (A.20)
Bubble surface area:

Surface area of spherical bubble — 4.2 (A.21)
Surface area of the spherical cap = 7z(b2 + h2) (A.22)

Surface area of the truncated bubble = Surface area of spherical bubble-
Surface area of the spherical cap

Surface area of truncated bubble =47 - P 7z(a2 + h2) (A.23)

Surface area of truncated bubble = 7 -r? [4—{sin29+(1—cose)2ﬂ (A.24)

Surface area of truncated bubble, A= r-r2. (A.25)
Where, 8= [4—{sin26+(1—cose)2ﬂ (A.26)
Bubble cross sectional area:

Cls area of spherical bubble — .2 (A.27)
Cls area of spherical cap - % 2 [%_sin zg:| (A.28)

Cl/s area of truncated bubble = C/s area of spherical bubble- C/s area of
spherical cap

Therefore, C/s area of truncated bubble — .2 _%. r2 %—Sin 29] (A.29)
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270

Therefore, C/s of truncated bubble — 1 2 [2;;——+sin 29]

180

Cl/s area of truncated bubble, A —2.r%y

_ 270 | .
Where, y = |:27T7W+Sln 26’:|
Bubble centroid:

Form Triangle ABC, summation of angle is, 180-=90+" + 4
2

From triangle ACD, summation of angle is,
180 = (180 - 6) + 90+ 4
Form Eq. (A.33) and Eq. (A.34), y =2(180-0)

Similarly, form triangle ABD, summation of angle is,

180:%+90+77

Therefore, , —90- ¥
2

From triangle ABD, BD =x =rsiny

[

Figure A.2 Centroid of bubble

4r sin3 (Wj
Centroid of the spherical bubble is y = 72
S(ﬂ—sm 1//)

Centroid of the truncated bubble is DO, a=Yy-X
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4 sin3 L4
2

4 sin3 (Wj
Where, ¢ = 2

A.3 Derivation of the bubble growth model

3(1//—Siny/)_8in(90_y2/j

W—sin(go—"z’j

E E E E
quC bubble f+ r+ rh+ rg

Substituting, Euysble, Erst, Eri, Ersn, Erg and Ery, in Eq. (A.42), we get;

dvj

" dr

G2 2 dr

2p|yr ﬁ+”4p|”rﬁ dt

+9(p-pv)-adl+

G

Upon simplification we get;

Pc

+ Er
m

1

Gz
200

+g(p|—p\/)-7z.a'q)'rdr+

j/dr—i-,u G ﬁﬂ— dr

9" A gt=[9(pl—/?\/) >

[ (27rﬂ)+

Al

ﬂ-a-go} . r2

ﬂﬂi| In(r)

2 n
+ |:7T~a~p\/hfg +GZ+(hfg ) 7;5}
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The bubble becomes visible at nucleation site, when it reaches up to cavity
mouth. Therefore, it is assumed that minimum visible bubble radius is
equal to nucleation cavity radius.

Boundary condition; t=tgy=0; r=r.=rpin
c=-[a(a-)" 52 | i,
_[a.(z.ﬁ.ﬂyﬁf'plﬂ.p]m(rmm) (A.46)
—| ma-pyh +627+ - ”ﬂ
AN+ 55 hfg oy | min
Substituting value of the constant, which in terms of the ry;,, we get final
form of the bubble growth model;

[g(pl pv)”““’] [ (27rﬂ)+ ﬁﬁ:|ln(r)

— 2 §

+

hfg o |78 Aot

(A.47)
2

—:g(pl—pv)%] [ o (2 p)y ”ﬁ}'”(rmm)

Gy (A" | =p -
- ﬁapvhfg+p| 2+(hfg) pv:|'rmin =0
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Appendix B
CHF can be given by Eq. (D2).

qCHF=f(p,,pv,a,u|,g,hfg,G,rh,a,,B,;/,¢) (Bl)
Total number of variable =n =13
Repeating variables =k =4 (i.e.r  &,G,«)

This variable are r | &, G, - Thus, Number of ztermsare=n-k=13 -4

=9

Table B.1 represent the dimensions of the each variable considered into

the analysis

Table B.1

Variables and their dimensions

Sr.No. variable unit Dimension

1 Critical heat flux W/m? MILOT 30"

2 Liquid density Kg/m®*  MWLPT%"

3 Vapor density Kg/m®*  M'L°T%"

4 Surface tension N/m M'LOT%9°

5 Liquid viscosity Pa-s MILT 6P

6 Gravity m/s? M°L T 20°

7 Latent heat of vaporization Jikg M°L2T%9°

8 Mass flux Kg/m?’s  MWL*T°

9 Bubble radius m M°L T%°

10 Parameter due to bubble volume radian ~ M°L°T%!

11 Parameter due to bubble surface radian ~ M°L°T%*
area

12 Parameter due to bubble cross radian

sectional area

13 Parameter due to bubble centroid  radian ~ M°L°T*
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First IT is given as:

d
Hl =dcHE rlflo-bchla 1 (BZ)

Since this combination is to be dimensionless, it follows that

[MOLOTOHO] |:M1L0T 390:|[M L]'T0 0]

al[M L9729 ] (B.3)
[MlL 21 19(’} |:M 1070 }1

The exponents a;, by, ciand d; must be determined such that the resulting
exponent for each of the basic dimensions—M, L, T and 6 —must be zero

(so that the resulting combination is dimensionless).

Thus, we can write

For M: 0=1+0+b;+c,+0
For L: 0=1+a;+0-2c,+0
For T: 0= -3+0-2b;— ¢;+0
For 6: 0=0+0+0+0+d;

The solution of this system of algebraic equations gives the desired values
for coefficients aj, by, ¢; and d;. It follows that a;=2, b;= -2, ¢;=1 and
d;=0, therefore,

2
q n G
M, = Ci%h (B.4)

The process is now repeated for the remaining non repeating variables. All

these IT terms are presented in Table B.2.
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Table B.2

Final forms of IT terms

Expression for z term  Value of coefficients Final form of =
term
b, c, d =_ = = _
M, = o 20 26242 & 1,b=1, c=-2, I, - ,0\,02
H3 =P rha30_b3(3c3ad3 dz= —1, b2: 1, C1= —2, H3 _ plo-2
H4 =4 rha40'b4GC4ad4 a=-1, b4: 0, cs= -1, H4 . i
I = grha50_b5GCSad5 as= 3, bs= -2, c5= 2, QYSGZ
= H5 - 2
ds=0 .
HG _ hfg rha60_b6Gc6ad6 dg= 2, b6: —2, Ce— 2, hfg rthZ
| | L L
de=0 6 O_2
[24
d = = = =
H8 =7rh680_t186c8a 8 as=0, bg=0, cg=0, dg=0 Hs _7
o
o
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Appendix C

C.1 Thermocouple calibration

Pt 100 probe of the Test-480 instrument and thermostatic bath are used for
calibrating the thermocouples. Pt 100 probe has an accuracy of the
+0.15°C having measuring range of -100 °C to 400°C. All thermocouples
and pt 100 probe are immersed into a thermostatic bath at same level as
shown in Fig. C.1.

‘ J DAQ
Cl «—— Stirrer arrangment
Test- ]
480
Pt 100 probe > < K type
thrmocouple

Thermostatic bath

Figure C.1Schematic of thermocouple calibration

100

o] T.=1.0066*T +0.1693 7
0. e

S . ./
o .

s
|

30 .

Actual temperature (T ) °C

30 40 50 60 70 80 90 100

Measured temperature (T ) °Cc

Figure C.2 Thermocouple calibration
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Pt 100 probe is connected to the Test-480 instrument and all
thermocouples are connected to the data acquisition system. The
temperature of the thermostatic bath was increased in step of 10°C. The
values of the probe and thermocouples were recorded for different
temperatures setting after reaching steady state. The actual temperature as
indicated by the Pt 100 (T,) and the measured temperature (T.) were
plotted as shown in Fig. C.2. Thermocouples are found accurate to +0.59

°C with accuracy of £0.9%.
C.2 Mass flow meter calibration

Mass flow meter is calibrated by liquid collection method. This method
includes measuring flask having known volume and stop watch which is
used for measuring the time for prescribe time. Initial pump is set to the
defined flow rate (50, 100, 150,200, 250 mlpm) through the control drive.

The fluid is collected for interval of 10 min for every flow rate.

300

1 —®— Flow meter reading
250 —®— Liquid collection method

200

150

100

Measured flow rate (mlpm)
n
o

T T T T
0 50 100 150 200 250 300
Set flow rate (mlpm)

Figure C.3 Mass flow meter calibration
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This collected volume of the fluid is measure through the measuring flask.
At same time, signal from the mass flow meter is recorded with help of
data acquisition system. Finally, flow rate obtained from the liquid
collection method and signal received from the mass flow meter are
compared. This comparison is presented in Fig. C.3. It is observed that

mass flow meter has accuracy less than 2%.
C.3 Error analysis

The uncertainty in the estimated or calculated quantity was estimated
based on the uncertainties in the primary measured quantities. Method of
the uncertainties has been explained below [220]. If the estimated quantity
R is a function of independent primary measurements Xi, Xz, Xa, ...... Xn,

which can be represented as
E= f(xl,xz, ....... Xn) (C.1)

If 6R is the uncertainty in the estimated quantity R and 6x3, 0x2, 0X3,
........ ox, are the uncertainties in the independent measured variables,

then &g can be calculated as

2 2 2
oR oR &R
SR= || =& e ) A =5

(@9 Xl] J{axz ij ' J{ax an 2

n

Temperature, pressure, mass of hydrogen absorbed/desorbed, hydrogen
storage capacity and reacted fraction were measured/estimated during the

PCI and kinetics measurements.
Measured Quantities

The accuracy of the various measured quantities such as microchannel
dimensions, temperature measurement and mass flow rate are presented in
Table C.1.
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Table C.1

Uncertainty in measured quantity

S Measurement | Device Accuracy

No.

1 Microchannel | Micrometer 5%
width (W;)

2 Microchannel | Micrometer +11.5%
height (H)

3 Wall width | Micrometer +2%
(W)

4 Length (L) Vernier caliper | £0.04%

5 Gap Height | Micro  screw | £2.5%
(Hg) gauge

6 Temperatures | Thermocouple | £0.09%
M

7 Mass flow rate | Coriolis mass | £2%
(m) flow meter

Estimated Quantities

In this section, sample calculation of the effective heat carried away by the

water is presented.

Heat carried away by the water q ¢ =mcCp (Tout ~Tin) (C.3)

Heat carried away by the water is function of the mass flow rate, specific
heat, inlet temperature and outlet temperature. Thus, as per Eq. (C.2), Qs
has to differentiate partially with mass flow rate, inlet temperature and
outlet temperature as shown by Eq. (C.4). For calculation purpose: m =
0.0008240 Kag/sec, Tin = 31.48 °C, Tout = 33.15 °C, C, = 4179.7 J/kg°C.
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Thus, with mass flow rate;

2 2 2
Meff et et
Oeft = ||| = OM| +| —9Tout | *| = 9Tin
om 8T0ut 8Tm

aq
Where, a::f =Cp (Tout —Tin) =4179.7 X (33.15-31.48) = 6980.1
Vet~
= me =0.000824 X 4179.7=3.44

Tout

quﬁ

- = —me =0.000824 X 4179.7 = -3.44

6Tin

orh = Error () = 0.02 X 0.000824 = 1.65e-5 kg/sec
X measured value ()

oT

out = EfTOr (Tout)

X measured value (Tout)

=0.009 X 33.16 =0.298 °C

oT.

in = Error (Tin)

=0.009 X 31.48 =0.283 °C
X measured value Tin)

Thus,

80err = ((6980.1 X 1.65e-5)° + (3.44 X 0.298)* + (-3.44 X 0.283)%)*°

OQett = 1.41 W or 0.024%.

(C.4)

(C.5)

(C.6)

(C.7)

(C.8)

(C.9)

(C.10)

Similarly, uncertainty for other estimated parameter is calculated and

presented into Table C.2.
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Table C.2

Uncertainty in estimated quantity

S Measurement Equation Uncertainty
No.
1 Gap width (Wy) Wy = NWe+(N-)W, 2.8%
2 Heat transfer area (An) | A = NWg +2H:)L 5.7%
+ (N =)W, L
3 Effective heat flux Oeft 17.2%
(q"h) Yeff ht = E
4 Heat transfer q"ﬁ " 17.2%
eff,
coefficient (hsp) hsp = (Tw _Tbulk)
5 Cross section area (Acss) Ayjs = NWeH +HgWg 4.4%
6 Mass flux (G) G m 6.3%
NAch
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C.4 Readings

Table C.3

Microchannels without fins

G " | d"ne | Tin Tout Tw AP
kg/m*S | Wim®* | Wim* | °C °C °C Pa

1600 | 123 | 61 | 315 | 332 | 344 | 2857
1596 | 338 | 168 | 336 | 382 | 41.3 | 2456
1596 | 535 | 267 | 357 | 430 | 477 | 2013
1585 | 942 | 469 | 387 | 516 | 591 | 1324
1589 | 1204 | 600 | 414 | 579 | 673 | 1253
3175 | 191 | 95 | 302 | 316 | 328 | 11442
3170 | 753 | 375 | 315 | 367 | 413 | 986.0
3155 | 1320 | 657 | 324 | 415 | 49.1 | 8856
3164 | 1885 | 938 | 331 | 461 | 562 | 859.4
3156 | 312.8 | 155.7 | 356 | 57.1 | 733 | 699.0
4744 | 179 | 89 | 300 | 309 | 321 | 21585
4737 | 752 | 375 | 311 | 346 | 393 | 19739
4735 | 168.1 | 837 | 323 | 40.0 | 50.3 | 1792.6
47206 | 2947 | 1467 | 338 | 474 | 646 | 1587.4
4714 | 4626 | 2303 | 364 | 57.7 | 82.0 | 13514
6293 | 184 | 9.2 | 302 | 308 | 319 | 3236.1
629.1 | 764 | 380 | 308 | 334 | 379 | 30734
6284 | 1734 | 863 | 317 | 377 | 47.6 | 28584
6276 | 294.6 | 146.7 | 329 | 431 | 59.1 | 2605.2
627.0 | 469.3 | 2337 | 349 | 512 | 759 | 23404
7842 | 189 | 94 | 301 | 306 | 31.7 | 45203
7838 | 752 | 374 | 307 | 328 | 37.2 | 43302
7835 | 1682 | 83.7 | 314 | 36.1 | 457 | 4080.2
782.7 | 290.6 | 1447 | 325 | 406 | 56.7 | 3789.9
7817 | 456.2 | 2271 | 338 | 465 | 702 | 3514.2
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Table C.4

Microchannels with fins

G a"b q"ne | Tin Tout Tw AP
kg/m*S | W/m® | Wim* | °C °C °C Pa

158.1 15.0 72 | 316 | 337 | 347 | 3106
158.0 425 | 203 | 33.0 | 387 | 41.7 | 2584
157.9 634 | 302 | 345 | 431 | 469 | 220.8
1578 | 1023 | 488 | 379 | 517 | 577 | 1716
1575 | 1342 | 641 | 408 | 59.0 | 66.6 | 1356
314.4 19.6 94 | 309 | 322 | 332 | 12284
314.0 875 | 418 | 316 | 375 | 418 | 10817
313.1 | 1384 | 66.0 | 331 | 425 | 491 | 9734
3126 | 1983 | 946 | 335 | 470 | 558 | 887.2
3123 | 3145 | 150.1 | 369 | 584 | 71.1 | 700.6
469.8 18.2 87 | 308 | 316 | 326 | 26659
469.5 822 | 392 | 315 | 352 | 39.2 | 2509.6
468.9 | 1983 | 946 | 324 | 414 | 50.0 | 21497
468.0 | 3489 | 1665 | 342 | 50.1 | 647 | 1906.3
466.9 | 512.1 | 2444 | 363 | 59.6 | 80.7 | 17387
624.3 18.5 88 | 308 | 314 | 324 | 3899.8
624.0 839 | 40.0 | 31.1 | 340 | 379 | 34777
6234 | 191.8 | 915 | 31.9 | 385 | 47.0 | 3300.9
6226 | 3364 | 160.6 | 32.8 | 443 | 59.2 | 31298
621.9 | 507.3 | 242.1 | 334 | 50.7 | 722 | 2853.0
778.6 19.7 9.4 | 307 | 312 | 321 | 5687.2
7783 835 | 399 | 309 | 332 | 368 | 54721
7778 | 1821 | 869 | 31.3 | 363 | 439 | 52493
777.0 | 3342 | 1595 | 322 | 414 | 549 | 4971.0
7760 | 5154 | 246.0 | 33.0 | 472 | 675 | 46754
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