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ABSTRACT

“Everything should be made as simple as possible but not simpler.” Inspired by Albert
Einstein’s famous quote, this thesis proposes simple but accurate approaches to model the
complex interplay between the various thermophysical phenomena occurring in flow boiling.
The proposed methodologies incorporate the effect of flashing and local thermophysical
properties on two-phase pressure drop evaluation, and hence on heat transfer prediction.
The governing equations are derived in an elegant close form, consisting of a system of
ODEs, and their simulation is computationally inexpensive. The new modelling approaches
are validated by conducting experiments on a microchannel with a large pressure drop.
Dissipating high amount of heat flux is an important issue of modern thermal manage-
ment with the ever-increasing demands for high performance and miniaturization. Flow
boiling in microchannel heat sinks has emerged as one of the most effective solutions for
cooling high and ultrahigh heat flux devices such as high-performance computer chips, laser
diodes and nuclear fusion and fission reactors. Design of these miniature devices requires a
proper estimation of the two-phase heat transfer, which, in turn, necessitates an accurate
prediction of pressure drop in flow boiling. Two-phase pressure drop in microchannels is
relatively high as compared to conventional channels, due to their very small sizes and
moderate mass fluxes, the latter being so in order to achieve reasonable heat transfer coef-
ficients. Due to the large pressure gradient, the saturation temperature drops, and hence
the effects of flashing and axial variation of thermophysical properties become significant.
An extensive review is done on flow and heat transfer in microchannels, and the ex-
isting predictive methods are assessed using experimental data. The existing approach
for modelling flow boiling pressure drop evaluates thermophysical properties at the system
pressure and neglects the effect of flashing. To develop the flow boiling heat transfer coef-
ficient, the existing methods assume a linear pressure profile to estimate local saturation
temperature. These methods give fairly accurate predictions for small pressure drop cases,
but not in cases where a relatively large pressure drop occurs. It indicates the need for
improvements in predictive approaches for flow boiling pressure drop and heat transfer,
especially for large pressure drop. To fill this gap, a new modelling approach has been
developed for comprehensive evaluation of pressure drop along a microchannel with flow
boiling. It is based on the separated flow model, incorporating the evaluation of thermo-

physical properties at local pressure, the effect of flashing on thermodynamic quality, and
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the effect of heat flux on the two-phase multiplier. For the fluids with ideal gas behaviour
of the vapour phase, the Clausius-Clapeyron equation is used to relate local pressure and
temperature. A modified form of the Clausius-Clapeyron equation is developed to char-
acterize the saturation line on the P-T plane for fluids whose vapour phase has nearly
constant compressibility factor in the range of operation. On the basis of existing litera-
ture, it can also be inferred that there is a need for different predictive tools for pressure
drop calculation in flow boiling as opposed to those for condensing and adiabatic flows.
Therefore, for the non-adiabatic case, the two-phase multiplier is modified incorporating

the heating effect.

The existing method of evaluation of local flow boiling heat transfer coefficient using
a linear pressure profile assumption gives good predictions if the pressure drop is low but
shows significant errors for large pressure drop cases. Using the new modelling approach
of pressure drop prediction, local saturation pressure is evaluated for both large and small
pressure drop cases. Estimation of the local heat transfer coefficient is found to be accurate
when compared to experimental data from the literature with local pressure measurements
in microchannels. A new methodology is suggested to develop correlations for flow boiling
heat transfer coefficient with correct calculation of experimental heat transfer coefficient

and accurate estimation of the variables associated with the correlations.

To validate these new modelling approaches for flow boiling pressure drop and heat
transfer in microchannel, experiments are conducted on a single microchannel with hy-
draulic diameter of 111 um. The fabrication of the test sections is done using micro-
fabrication facility available at CEN, IIT Bombay. Heat loss calibration and uncertainty
analysis is carried out to ensure the correctness of the measurements. Development of cor-
relations for two phase pressure drop and heat transfer requires corresponding correlations
for single phase flow. Therefore, single phase pressure drop and heat transfer in a trape-
zoidal microchannel are investigated. A new sample correlation of friction factor for the
trapezoidal microchannel with non-adiabatic condition is developed. For heat transfer, the
correlation of Wu and Cheng (2003) gives good agreement with the present experimental

data.

Flow boiling experiments are performed using two working fluids (water and FC-72)
with mass flux 205-690 kg/m?s and heat flux 4.5-19.5 kw/m2. The pressure drops ob-
served for both the working fluids are large, facilitating validation of the new modelling
approaches. The new predictive approaches for flow boiling pressure drop are validated
for both the fluids. Comparison with experimental data demonstrates the effectiveness
of the new pressure drop predictive approach relative to the existing approach. The new
modelling approach for flow boiling heat transfer is illustrated by developing a sample
correlation using experimental data from the literature and validating with experimental

data. Another sample correlation is formulated using linear pressure profile assumption,
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and it is found that the correlation formulated with the new methodology predicts the data
more accurately for both the fluids.

Flow boiling heat transfer experiments are conducted in the same microchannel for
both the fluids (water and FC-72) and the local heat transfer coefficient is evaluated at
16 mm from the inlet. To illustrate the new modelling approach for flow boiling heat
transfer, a sample correlation was formulated by modifying a randomly chosen existing
correlation using the experimental data from the literature. It was found that the correla-
tion formulated with the new modelling approach improves the prediction over the original
existing correlation chosen, for both the fluids. The new sample correlation was tested for
experimental data from literature, and it was observed that the predictions were better
for some data sets but poor for some other data sets, thus implying the need for further
improvement in the correlation of hrp considering extensive data sets for different ranges
of fluid properties, shape, size, surface properties, and pressure drop.

The main contributions of the thesis are the new methodologies to predict pressure
drop and heat transfer for flow boiling in microchannels. This is accomplished by relaxing
some of the assumptions made in the existing predictive methods and validating the results

by conducting experiments.
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CHAPTER 1

Introduction

Focus on miniaturisation in today’s world has increased the need for compact heat ez-
changers. Though our understanding of high-performance small scale cooling devices has
increased tremendously in recent years, knowledge about flow boiling in microchannels is
still not complete. In this chapter, the background, definition of microchannels, motivation
for doing research in this field and basic phenomenon in flow boiling in microchannels are

explained.
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2 1. Introduction

1.1 Introduction

1.1.1 Background

Miniaturization has recently become the keyword in many advanced technologies as well
as traditional industries. Compact and micro heat exchangers, micro heat pipes, micro-
fabricated fluidic systems and microelectronic devices are being progressively employed
in the commercial sectors. Micro Thermal Mechanical Systems (MTMS), which includes
heat exchangers, cooling assemblies and thermal systems implementing such devices, are
used as micro-cooling elements for electronic components, portable computer chips, radar
and aerospace avionics components and microchemical reactors. Along with single-phase,
numerous two-phase (evaporation) cooling applications have also been identified. In two-
phase flow, the phase change process enhances the heat transfer in cooling systems of
electronic devices, thus allowing the device to function at high power densities.

The landmark study by Tuckerman and Pease (1981) was the first attempt to use a mi-
crochannel heat sink for electronic cooling. This opened the door for further investigations
in that area. Since then, much effort has been devoted to improving the capabilities of
microchannel heat sinks to remove the heat generated by electronic chips. Improvements
in the development of microchannel heat sinks include the use of different microchannel
geometries such as circular, rectangular, triangular, and trapezoidal designs to increase
the area available for heat transfer. They also used different materials with high thermal
conductivity such as copper, aluminium, and silicon to make the microchannell heat sinks.
Due to the non-uniformity in the heat flux, hot spots in electronics chips are observed. This
has motivated researchers to develop new heat sinks that can be directly embedded on the
back of the heat source for uniform heat flux removal. Such a heat sink is usually made of
silicon, with a silicon oxide layer to keep the component electrically insulated (Asadi et al.,
2014). The increase in the rate of the heat generated by increasingly powerful electronics
that continued to decrease in size forced designers to search for alternative coolants with
better heat removal capabilities better than the abilities provided by air, and one alterna-
tive is liquid coolants (Adham et al., 2013). Liquid coolants (water, dielectric fluids) in
single-phase as well as in two-phase, have been used in electronics cooling because of their

relatively high heat removal capabilities.

1.1.2 Definition of Microchannels

The definition of microchannels has not been generally agreed. The attempts made by
the researchers to differentiate between macro and micro-scale can be divided into two
categories. One is based on fixed ranges of diameter or surface area per unit volume.

Kandlikar and Grande (2003) used the hydraulic diameter for classification of single-phase
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and two-phase heat exchangers as,

Microchannels :10pm < Dy < 200pum
Minichannels :200um < Dy < 3mm

Conventional Channels : Dg > 3mm

Shah and Sekulic (2003) used the surface area density () and Mehendale et al. (2000)
used hydraulic diameter as a criterion to differentiate between macro, compact, meso and
micro heat exchangers. When the values of 5, are converted into hydraulic diameter,
similar ranges are obtained as given by Mehendale et al. (2000).

Recently, many researchers argued that the criterion ought to be based on thermohy-
draulic properties rather than on channel dimension alone and do not seem representative
for two-phase flows because they do not consider the physical mechanisms, different fluids
or other flow effects (Karayiannis and Mahmoud (2017)). However, the bubble confinement
looks like a suitable criterion for identifying the threshold between micro- and macro scale,
the discrepancy is significant. Fukano and Kariyasaki (1993) found the critical diameter,
at which the surface tension surpasses gravity, to be between 5 to 9 mm and the effect
of diameter dominated over the flow direction when the hydraulic diameters were smaller
than 6 mm. These conclusions agreed with the criterion of Kew and Cornwell (1997). They
found that two-phase flow exhibits different flow and heat transfer characteristics when the
confinement number is greater than 0.5. Confinement of a growing bubble is represented
by the restriction of channel size on bubble growth, such that the bubble length is greater
than the channel diameter. This dimensionless number depends on the diameter as well
as surface tension and density of the liquid and vapor.Harirchian and Garimella (2010)
derived the condition experimentally, under which microscale confinement effects are ex-
hibited in flow boiling. Relation was based on convective confinement number (Bd’-°Re)

and is considered for present study, is given by Equation (1.1).

Bd®®Re < 160 (1.1)

The other non-dimensional criterion for the transition from macro to micro scale were
(a) Eotvos number Eé = 472 (Brauner and Maron (1992)) (b) Bond number Bd%3 < 0.3
by Suo and Griffith (1964) (c)Laplace constant La = Dy by Triplett et al. (1999) and (d)
E6 = 1.6 by Ullmann and Brauner (2007).

Flow pattern observation also reveals some deferences between macro and microchan-
nels. Tibirica and Ribatski (2015) proposed two criteria for the transition from macro to
micro scale flow. The first one was based on a mechanistic model for plug flow in a circular
channel, and the transition was assumed to occur when stratified flow no longer existed.

The second criterion was based on the uniformity of the liquid film thickness in annular
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flow.

Chen et al. (2006) investigated flow boiling patterns for R134a in four vertical metallic
tubes having inner diameters of 4.26, 2.88, 2.01 and 1.1 mm and found that the flow
patterns in 4.26 mm and 2.88 mm diameter channels are similar to those observed in
conventional channels. When the diameter was decreased to 2.01 mm, the flow patterns
experienced small tube characteristics where the liquid film around the long bubble became
thinner, and the liquid-vapour interface in churn flow became less chaotic. Also in the 2.01
mm tube, confined bubbles appeared first at 6 bar system pressure and were established at
all pressures 6-14 bar when the diameter was decreased further to 1.1 mm. Since the 2.01
mm tube showed both small tube characteristics and conventional tube characteristics,
they concluded that the threshold diameter between small and conventional tubes might
be of the order of 2 mm.

Karayiannis and Mahmoud (2017) summarized the transition criterion and rewritten
in a simple form to give the threshold diameter as a function of the Laplace constant (La)
and presented a discussion connecting the flow pattern and the values associated with the
criterion. Karayiannis and Mahmoud (2017) stated that the value given by Chen et al.
(2006) agrees with the value predicted by the first criterion ( Dy = Lay/8cos(f)) given
by Tibirica and Ribatski (2015) and the criterion ( Dy = 2.94La) given by Ong and
Thome (2011) and is near to the values given by the criterion ( Dy = 2La) of Cornwell
and Kew (1993). Another important observation was that the values predicted by the two
criteria (Dg = Lay/8cos(0) and Dy = Lay/1/20) given by Tibirica and Ribatski (2015)
were completely different. This may be attributed to the fact that they were based on
two different ideas and two different flow regimes. This creates another complexity in the
identification of the threshold diameter because it seems that there is a threshold for each
flow regime. Additionally, the dependence of the different criteria on fluid properties and
operating conditions make the definition of the threshold diameter very complex.

Karayiannis and Mahmoud (2017) also demonstrated the effect of saturation tempera-
ture (fluid R134a and water) and observed that some criteria demonstrate small dependence
on the saturation temperature, while others indicate a strong dependence. Still there is a
need for more systematic experiments with a wide range of diameters and different fluids

to precisely estimate the transition criteria for the macro to microchannels.

1.1.3 Motivation

The capacity of integrated circuits is traditionally increased by adding more transistors
on the surface of the chip. The number of transistor on integrated circuits doubles ap-
proximately every two years, according to Moore’s law. However, the 2010 update to the
International Technology Roadmap for Semiconductors suggests that for the first time in

more than half a century, this trend will begin to slow near the end of 2013, after which
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To Increase processor capacity

More Transistor Parallel processing 3D Chips Light of
Over Clocking (Multiple Processor) current Technology

Challenging cooling systems
(High heat flux)

Direct or indirect liquid cooling

Single-Phase System Two-Phase System
*» Microchannel ** Flow boiling in
** Jet impingement Microchannel

Fig. 1.1: Cooling system problem statement flow diagram

time transistor counts and densities are to double only every three years (Galvis and Cul-
ham, 2012). This drastic change from Moore’s law is an indication of the limitation on the
heat dissipation capacity of current cooling systems. Alternative techniques, such as Core
technology or other novel techniques, are expected to increase chip performance. How-
ever, they are currently limited by the available cooling technologies. Therefore, new novel
cooling technologies are required to allow for advances in chip performance. Figure 1.1
summarizes the cooling system problem flow diagram. In order to increase chip capacity,
several techniques are used (more transistors, parallel processing or long term solutions).
Unfortunately, many of these performance enhancements result in excessive heat genera-
tion that cannot be controlled by present-day cooling solutions. Therefore, new cooling
strategies are required.

Boiling is one of the most capable heat transfer mechanisms for electronics cooling,
but the understanding of the boiling process mechanisms in microchannels is still a chal-
lenge for the future development of two-phase cooling systems. An understanding of heat
transfer mechanisms associated with microchannels boiling is not well understood, and
this uncertainty is further complicated in microchannels where capillarity forces, and ex-
perimental accuracy, among other factors are more crucial. Design of the flow boiling
miniature devices requires a proper estimation of two-phase heat transfer, which, in turn,

necessitates accurate prediction of pressure drop in flow boiling. Flow boiling pressure drop
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in microchannels is relatively high as compared to conventional channels, due to their very
small sizes and moderate mass fluxes, the latter being so in order to achieve reasonable
heat transfer coefficients. Due to the large pressure gradient, the saturation temperature
— and hence the thermophysical properties — vary along the length, and the effect of
flashing becomes significant. Therefore, the incorporation of these effect during prediction
make the design more realistic. To ensure the efficient and computationally inexpensive
design methodology, a physically sound and yet easy to implement an approach to evalu-
ate flow boiling pressure drop and heat transfer is essential. All observations, analysis and
modelling approach presented in this research are expected to help with a better under-
standing of the physical mechanisms during flow boiling in microchannels which is a key

factor in the development of cooling systems for future high heat flux applications.

1.1.4 Flow Boiling in Miniature Channels

Boiling is the process in which heat transfer leads to a phase change of a substance from
a liquid to a gas. Boiling will not occur if the wall temperature is below the saturation
temperature. Saturation flow boiling occurs when the bulk liquid reaches saturation tem-
perature, and sub-cooled flow boiling exists when the bulk liquid temperature remains
below its saturation value, but the surface is hot enough for bubbles to form. There are
two types of boiling: pool boiling refers to boiling from a heated surface submerged in
a large volume of stagnant liquid, where the fluid flow is caused by a natural convective
phenomenon only, and flow boiling, where the boiling occurs in a fluid which is flowing
over a heated surface. Flow boiling is considerably more complicated than pool boiling,
owing to the coupling between hydrodynamics and the boiling heat transfer process.

There are three different boiling heat transfer mechanisms: in nucleate boiling, bubbles
form at the heat transfer surface and then break away to be carried into the main stream of
the fluid. There is also convective boiling, where heat is conducted through the liquid which
evaporates at the liquid-vapour interface. Finally, in film boiling, the heat is transferred
by conduction and radiation through a film of vapor that covers the heated surface and
the liquid vaporizes at the vapor-liquid interface.

Boiling is first initiated at the Onset of Nucleate Boiling, ONB, when some of the
bubbles forming on crevices can survive condensation (e.g. no collapse of the vapor bubble).
As the vaporization process proceeds, the vapor content of the flow increases with the
distance along the tube and different flow pattern such as bubbly, plug, annular, and mist
flow are observed as shown in Figure 1.2.

For conventional channels, depending on the flow conditions, regimes of slug, stratified,
or wavy flow was observed. The qualitative axial variation of the heat transfer coefficient is
also shown in Figure 1.2 The heat transfer coefficient, often (but not always) increases with

the downstream distance prior to the onset of dry-out. Furthermore, as the wetted fraction
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Fig. 1.2: Flow and heat transfer regimes in a uniformly heated horizontal tube with moderate heat
flux

of the wall decreases with downstream distance, more of the wall becomes drier, and the
heat transfer coefficient progressively decreases. Nucleate boiling is usually the dominant
heat transfer mechanism near the ONB and at low equilibrium quality. As the liquid
film on the wall thins, film evaporation may become so effective that it is the dominant

mechanism. Between low and moderated qualities, both mechanisms may be important
(Galvis and Culham, 2012).

In miniature channels, Kim and Mudawar (2012) explored dryout limits that con-
stitute important boundaries to flow boiling heat transfer in small channels. Dryout
is closely associated with the annular flow regime prevalent in saturated flow boiling in
mini/microchannels. However, the axial span of the annular flow is highly dependent on
working fluid and operating conditions. Two distinct heat transfer regimes have been iden-
tified based on mechanisms that dominate the largest fraction of channel length upstream
of the dryout location. Shown in Figure 1.3(a) is Nucleate boiling dominant heat transfer,
where a significant fraction of the channel length is dominated by bubbly, and slug flow and
the heat transfer coefficient decreases monotonically due to gradual suppression of nucleate
boiling. During the annular flow region, due to a decrease in film thickness hrp increase
to the inception of dryout. Figure 1.3(b) shows the second, Convective Boiling Dominant
heat transfer, where a significant fraction of the channel length is dominated by annular
flow and the heat transfer coefficient increases along the channel due to gradual thinning
of the annular liquid film. Dryout of the annular film constitutes an important operational

limit for both heat transfer types. But because of a lack of symmetry in the formation
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8 1. Introduction

and consumption of the annular film, initial dry patches begin to form at the location of
dryout Incipience, which marks the point of a substantial reduction in the heat transfer.
Dryout Completion, on the other hand, where the film is fully consumed, is encountered

farther downstream.

Flow Boiling Dryout Dryout
—>Z incipience completion
x=0 x=1
| [

Flow o} e, : : : D — . .

| |

- : > -
1¢ Liquid : : Bubbly T Slug T Annular . Mist :1¢ Vapor

h

Nucleate Boiling Dominant
Heat Transfer

z
(a)
Flow Boiling Dryout Dryout
—>Z incipience  completion
X=0 x=1
| | L}
Flow —rrerio— : . * <
- 5 o‘:,°O DC ..ooa."“'@-:o-'.. R
K fcihel : el
16 quwd Bubbly Slug Annular MISt 1¢ Vapor
h

Convective Boiling Dominant
Heat Transfer

(b) I ‘ l Iz

Fig. 1.3: Schematics of flow regimes, wall dryout and variation of heat transfer coefficient along uni-
formly heated channel for (a) nucleate boiling dominant heat transfer and (b) convective
boiling dominant heat transfer (Kim and Mudawar, 2012)

Bigham and Moghaddam (2017) explained the physics of the microchannel flow boil-
ing process. They conducted six benchmark experiments on bubbles at different growth
stages to evaluate the assumptions of the existing microchannel flow boiling heat trans-

fer models/hypothesis. The results (Figure 1.4) show that the bubble ebullition process
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triggers a spike in the local surface heat flux due to the thin film evaporation and tran-
sient conduction heat transfer mechanisms. This enhancement in the surface heat flux is
limited to a very small area at the bubble-surface contact region at the nucleation site
limiting the overall heat transfer contribution of the bubble ebullition process. The con-
tribution of these two mechanisms of heat transfer increases as the bubble-surface contact
area becomes larger. As the bubbles length increases, the time period of activation of
the microlayer evaporation mechanism substantially increases while that of the transient
conduction mechanism remains relatively unchanged. When the microchannel is mostly
occupied by bubbles, the thin film evaporation mechanism becomes the dominant heat
transfer mode. The results clearly indicate that the single-phase heat transfer mechanism
active at surface regions not covered by bubbles is governed by the laminar flow theory. In
essence, a measurable enhancement effect in the liquid phase due to bubbles growth and

flow has not been observed.

Baldassari and Marengo (2013) stated that it is very chancy to extrapolate macroscale
two-phase flow boiling methods to microchannels, and, while the general trend of single-
phase flow heat transfer in microscale seems to be reasonably well understood, this is not

the case for boiling heat transfer.

15
14 Bubble T.F.E= Thin Film Evaporation
=
- -8 rear end T.H.C= Transient Heat Conduction
12 8 I
11 %
SRS IoN &
= o d -
2 2 Fgd s o
= g ESdmme O!
- Bl L
= 7 FSIRE !
- ol ® I
2o Al & . .
S 377 o Single-Phase Convection
LTI 7?.",{- 1 1 A 111 A
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Fig. 1.4: Local heat flux data corresponding to a bubble with a passing time of 1.4 ms. Test is
conducted at a mass flux of 68.4 kg/m?s (Bigham and Moghaddam, 2017)
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1.1.5 Flashing in Flow Boiling

Two-phase pressure drop in microchannels is relatively high as compared to conventional
channels, due to their very small size and moderate mass fluxes. Due to the large pres-
sure gradient, saturation temperature, and hence, the thermophysical properties along the
length, vary, and the effect of flashing becomes significant. The phenomenon flashing in
small tubes has been mentioned by several researchers ((Thome, 2004), Lin et al. (1991),
Warrier et al. (2002) ). A review on boiling in microchannels (Thome, 2004) has pointed
out, “If the pressure drops are very large in the test sections, then the flashing effect on the
enthalpy change has to be taken into account when determining and reporting the local

vapor quality.”

Pressure (bar)

3 1 A . |
50 100 150
Position (cm)

Fig. 1.5: Distributions of measured pressure, and the saturated pressure calculated from the cor-
responding temperature measured, along the capillary tube. Inlet pressure = 10.8 bar,
inlet temperature = 316 K, back pressure = 3.0 bar, mass flux = 3975 kg/s (Lin et al.,
1991)

Lin et al. (1991) explained the flashing phenomenon in the adiabatic flow of refrigerant
in the capillary tube (Figure 1.5). Before vaporization of the refrigerant in the capillary
tube, the measured temperature of the refrigerant is nearly constant. However, the mea-
sured pressure decreases linearly due to the friction losses. At the intersection point of the
two pressure curves (a), the measured pressure is equal to the saturated pressure; therefore,
the refrigerant is saturated at the intersection point. It can be seen that vaporization does
not take place at the intersection. After point a, both the calculated saturated pressure

(psat), and the measured pressure (ppes), follow their original respective directions until
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they reach section bb’, as shown in figure 1.5. At point b, calculated saturated pressure
suddenly drops—this is due to the temperature drop caused by absorption of the latent
heat of vaporization of the refrigerant at this point. After point c, the two pressure curves
join, indicating that pyes = Psqat. This means that the thermodynamic equilibrium state

is reached after point ¢ (Lin et al., 1991).
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CHAPTER 2

Literature Survey

Review is done on flow and heat transfer in microchannels and their predictive methods.
The necessity of a more realistic predictive tool is underlined. Importance of flashing effect
and difference between the boiling and adiabatic two-phase flows are discussed based on the
literature. Single-phase pressure drop and heat transfer in microchannels are also discussed,

and their importance in flow boiling modelling is highlighted.
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2.1 Literature Survey

2.1.1 Single Phase Pressure Drop in Microchannels

Steinke and Kandlikar (2006) identified single-phase heat transfer enhancement techniques
for use in microchannels and minichannels. They speculate that this increase in heat
transfer performance from these techniques could place a single-phase liquid system in
competition with a two-phase system; thus simplifying the overall complexity and reliabil-
ity. However, they point out that the added pressure drop resulting from the techniques
should be carefully evaluated. Therefore, it is important to evaluate the predictive meth-
ods for pressure drop occurring in a microchannel heat exchanger (MCHX). The design of
supporting equipment such as the fluid pump and the secondary heat exchanger require
an accurate estimate of the pressure drop in the MCHX. Flow characteristics of single-
phase flow through microchannel is investigated by many researchers (Table 2.1) and these

investigations can be categorized as the following groups.

e Effect of size and shape on pressure drop

Effect of temperature dependent property

Effect of roughness of the channel wall

Effect of the entrance and exit losses in headers

e Flow behavior based on different conditions

Study of these categories are summarized in the table (Table: 2.1) where details of
the experiments and numerical observations, flow condition, geometry and shape of the
channels are listed. Single-phase pressure drop evaluation is an important part of total
pressure drop calculation in microchannels since in practical use for a boiling heat removing

device fluid enter at subcooled temperature.

Tab. 2.1: Literature survey on single phase pressure drop in microchannels

Authors . L

Fluid Shape dg(pm) Re Key Findings
(Year)

Temperature variation affects the

Urbanek

Isopr- ) Poiseuille number (Po). As tem-
et al. T, Ti 5-25

opanol perature deference increases, Po
(1993)

also increases.
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Considered the variation of ther-

Water,
Wang and 80- mophysical properties of the fluids.
Met- R 311-745
Peng (1994) 3600 Earlier laminar to turbulent tran-
hanol
sition.
Peng and ) .
214- Fluid temperature, velocity have
Peterson Water R 311 .
337 strong effects on flow transition.
(1996)
Flow resistance in non-circular mi-
Jiang et al. )
(1997) Water C, T 8-68 728 crochannels is smaller than the
conventional predictions.
Toh et al. As the temperature was increased,
Water R 84-105
(2002) the friction factor decreased.
PIV velocity measurement is used
to investigate the flow characteris-
Park et al. 4.2-
Water R 73 tics. Thermal variation affects the
(2003) 19.1 . . .
velocity profiles in the microchan-
nel.
Geometrical parameters have con-
Wu and
11.1- siderable influences on the appar-
Cheng Water T, Ti 26-291
3060 ent friction factor constant of the
(2003D) . X
trapezoidal microchannels.
Variation of pressure drop with re-
Qu and i spect to Re is depends on ther-
Mudawar Water R 349 w mal variation of fluid viscosity and
(2003Db) pressure losses at inlet and outlet
sections.
Analysis of friction factor versus
Rathnasamy 1000,
Reynolds number relation shows a
et al. Water R 6595, - .
perceptible dependence on channel
(2005) 461
s
Surface roughness has a consider-
able influence on the laminar flow.
Shen et al. 162- For high Reynolds number values,
Water R 436
(2006) 1257 fRe is higher than the conventional

theory predictions and increasing

with growing Re.
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M. et al.
(2012)

When entrance effects, inlet and
exit losses were considered, the re-
sults indicate that equations devel-
oped for conventional size channels
are applicable for water flows in mi-

crochannels.

Sahara
et al.
(2017)

159-
Water R 438-635
2303
100- 100-
Water R
1000 2000

The friction factor was found to de-
crease slightly with an increasing
aspect ratio (AR) until AR ~ 2, af-
ter which it increases continuously
with AR. Thus, based on friction
factor data only, an AR between 1
and 2 may be recommended for de-

sign to achieve low-pressure drop.

C=Circular; R=Rectangular; T=Trapezoidal; Ti: Triangular
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2.1.2 Single Phase Heat Transfer in Microchannels

Single-phase heat transfer in microchannels was investigated and reported by several re-
searchers. Some researchers claimed that the heat transfer coefficient in micro passages
was different from that of macro passages; see Tuckerman and Pease (1981), Gao et al.
(2002) and Silverio and Moreira (2008), whilst other researchers reported that conven-
tional theory was still applicable for predicting the data for micro passages, e.g. Lelea
et al. (2004) and Lee and Mudawar (2005). In contrast, Wang and Peng (1994) studied
experimentally forced convective flow and heat transfer in rectangular stainless steel mi-
crochannels with hydraulic diameters ranging from 0.31 to 0.747 mm using water as the
working fluid. They found that in turbulent flow, the trends of heat transfer coefficient
could be predicted using Dittus-Boelter’s correlation. In addition, they revealed that the
laminar and transition heat transfer behavior in microchannels were unusual and complex
and were strongly influenced by the liquid temperature, velocity and microchannel size.
The dependence of Nusselt number on the Reynolds number was found by Steinke
and Kandlikar (2006). They investigated single-phase liquid heat transfer and pressure
drop in various microchannel geometries. They used water as the working fluid, and the
microchannels were made of a silicon substrate with D= 133.3 um. They expressed the
heat transfer performance in terms of thermal resistance. The thermal resistance depended
on the Reynolds number for low mass fluxes but was independent of the Reynolds number
for high mass fluxes. Similarly, Mishan et al. (2007), who studied experimentally the effect
of developing thermal region on heat transfer performance of flow in microchannels made
of aluminium with a hydraulic diameter of 440 pm, explained that the Nusselt number
was not constant but increased with Reynolds number. Furthermore, the average Nusselt
number increased from 5 to 7, with Reynolds numbers ranging from 40 to 560. A lower
Nusselt number than conventional theory was found by Jiang et al. (2008). They elucidated
that the Nusselt number remained constant when the flow rate was low, however, as the
flow rate was increased, the Nusselt number significantly increased and exceeded the value
of the Nusselt number for fully developed flow in conventional channels. Furthermore,
the Nusselt number was affected by the heat flux when the mass flow rate was large.
They stated that the Nusselt number of flows in microchannels was smaller than that in
macrochannels at a flow rate of 1.8x10® m3/s (1080 ml/min). The Nusselt number was
constant at approximately two in the laminar regime for ATy, ranging from 10 to 100.
However, at a flow rate of 2.77x107 (1660 ml/min), the Nusselt number increased with
ATy, ranging from 10 to 60. In transition regimes, they found that the Nusselt number
increased slightly, whilst in turbulent regimes, the Nusselt number increased sharply with
the Reynolds number. A detailed review of the literature on Nusselt number prediction in

microchannels is listed in Table 2.2.
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Tab. 2.2: Literature survey on Nusselt number prediction in microchannel
Fluid &
Authors
Mate- Shape dg(pm) Re Key Findings
(Year) .
rial
Tuckerman
Nu is in the range of 3-9
and Pease =~ Water/Si R 85-95 -
and showing higher value
(1981)
Wang and 1000 Observed lover value of
Water/SS R 310-747
Peng (1994) -1500  Nu w.r.t classical theory
Lelea et al. Agreed with classical the-
Water/SS C 100-500  10-800 _
(2004) ory with Nu=4.36
Steinke and
Kandlikar Water/Si R 133 61-364 Lower Nu observed.
(2006)
Jiang et al. 300- Nu is lower for both the
Water/Cu C, R 504
(2008) 6000 channels
Moharana
150- Nu is smaller for
et al. Water/Cu R 907
2500 minichannels
(2011)
Agreed with their pro-
Duryodhan )
posed correlation for di-
et al. Water/Si T 156 30-274 _ _
verging and converging
(2015) .
microchannel
Sahara Experimental Nu is
409 & 200-
et al. 134a R higher than that of their
461 2500
(2017) simulation
The local temperature
along the centerline was
always lower (indicating
higher local heat transfer
Wang et al. HFE- 400- _
352 coefficient) than off the
(2018) 7000 850

centerline due to vortex
shedding and large-scale

flow mixing
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2.1.3 Flow Boiling Pressure Drop in Microchannels

Dissipating high amount of heat flux is an important issue of modern thermal manage-
ment with the ever-increasing demands for high performance and miniaturization. Flow
boiling microchannel heat sinks have emerged as one of the most effective solutions for
cooling high and ultrahigh heat flux devices such as high-performance computer chips,
laser diodes (Kadam and Kumar, 2014). High heat flux removal miniature heat sinks are
also used in the fusion reactor blanket design (Mudawar (2011)). Design of these miniature
devices requires a proper estimation of two-phase heat transfer, which, in turn, necessitates
accurate prediction of pressure drop in flow boiling. The total two-phase pressure drop
of a fluid is the sum of the frictional pressure drop, the acceleration pressure drop, and
the gravitational pressure drop. The frictional pressure drop can be determined by differ-
ent two-phase models, and this has been an active research area for the last two decades.
In order to calculate the two-phase pressure drop, extensive theoretical and experimental
studies have been conducted. Since the mechanisms occurring in two-phase flow have not
been effectively understood, a number of empirical correlations have been proposed instead
(Xu and Fang, 2012).

Flow patterns exhibited during two-phase flow through microchannel also govern the
two-phase pressure drop calculation. Collier and Thome (1994) have stated that the ho-
mogeneous model gives good predictions for bubbly and wispy-annular flow patterns, par-
ticularly at high velocities, whereas the separated flow model exhibits a good accuracy for
slug flow and annular flow.

Two-phase pressure drop in microchannels is relatively high as compared to conven-
tional channels, due to their very small size and moderate mass fluxes, the latter being so
necessary to achieve reasonable heat transfer coefficients. Due to the large pressure gra-
dient, saturation temperature, and hence, the thermophysical properties along the length,
vary, and the effect of flashing becomes significant. It can be observed that pressure drop
calculations in the literature are implicitly based on properties evaluated at the system
pressure, neglecting the effect of flashing. The phenomenon of flashing in small tubes has
been mentioned by several researchers. A review on boiling in microchannels (Thome,
2004) has pointed out, “If the pressure drops are very large in the test sections, then the
flashing effect on the enthalpy change has to be taken into account when determining and
reporting the local vapor quality.” Researchers have reported that flashing occurs in the
flow of refrigerant in a small tube. The fluid pressure drops to the local saturation pressure
at a certain axial location, flashing occurs at a point downstream, and the thermodynamic
equilibrium state is resumed at a point further downstream (Mirmanto, 2014). Déario et al.
(2016) incorporated the effect of flashing on thermodynamic quality, considering a linear
pressure profile for heat transfer calculation. Mirmanto (2014, 2016) reported very infor-

mative observations by putting pressure sensors along the length of the microchannel. It
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was observed that the pressure profile along the length was nonlinear, especially at higher
heat flux, due to rapid bubble generation and non-uniform distribution of nucleation sites
(Mirmanto, 2014). Pressure drop reported in the experiments was high (up to 75 kPa);
therefore, existing modelling approach, based on system pressure, cannot predict these
experimental data accurately. Park et al. (2012) also tried to validate the existing cor-
relations for two-phase pressure drop with their experimental data considering properties
at system pressure but ended up with significant deviation between the experimental re-
sult and the prediction. For vertical flow, using the homogenous model, Cioncolini and
Thome (2017) considered the local pressure for evaluating thermophysical properties and
calculated two-phase pressure drop. The evaporative channel was discretized into equal
length subchannels, and the local pressure drop was computed using the local values of
thermophysical properties. Then the pressure drops in the subchannels were added to get
the total pressure drop. Experimental data from the literature show that depending upon
the parameters (mass flux, heat flux, length, diameter), the two-phase pressure drop in
the microchannel can reach up to nearly 100 kPa. For that range, if system pressure were
considered then (for water as the working fluid), there would be an error (MAE) of 40%
in vy and 30% in hy. As these two quantities (vy and hy ) play an important role in the
estimation of pressure drop and thermodynamic quality, they must be evaluated at the
local pressure to get an accurate prediction of flow boiling pressure drop. The approaches

used by different literature to predict flow boiling pressure drop is listed in Table 2.3.

Tab. 2.3: List of approaches used by different literature to predict flow boiling pressure

drop
Properties
Fluid/
Authors Model evaluated at
Shape/ Remarks
(Year) Used / Flashing
dp (pm) :
incorporated
A new C-correlation is
u and roposed which incorporates
« Water/ System Prop P
Mudawar SFM the effects of both channel
R/ 349 Pressure / No , _
(2003b) size and G to improve

pressure drop prediction
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The new correlation

incorporates the effects of

Lee and
R134a / System liquid inertia, viscous force
Mudawar SFM
(2005) R/ 349 Pressure / No  and surface tension on the
two-phase pressure drop
multiplier.
Existing approaches could
Huh and Water / HEM, System not able predict the
Kim (2007) R/ 100 SFM Pressure / No  experimental two-phase
frictional pressure gradient
R134a, New prediction methods
Revellin and R2456a | Svst (frp) have b q
a stem ave been propose
Thome HEM 2 TP o prop
(2007) C/ 5009, Pressure / No  here using the homogeneous
790 model .
A new pressure drop
Lee and Water /
System correlation based on the
Garimella R/ SFM .
Pressure / No  model of Mishima and
(2008) 162-570 . )
Hibiki (1996) is developed.
. Qu and Mudawar (2003b)
Singh et al.  Rl134a / System
SFM provides the best match
(2009) R /142 Pressure / No . .
with the experimental data.
Water / All existing approaches over
Bhide et al. SEM, System ) .
R/ predicts the experimental
(2009) HEM Pressure / No
45,65,70 data.
respective pressure and fluid
Ducoulombier COy / C Svst AN - Y
stem roperties at the inle
et al. ) HEM y > 4
/ 529 Pressure / No  pressure tap and outlet
(2011a) ]
pressure tap was considered:
R134a, Surface-tension effects are
Li and Wu R12 / SEFM, System considered with inclusion of
(2011) R,C/ HEM Pressure / No  the Bond number in the
162-570 pressure drop calculation
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Water,
R134a,
Kim and A new universal correlation
R12, SFM, System
Mudawar for frictional pressure
FC-72 / HEM Pressure / No
(2013b) gradient is constructed.
R,C /
349-3000
The test section heated
length was found to have a
Mahmoud R134a/ C SFM, System o
significant effect on the
et al. (2013) /1100 HEM Pressure / No
measured pressure drop per
metre length
Importance of surface
Pike-Wilson characteristics observed.
and R245fa /  SFM, System The pressure drop
Karayiannis C /1100 HEM Pressure / No  correlations tested did not
(2014) show good agreement with
the experimental results
The microscale correlations
Linear
Dario et al. R134a / provide a better agreement
HEM Pressure
(2016) R / 770 with the experimental data
profile / yes
than the macroscale ones.
R134a,
~ RI1234ze(E), Based on the broad
Smpertegui- _ )
. R1234yt Linear database obtained, a new
Tapia and F
and SFM Pressure method for prediction of the
Ribatski
(2017) R600a / profile / No two-phase frictional pressure
C,R/ drop was proposed.
634-1100
The C-correlation developed
for 4 different conditions.
Water, o
(a) liquid-turbulent and
R134a,
_ gas-turbulent, (b) liquid
Li and R12, SEM, System )
o turbulent and gas-laminar,
Hibiki (2017) FC-72 / HEM Pressure / No o .
(c) liquid-laminar and
R.C/ :
gas-laminar, and (d)
100-3000

liquid-laminar and

gas-laminar.
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The flow boiling pressure

drop data was predicted
Al-Zaidi HFE-7100 SFM, System very well by the correlations
et al. (2019) /R /460 HEM Pressure / No  ofMishima and Hibiki

(1996) and Keepaiboon

et al. (2016)

Two new correlations are
Markal et al. water/ R SEM System developed in order to
(2019) / 100-250 Pressure / No  predict flow boiling pressure

drop in microchannels

C=Circular; R=Rectangular; T=Trapezoidal; Ti: Triangular

2.1.4 Difference of Boiling and Non-boiling flow behaviour

In microchannels, two-phase experiments have been reported in the literature for adiabatic
as well as diabatic cases. In case of boiling, a significant effect of heat flux was observed
for a smaller (190 pm) micro gap as compared to a larger gap (381 pm) (Alam et al.,
2012). Kim and Mudawar (2013b) analyzed the fundamental differences in flow structure
between boiling and non-boiling flows on the basis of existing literature (Kim and Mudawar,
2012). The difference was mainly due to the existence of entrained droplets in the vapor
core for boiling flows and their absence from both condensing and adiabatic flows (Figure
2.1). For flow boiling in microchannels, bubbles coalesce very quickly in the upstream
region of the channel, causing a rapid transition to annular flow, and liquid shattered from
upstream forms small droplets that are entrained in the vapor core (Qu and Mudawar,
2004). However, in annular condensing flow in microchannels, no droplet entrainment in
the vapor core has been observed (Kim and Mudawar, 2012). Thus, it can be inferred that
there is a need for different predictive tools for pressure drop calculation in flow boiling
as opposed to those for condensing and adiabatic flows. To account for these differences,
Kim and Mudawar (2013b) modified the Chisholm parameter (C') for boiling as well as

non-boiling cases.

2.1.5 Use of Dielectric Fluid for Flow Boiling in Microchannels

For the electronic cooling applications, dielectric fluids (FC-72 and FC-77) are suitable
because they are thermally and chemically stable, compatible with sensitive materials,
non-flammable, and practically nontoxic (Park et al., 2012; Jang et al., 2008). Condition
under which microscale confinement effects are exhibited in flow boiling (Bd%5Re = 160)
was given by Harirchian and Garimella (2010). Studies on flow boiling pressure drop of

dielectric fluids in microchannels that fulfill the above mentioned condition are limited.
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Fig. 2.1: Fundamental differences between (a) annular condensation (Kim and Mudawar, 2012)
and (b) annular flow boiling in mini/micro-channels (Lee and Mudawar, 2005)

Flow boiling pressure drop characteristics and flow patterns of FC-77 in microchannels
were studied by Harirchian and Garimella (2008, 2009b) and Chen and Garimella (2011).
Jang et al. (2008) discussed the flow boiling pressure drop of FC-72 and modified existing
pressure drop correlations by introducing the effective viscosity, including wall effects of the
fluid in the small channel. Megahed and Hassan (2009) presented two-phase pressure drop
data and flow visualization of FC-72 and observed that the frictional two-phase pressure
drop increases with exit quality for a constant mass flux. Park et al. (2012) investigated the
two-phase pressure drop of FC-72 and stated that pressure drop increased with increasing
vapor quality and mass flux, and was nearly independent of heat flux for any given exit
quality and mass flux. In view of the importance of dielectric fluids, further research on
their flow boiling pressure drop characteristics and development of predictive tools for the

design of microchannel heat sinks is the need of the hour.

2.1.6 Flow Boiling Heat Transfer in Microchannels

Most of the literature on flow boiling heat transfer in microchannels has focused on the
mechanism of flow boiling. While the mechanism governs heat transfer trends, it is also
important to develop accurate modelling approaches for evaluation of the local heat transfer
coefficient ((hrp)) from the experimental data.Flow boiling local heat transfer coefficient
(hrp) can be calculated from Eq.(2.1). The measurement accuracy of heat flux and the
wall temperature depends upon the power source reading considering heat loss calibration

and thermocouples reading respectively and can be achieved with reasonable uncertainties.
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However, in microchannels, with direct contact method, local saturation temperature
measurement in flow boiling is difficult due to space limitation (flow pattern disturbance)
inside the channel. A limited number of studies were reported where local saturation pres-
sure or temperature were measured and evaluated the local heat transfer coefficient. Using
a large database compiled from multiple data sources, correlations for flow boiling heat
transfer for microchannels were developed considering different flow conditions, hydraulic
diameter, different fluids and aspect ratio. Along with these generalized correlations, some
other correlations were developed using their own experimental data, which have a narrow
range of parameters and may be useful for application within a similar range of param-
eters. In most of the correlations, during data reduction, local saturation temperature
was evaluated by considering a linear pressure profile. And most importantly, thermo-
physical properties used in the correlations were evaluated at that pressure derived from
linear pressure profile. All these assumptions will be valid if the pressure drop is low. For
high-pressure drop, Mirmanto (2014) had observed experimentally that pressure profile for
flow boiling in the microchannel is nonlinear, especially at higher heat flux, due to rapid
bubble generation and non-uniform distribution of nucleation sites.

The trend of local heat transfer coefficients basically depends on the local saturation
pressure (or saturation temperature) inside the channel and the wall temperature. Mean-
while, there was no accurate correlation to predict the local saturation pressures (tem-
peratures) along the channel. Therefore, some authors considered the saturation pressure
distribution decreases linearly in the two-phase region. The local saturation temperature
depends on the prediction of local saturation pressures. The values of the local saturation
temperature are greatly influenced by the assumption of the local pressure distribution. In
general, experimental flow boiling pressure drops reported in the literature were obtained
from the inlet and outlet pressure measurements, while the local pressure distribution usu-
ally was not reported. But many correlations for flow boiling pressure drop have been
developed. Mirmanto (2014) also discussed that applying this pressure correlation to cal-
culate the local pressure distribution as well as local heat transfer coefficient along the
channel was not simple and even becoming more complicated when all components of the
pressure drop such as accelerational and frictional pressure drops were included there-
fore Mirmanto considered linear pressure profile to evaluate local heat transfer coefficient
Mirmanto (2014).

Contradictory experimental results were observed in the microchannel studies, and
different interpretations on heat transfer trends and mechanisms were given. Some re-
searchers, concluded that nucleate boiling was the dominant mechanism, whereas some

others, reported that convective boiling dominated the heat transfer mechanism in mi-
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crochannels. Several attempts have been made by different researchers to unify exper-
imental data from different studies, but none of the models has been able to capture
various trends observed in the experiments accurately.

Lin et al. (2001) performed a systematic experimental study of flow boiling with refrig-
erant R141b in circular tubes of diameter 1.8, 2.8, 3.6 mm and one square tube of 2 X 2 mm
cross-section. They observed that the local heat transfer coefficient is a strong function of
heat flux, a weak function of mass flux and depends on vapour quality. They concluded
that both nucleate boiling and convective boiling occur during boiling in smaller channels.
They also concluded that transition from nucleate boiling to convective boiling at high flux
occurs at higher quality for smaller channels. The mean heat transfer coefficient was found

to vary only slightly with channel dimension and was a function of mainly heat flux.

Tab. 2.4: List of approaches used by different literature to predict flow boiling heat transfer

Pressure pro-

. Range of )
Authors (Year) Fluid/ Shape file/Consider
dpr (pma) :
Flashing
Lazarek and
R134a/ C 3150 Linear / No
Black (1982)
Shah (1982) Water, R12, R22 / C 3150-25400 Linear / No
Warrier et al.
FC-84/ R 750 Non-Linear / Yes
(2002)
Bertsch et al.
Water, FC-72/ R, C 160-2920 Linear / No
(2009)
Li and Wu (2010) Water, FC-77/ R, C 160-3100 Linear / No
Ducoulombier
CO, /C 529 Linear / No
et al. (2011b)
Oh and Son
R134, R22 /C 1770, 3360, 5350  Linear / No
(2011)
Kim and Water, R134a, FC-77 /
190-6500 Linear / No
Mudawar (2013a) R,C
Fang et al. (2015) Water/ R,C 190-6500 Linear / No
Fayyadh et al.
R134a/ R 420 Linear / No
(2017)
Korniliou et al.
FC 72/ R 190 Non-Linear / No
(2019)
Jayaramu et al. )
water/ R 324.3 Linear / No

(2019)

C=Circular; R=Rectangular; T=Trapezoidal; Ti: Triangular
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Qu and Mudawar (2003b, 2004) studied flow boiling heat transfer, pressure drop, flow
patterns and instabilities in 21 parallel microchannels of 231 pm width and 721 pm depth
using water as working fluid. They fabricated their test sections in oxygen-free copper block
and used a transparent polycarbonate cover plate to enable high-speed visualisation while
pressure drop and wall temperature (at four places) were also measured simultaneously.
Qu and Mudawar (2003a) discussed heat transfer behavior and evaluated eleven existing
heat transfer correlations with findings from their experiment. They found that the sat-
urated flow boiling heat transfer coefficient is a strong function of mass flux and a weak
function of heat flux. They also observed that annular flow as the dominant flow pattern
at moderate to high heat fluxes. Hence, they hypothesized that dominant heat transfer
mechanism for flow boiling in the microchannel is forced convection not nucleate boiling.
They observed that unlike conventional channels, heat transfer coefficient decreases with
increasing thermodynamic equilibrium quality. They found significant deviation in over-
all heat transfer trends even though correlations developed for smaller channels yield less

mean error (Figure 2.2)
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Fig. 2.2: (a) Comparison of saturated flow boiling heat transfer coefficient data with (a) macro

scale and (b) mini/micro-channel correlation predictions (Qu and Mudawar, 2003a)

Steinke and Kandlikar (2004) performed an experimental investigation of flow boiling
using water in six parallel, horizontal microchannels with a hydraulic diameter of 207
pm. They performed flow visualisation and measured pressure drop and heat transfer
coefficient for a range of system parameters. They observed a decreasing trend of heat
transfer coefficient with quality and concluded that nucleate boiling is the dominant mode
of heat transfer.

Liu and Garimella (2006) carried out an experimental study of flow boiling heat transfer
in microchannels of dimensions 275 ym x 636 pm and 406 pym x 1063 pm using DI water
as a coolant. They identified two boiling regions, subcooled boiling and saturated boiling

and tested some heat transfer correlations available in the literature for these regions. They
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commented that Shah correlation (Shah and London, 1978) gave a reasonable prediction of
heat transfer in the subcooled boiling region and developed a new correlation for saturated
flow boiling regions based on Chen correlation (Chen, 1966). They found good agreement
between prediction from the developed model and experimental data. They observed that
amount of inlet subcooling and mass flux effect onset of nucleate boiling (ONB) but have
little effect after ONB occurs.

(Harirchian and Garimella, 2008, 2009b) studied flow boiling of FC-77 through parallel
rectangular microchannels of various sizes (width ranging from 100 pum to 5850 pm and
depth of 400 pm). They fabricated their test pieces in the silicon wafer and measured
wall temperature distribution with 5 x 5 array of temperature sensing diodes and also
pressure drop across the channels. (Harirchian and Garimella, 2008) discussed the effect
of channel size on flow boiling heat transfer and pressure drop. They found that for a
fixed channel size, boiling curves and heat transfer coefficient is independent of mass flux
in nucleate boiling dominant low heat fluxes. For microchannels of a size larger than
400 pm, the boiling curve also becomes independent of the channel width. Heat transfer
coefficient increased with heat flux. They also tested pre-existing heat transfer correlations
and found that Cooper correlation is able to predict the data with high accuracy. They
commented that nucleate boiling is dominant for channels larger channels while convective
boiling becomes important for smaller channels at low mass flux and hence concluded that
convective boiling becomes more important as channel size and mass flux decrease. Mode
of flow boiling heat transfer in different literature is listed in Table 2.5.

(Bertsch et al., 2009) studied flow boiling heat transfer with the refrigerants R-134a
and R-245fa in copper microchannel arrays of hydraulic diameter 1.09 and 0.54 mm with
an aspect ratio of 2.5. They found that the flow boiling heat transfer coefficient strongly
increases with increasing heat flux and is dominated by nucleate boiling. They developed

a correlation for flow boiling heat transfer considering different source of data from the

literature.
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Fig. 2.3: Comparison between linear pressure gradient and actual variation (Mirmanto, 2016)

Mirmanto (2014, 2016) performed an experimental study of flow boiling of water
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through rectangular copper microchannels with the hydraulic diameter of 0.438, 0.561
and 0.635 mm. Local pressure distribution was measured using four pressure tapings in
axial direction while, wall temperature was also estimated for each of those locations using
thermocouples inserted into the test section. The pressure drop across the channel was
also measured. The author assumed a linear distribution of pressure in the axial direction
to calculate saturation properties based on that pressure and compared that with calcu-
lations from actual pressure calculations. It was found that effect of heat flux on heat
transfer was significant for bigger channels, and heat transfer coefficient increased with
heat flux. For small channels, the effect decreases. It was found that a linear pressure
gradient assumption was not accurate and introduced significant error in calculating the
heat transfer coefficient (Figure 2.3). List of approaches used by different literature to
predict flow boiling heat transfer is presented in Table 2.4.

Xu et al. (2016) investigated flow boiling of R-134a in circular tubes of diameters
1.002, 2.168 and 4.065 mm covering a mass flux range of 185-935 kg/m? s, a heat flux
range of 18.0-35.5 kW /m?, a saturation pressure range of 0.578-0.82 MPa, and a vapour
quality range of 0.03-1.0. They found that heat transfer increases with increasing sat-
uration pressure. For the smallest tube, heat transfer increased with quality, remaining
constant in moderate quality values and then deceased. Using both their experimental
data and database collected from literature, they evaluated 28 heat transfer correlations
from literature including previously mentioned Fang correlations (Fang et al., 2015) and
Bertsch (Bertsch et al., 2009) correlation. They found that Fang correlation developed for
R-134a performs the best amongst the correlations tested collected from the literature.

Korniliou et al. (2019) studied the two-phase flow boiling heat transfer in a high-aspect
ratio microchannel using FC-72 liquid. The hydrodynamic and flow boiling characteristics
of the microchannel were monitored using high frequency and high spatial resolution in-
frared thermography, with heat transfer coefficients obtained as a function of axial position,
lateral position and time and at the inlet, middle and outlet sections of the microchan-
nel. The results suggest that the two-phase heat transfer coefficient does not increase
monotonically with the heat flux, and actually decreases under certain conditions. This
work identifies that the heat transfer coefficient depends on the range of the heat flux and
is correlated with vapour-liquid dynamics and liquid film thinning resulting in suspected

dryout, observed simultaneously with the temperature measurements.
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Tab. 2.5: Mode of flow boiling heat transfer in different literature
Fluid/
Authors Dominant mode of
Shape/ Parameter Range
ear ea ansfer
(Year) 1 (om) Heat Transf
H{pm
Lin et al. Water/ C/ G =50 — 3500 kg/m”s  Both convective and
(2001) 1800 -3600 — 1 — 300 KW /m?2 nucleate
Qeff /
d
Qu an G = 255 kg/ms Forced convective
Mudawar Water/ C/ 349 ) .
(2003b) geff =50 =200 W /cm boiling
Huo et al. / G/ 4260 G =100 — 500 kg/m’s  Forced convective
(2004) Geff = 50 — 200 W Jem?  boiling
D. and V. Water/ R / G = 221 — 1283 kg/m’s N
ucleate boilin
(2006) 400-700 Qe = 1290 kW /m? )
Chen and FC.72/ R | Contribution from
Garimella - m = 30 — 50 ml/min convective boiling
(2007) increases with mass flux
Ong and R134a, G — 200 — 1600 kg/mQS Nucleate boiling for low
™ (2000) R236a/ C/ , quality, convective
ome =23-259k
1003 Geff =23 =20 KW/m™ | o ¢ for high quality
Bertsch et al. ~ R134a/ R / G =20 — 350 kg/m’s R
ucleate boilin
(2009) 1009 Ges = 0 — 200 kKW /m> °
Chen and
FC-72/ R / , 5 different boiling
Garimella G = 253 — 1015 kg/m"s 4
(2011) 160 regimes
Bertsch et al.  Rl134a/ R / G =20 — 350 kg/m’s W o
ucleate boilin
(2009) 1009 Qe = 0 — 200 KW /m? °
Galvis and Water/ R / G = 340 — 1296 kg/ms .
Nucleate boiling
Culham (2012) 120, 400 Geff = 2197 kW /m?
Mahmoud R134a/ C / G =100 — 500 kg/m”s 5
Nucleate boiling
et al. (2013) 1100 Geff = 25 — 78 kW /m?
Mirmanto Water/ R/ G = 200 — 800 kg/m”s
Nucleate boiling
(2014, 2016) 438,635, 561 g ;; = 17 — 685 kW /m?
Fayyadh et al. R134a/ R / G = 50 — 300 kg/m?s N
(2017) 420 %\Iucleate boiling

Geff = 11.46 — 403.1 kW /m
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Korniliou FC 72/ R/ G =7.37 kg/m’s Both convective and
et al. (2019) 190 Geff = 3.34 — 61.95 kW /m? nucleate boiling
Jayaramu water/ R / G = 1000 — 2220 kg/m?s

N Nucleate boiling
et al. (2019) 324.3 gefr = 400 — 1200 kW /m

C=Circular; R=Rectangular; T=Trapezoidal; Ti: Triangular

2.2 Literature Closure

A detailed review of the existing literature is carried out for single-phase and two-phase
flow in miniature channels. The main focus of the present review is on the methodologies
used in the prediction of flow boiling pressure drop and heat transfer in microchannels.
It can be concluded from the literature that the axial pressure profile for flow boiling
is not the same for small and large pressure drop cases. Single-phase pressure drop or
heat transfer prediction are also needed to predict the overall estimation of pressure drop
and heat transfer of the evaporative system. Therefore, literature related to single-phase
pressure drop and heat transfer is also reviewed. The summary of the review is listed

below.

1. Experimental data from the literature show that, depending upon the parameters, the
two-phase pressure drop in microchannels can reach up to nearly 100 kPa. For that
range, if the system pressure were considered then (for water as the working fluid),
there would be an error (MAE) of 40% in v, and 30% in hy. As these two quantities
play an important role in the estimation of pressure drop and thermodynamic quality,
they must be evaluated at the local pressure to get an accurate prediction of flow
boiling pressure drop. Due to the axial variation of thermophysical properties, the

effect of flashing become significant.

2. To develop the pressure drop modelling approach, most of the studies considered
system pressure for evaluating the thermodynamic quantity and neglected the effect
of flashing. Mirmanto (2014) observed that for large pressure drop cases, no pressure
drop models predict the experimental data with good accuracy. Hence, there is a
need for an accurate approach for pressure drop modelling for all ranges of pressure

drop cases

3. To formulate flow boiling heat transfer correlations, estimation of local saturation
temperature is important, and it requires an accurate axial pressure profile. In most
of the correlation development methods, linear pressure profile was assumed to evalu-
ate the local saturation temperature. This assumption is valid if the pressure drop is

small. For large pressure drop case, axial pressure profile is non-linear, especially at
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high heat flux (Mirmanto, 2014). Therefore a proper modelling approach is required

to formulate heat transfer correlations.

Experimental flow boiling pressure drop and heat transfer data with large pressure
drop is limited in the literature. Therefore the validation of these cases requires large

pressure drop experiments in microchannels with deferent fluids.

. In single-phase pressure drop study, there is no correlation of fRe for heated trape-

zoidal microchannel. Flow-through heated microchannels experience property varia-

tions along the length especially the effect of variation of viscosity near the wall.

2.3 Objectives

Although a large number of investigations have been carried out involving flow and heat

transfer in microchannels, there is scope and need for the development of prediction meth-

ods in single-phase flow as well as in boiling. Therefore, the following objectives were
identified.

1.

To evaluate the effectiveness of the existing predictive approach for flow boiling pres-
sure drop and heat transfer for small as well as large pressure drop cases and to

investigate the causes of errors in the predictions.

. To develop a predictive approach for flow boiling pressure drop and heat transfer in

a microchannel for all ranges of pressure drop cases, by incorporating the significant

phenomena, e.g., the effect of local thermophysical properties and flashing.

To generalize the predictive methodology for flow boiling pressure drop and heat

transfer in a microchannel for fluids exhibiting non-ideal gas behavior of vapor phase.

To validate the new predictive approach for flow boiling pressure drop by conducting
experiments with the variation of mass flux, heat flux and thermodynamic quality

for different fluids

. To illustrate the new modelling approach for flow boiling heat transfer, by developing

a sample correlation using experimental data from the literature and validating it

with own experiments.

. To study single-phase pressure drop and heat transfer in a trapezoidal microchannel

and to develop a one-dimensional mathematical model for liquid pressure drop in a

heated microchannel incorporating variable properties.

The main approach to achieve the above objectives is to relax some of the assumptions

made in the existing predictive method and to propose a new methodology to predict

pressure drop and heat transfer for flow boiling in microchannels.
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2.4 Outline of the thesis

In chapter 1, the need for this study, motivation to work on the topic and basic flow and

heat transfer mechanism are discussed.

In chapter 2, work done by other researchers are put forth. The physics related to flow
and heat transfer in microchannels for single-phase as well as flow boiling is discussed based

on the literature review.

In chapter 3, existing approaches and correlations for evaluation of pressure drop and
heat transfer in microchannels are verified. The results are analyzed to identify phenomena

that need to be modelled accurately, especially for large pressure drop cases.

In chapter 4, two new predictive approaches for evaluating flow boiling pressure drop
and heat transfer for large pressure drop are presented and validated with experimental

data from the literature.

In chapter 5, the fabrication process of the test section, selection of the equipment and

assembling and the flow loop are described.

In chapter 6, single-phase flow and heat transfer through a microchannel for heated and
unheated cases are discussed. A correlation of friction factor considering two working fluids
(water and FC-72) for a heated trapezoidal microchannel is developed from the present

experimental data.

In chapter 7, flow boiling pressure drop in a microchannel is investigated for water as
well as FC-72. Effects of parameters (heat flux, mass flux and thermodynamic quality) on
flow boiling pressure drop are examined experimentally. The data obtained are used to

validate the new pressure drop modelling approaches developed in Chapter 4.

In chapter 8, flow boiling heat transfer in a trapezoidal microchannel is experimentally
investigated for water as well as FC-72. Effects of parameters on flow boiling heat transfer
are studied. Using the new pressure drop predictive approach, a new methodology is
devised and illustrated by developing and validating a sample correlation for flow boiling

heat transfer.

In chapter 9, finally, the conclusions of the work done in all the chapters are summarized,

and future extensions of the present work are discussed.
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CHAPTER 3

Assessment of Existing Approaches

In this chapter, existing approaches for the evaluation of flow boiling pressure drop and
heat transfer are discussed. Ezxperimental data are extracted from the literature, and dif-
ferent correlations for flow boiling pressure drop and heat transfer are examined. Existing
approaches for pressure drop show good predictions for small pressure drop, but they suf-
fer from significant deviations in predicting relatively large pressure drop data. For the
prediction of flow boiling heat transfer, the existing methods use linear pressure profile to
evaluate local saturation temperature and thermophysical properties. This is a reasonable
assumption if the pressure drop is small but causes a significant error in prediction if the

pressure drop is large.
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3.1 Existing Approach for Flow Boiling Pressure Drop

The two-phase pressure drop in steady-state can be expressed as the sum of frictional,
gravitational and acceleration components. In two-phase flow through microchannels, com-
monly observed flow patterns in the literature were slug flow and annular flow (Qu and
Mudawar, 2004). Researchers have observed different flow patterns in microchannels, but
for very small hydraulic diameter (around 100 pm) bubbly flow gets suppressed(Kawahara
et al. (2002) and Wang et al. (2007)). The homogeneous equilibrium model of two-phase
flow assumes no slip between the phases and hence, cannot accurately model these flow
patterns (Collier and Thome, 1994). Therefore, most of the literature used the separated
flow model to obtain good agreement with experimental data because of its applicability
with observed flow patterns (slug and annular flow) (Mishima and Hibiki, 1996; Lee and
Lee, 2001; Qu and Mudawar, 2003b; Lee and Mudawar, 2005; Li and Wu, 2011; Kim and
Mudawar, 2013b; Li and Hibiki, 2017). The frictional pressure drop component evaluated
from the separated flow model was expressed by Equation (3.1), and the acceleration pres-
sure drop was given by Equation (3.2). The thermodynamic equilibrium quality (x) was
determined from the energy balance considering Figure 3.1, without the effect of flashing

and given by Equation (3.3). The exit quality (x,) was found by putting z = L.

o [2G2%
(Aptp)fm’c == /0 [ DHf (1 - wo)2¢?¢:| dx (3'1)
z2v 1— z5)?
(Aptp)acc = G2Uf |:Oé ch + (1 — O[) - 1:| (32)
P
g= Ll h L, (3.3)

N GAhgg

SINGLE PHASE TWO PHASE

z- Direction

L — =
3 SIDE HEATING

Lsp L

Fig. 3.1: Process flow of the Fabrication Technique
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In the frictional pressure drop, the two-phase multiplier gi)?c and the Martinelli parameter
(Xw) (Collier and Thome, 1994) for laminar vapor and laminar liquid were expressed by
Equation (3.4) and Equation (3.5), respectively. All experimental data used in the thesis
(Qu and Mudawar, 2003b; Mirmanto, 2014) falls into the laminar vapor and laminar liquid
region.

c 1

2
=14 — + = 3.4
(rbf X’vv ng ( )

() () (5"

Evaluation of the accelerational pressure drop requires a relation for void fraction.

In most of the literature related to miniature channels (Mishima and Hibiki, 1996; Lee
and Lee, 2001; Qu and Mudawar, 2003b; Lee and Mudawar, 2005), Zivi’s void fraction

correlation, given by Equation (3.6), has been used.

(4 (5 ()™)

In the existing approach to pressure drop modelling, the Chisholm parameter (C) was

Qy =

(3.6)

modified to predict the pressure drop. All the modified expressions for the Chisholm
parameter (C) are listed in Table 3.1 In Figure 3.2, pressure drops predicted with the
existing approach using different correlations (Mishima and Hibiki, 1996; Lee and Lee,
2001; Qu and Mudawar, 2003b; Lee and Mudawar, 2005; Li and Wu, 2011; Kim and
Mudawar, 2013b; Li and Hibiki, 2017) are compared with experimental data from the
literature (Qu and Mudawar, 2003b) where the pressure drop was small. It is observed

that almost all the correlations are able to predict the data with reasonably good accuracy.

In Figure 3.3, the predictions of the same correlations (listed in Table 3.1) with the
existing modelling approach are compared with experimental data from the literature (Mir-
manto, 2014) where the pressure drop was relatively high. It is observed that the existing
approach, with any of the correlations, exhibits poor prediction of the experimental data
for these cases, the percentage deviation being larger for higher pressure drop. The exist-
ing approach neglects the effect of local properties and the effect of flashing - assumptions
valid for low-pressure drop cases only. MAE (%) for each model is listed in Table 3.1 and
given by Equation (3.7).

1 A e - A ex
MAE (%) = Nz‘ Pr Adp Pesnl | 109 (3.7)
exrp
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14 ” 14
[ mMishima & Hibiki (1996) i ]
[ +20% e g ]
I ]
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[ & Qu & Mudawar (2003) ,'g ]
o L XLee & Mudawar (2005) ‘ 0]
5 10 + A -7 10
= [ OLi & Wu (2011) - § e ]
= [ 57 e 4
4 |  OKim & Mudawar (2013) J L7 -20%
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Fig. 3.2: Comparison of the existing correlation for small pressure drop case with experimental
data from (Qu and Mudawar, 2003b); Water, Dy = 349 ym and G=255 kg/m?s

80 T — T 80
| ®Mishima & Hibiki (1996) 7
[ ’
F @
70 I Lee & Lee (2001) ’450% 1 70
= [ * Qu & Mudawar (2003) K
B /
§ I XLee & Mudawar (2005
<60 (2003) K 1 60
B [ OLi & Wu (2011) K
A [ OKim & Mudawar (2013) e
£50 1 g - ~\t 50
= [ ALi & Hibiki (2017) g -7 E 1]
w F ’ - 1
g 4 ," 3@ A
H r
&40+ A RO ¢/ 4
= 4 L7 ?—(Eﬁ‘% ‘ff-
E F} l/ o .
= ,, ,r Wﬂ E_J' // ]
T30 ¢ 4 E //é’,/ -50% T 30
- ’ 7 -
R | y / -7 Fia ]
L ’ ’ ’E' i 4
20 + R ! E,x aF + 20
[ ’ [ ,"’ ]
[ /. - L ] - ]
104 iy 1 10
/ -
/AR
O 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1 1 O
0 20 40 60 80

Experimental Pressure Drop (kPa)

Fig. 3.3: Comparison of the existing correlation for large pressure drop case with experimental
data from (Mirmanto, 2014), water, Dy = 438 ym and G=805 kg/m?s
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The causes for this high margin of errors in the calculation of two-phase pressure drop

in microchannels, in case of high-pressure drop, are the following.

1. For relatively high-pressure drop cases, assumption of system pressure instead of local

pressure to evaluate the thermophysical properties contributes a part of total error.

2. Effect of flashing, i.e., the effect of pressure drop in the calculation of the thermody-

namic quality was not considered in the existing approach. Hence, the vapor quality

is underpredicted, which results in an underestimation of the pressure drop.

3. Estimation of two-phase frictional pressure drop for boiling channels requires a dif-

ferent approach as opposed to non-boiling channels. This effect was incorporated

in C' by (Kim and Mudawar, 2013b), thus resulting in the lowest MAE among all

models listed in Table 3.1.

Tab. 3.1: List of modified Chisholm parameter from literature

MAE MAE
Authors Equations for Chisholm Parameter (%) (%)
[References] (Liquid Laminar and Gas Laminar) 1 ¢

LPD SPD
Mishima and . 319Dy
Hibiki (1996) C=21(1-e ) 43.73 17.35
(L;(‘;O?f)ld B C' = 6.185 x 10~2Re ;0”726 42.24 16.13
Qu and Mudawar C =21(1 — &*9PH) 41.67 12.15
(2003b) x (0.00418G + 0.06613) ' '
?;g()zr)ld VN C = 2.16Re ;0" 4T W e 4090 40.12 11.95
Li and Wu (2011) C = 5.6Bd"* for Bd < 0.1 43.35 15.25
Kim and Choil = 3.5 X 10—5Re‘]{-0445’u2;,5(pf/[)g)0'48 37.79 10.73
Mudawar (2013b) % [1 + 530W€%‘)5626(BO()(£H65F))] . .

C =41.7Nuw, ) Reppx™
0.5

Li and Hibiki Nurp = prp/ (pro M) 40.05 11.36
(2017) ' '

Vprp = (1 —a)/pg +x/pg
prep = (1—x)/pr + zpg

LPD = Large Pressure Drop; SPD= Small Pressure Drop
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3.2 Existing Approach for Flow Boiling Heat Transfer

Although, flow boiling mechanism governs the trend of heat transfer, accurate approach
to evaluate local heat transfer coefficient (hrp) from the experimental data is the matter
of discussion. Flow boiling local heat transfer coefficient (hrp) can be calculated from
Equation (3.8). The measurement accuracy of heat flux and the wall temperature depends
upon the power source reading considering heat loss calibration and thermocouples reading

respectively and can be achieved with reasonable uncertainties.

) = 1 1 @

However, in microchannels, with direct contact method, local saturation temperature
measurement in flow boiling is difficult to obtain due to space limitation (flow pattern
disturbance) inside the channel. A limited number of studies were reported where local
saturation pressure or temperature were measured and evaluated the local heat transfer
coefficient. For proper estimation of saturation temperature at that local point (T%(z)),
proper estimation of local saturation pressure (psq¢(z)) is required. In most of the literature,

to evaluate T¢(z), a linear pressure profile was assumed and was given by Equation (3.9)

L—z
psat(z) =Po+ +—F— (psat(zsub - po)) (39)
L— Lsub
55£ 55
50 ¥~ 1 50
L H‘H'-.._‘--‘.:

45 - '“"-«h___‘ - 45
40 § --L______‘. 1 40
2 F .

2 35 4 135
271
3.‘. 30 & - 30
- F s
[ Qe =385 KW/m? A Exp Data (Mirmanto, 2016)
25+ G=501 kg/m? T 25
L Dy=0.635 mm — m— Linear Pressure Profile

20 § 120

8 S S SR B |

0.0124 0.0248 0.0372 0.0496 0.062

zZ(m)

Fig. 3.4: Local two phase heat transfer coefficient considering linear pressure profile was compared
with experimental data for small pressure drop case; Mirmanto (2016), water, Dg = 635
pm and G=501 kg/m?s
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90 90
i A Exp Data (Mirmanto, 2014) |
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- \ ]
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Bus LY 4 45
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Fig. 3.5: Local two phase heat transfer coefficient considering linear pressure profile was compared
with experimental data for large pressure drop case; Mirmanto (2014), water, Dy = 438
pm and G=805 kg/m?s

Mirmanto (2014, 2016) reported very informative observations by putting pressure
sensors along with the length of the microchannel. It was observed that the pressure profile
along the length was nonlinear, especially at higher heat flux, due to the rapid bubble
generation and non-uniform distribution of nucleation sites (Mirmanto, 2014). Pressure
drop reported in the experiments was high (up to 75 kPa); therefore, existing modelling
approach, based on system pressure, cannot predict these experimental data accurately.
Mirmanto (2014, 2016) had the actual value of Tt(2) at five different locations (vertically
aligned with the location (T, (2)) along the axis, therefore, the comparison of experimental
hrp draws a clear view of the applicability of linear pressure profile assumption.

In Figures 3.4 and 3.5, local two-phase heat transfer coefficient considering the linear
pressure profile was compared with experimental data from Mirmanto (2014, 2016). In
Figure 3.4 prediction of hrp shows a good agreement with the experimental hrp. Whereas,
in Figure 3.5, a significant deviation of predicted hrp with experimental data is observed.
Evaluation of local saturation temperature for flow boiling where pressure drop is large play
a significant role in the heat transfer coefficient evaluation. Therefore for large pressure

drop case, to evaluate local saturation temperature following points to be considered.

1. For relatively high-pressure drop cases, assumption of system pressure instead of local

pressure to evaluate the thermophysical properties contributes a part of total error.

2. Effect of flashing, i.e., the effect of pressure drop in the calculation of the thermo-
dynamic quality was not considered in the linear pressure profile case. Hence, the

vapor quality is under predicted, which results in an underestimation of the local
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saturation pressure or temperature.

3. Estimation of two-phase frictional pressure drop for boiling channels requires a dif-
ferent approach as opposed to non-boiling channels. This point also is in keep in

mind for local saturation temperature evaluation in case of flow boiling.

3.3 Correlations for Flow Boiling Heat Transfer

Existing heat transfer correlations are unable to accurately predict the flow boiling heat
transfer coefficient in small channels over a wide range of operating parameters as the
heat transfer mechanisms are not fully understood. For heat transfer in microchannel
dedicated flow boiling correlations are limited. All these correlations were formulated and
validated with the experimental heat transfer coefficient data where the pressure drop is
small. Kim and Mudawar (2013a) formulated their correlation using 10,805 data points,
including both and large and low-pressure drop data and suggested a correlation with
MAE of 20.3%. Beforehand, they observed that most of the high pressure data were
underpredicted by the Shah (1982) and Liu and Winterton (1991) and over predicted by
Lazarek and Black (1982), Warrier et al. (2002) and Agostini and Bontemps (2005). In the
present study, based on the literature survey, some the heat transfer coefficient correlations
were examined with a new set of data points from the literature (Mirmanto, 2014, 2016).
These heat transfer coefficient data points were chosen where pressure drops are significant
(> 10 kPa). The correlations listed in Table 3.2 were specially developed for flow boiling in
mini/microchannels except for the Cooper (1984) correlation which was developed for the
pool boiling but a recent review (Kim and Mudawar, 2013a) showed that the correlation
outperforms dedicated flow boiling correlations when applied to a large database of results
from different research groups for channels of hydraulic diameters smaller than 2 mm. The
correlation listed in table 3.2 was developed considering different fluid (water, refrigerate,
di-electric fluids), different shape and size of the channels. Most of the correlations tested
here ( Steinke and Kandlikar (2004), Bertsch et al. (2009),Li and Wu (2010), Kim and
Mudawar (2013a), Fang et al. (2015), Lim et al (2015), Markel et al (2017), Shah (2017)
), used water as one of the fluids in their formulation. Therefore, experimental data
for water are used for testing these correlations. Other correlations (Lazarek and Black
(1982),Kew and Cornwell (1997), Ducoulombier et al. (2011), Karayiannis and Mahmoud
(2013), Thiangtham et al. (2016) )did not consider water during formulation, but those
are widely used for miniature channels. The experimental data used in the study are from
Mirmanto (2014, 2016) where the local heat transfer coefficient was calculated using local
measurements of wall temperature as well as saturation temperature by putting pressure
ports along the length. These experimental data were not used in the formulation of any

of the existing correlations, and thus, it gives an independent mode of validation.
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Tab. 3.2: List of correlation for two phase heat transfer coefficient from literature

Authors MAE
Equations for Flow Boiling Heat Transfer Coefficient @ (%)
[References| (%)
Lazarek and "
Black hrp = 30Re)55T BT <Df> 31.5 56.6
H
(1982)

Cooper hrp = 55P}(%.12—0.43431n B o s i
(1984) —0.4343 In R,,) =055 N ~0-%4057 . 0
(0. nRy,) Aeyy

Kew and !
Cornwell hrp = 30Re%S57 B0 714 <Df> (1 — )43 32.1 62.66
H
(1997)
hrp = 0.6683C0 %2(1 — x)%8hy,+
Steinke and 1058.0B0""(1 — 2)®hy,
Kandlikar - ( Py )05 <(1 . x))0~8 134 0.5
(2004) Py x
Geff
Bo= =41
°T Chy
hrp =hnyg XS+ hcop X F
S=1—-=z
F =1+ 80(x% — 25)e=06C°
hNB _ 55P}%12—0.4343 In Rp <
(—0.43431n Rp,) "2 M ~09%¢057
Bertsch
ot al (2009) hop = hsp,fo(l — :L‘) aF hspg(,:c 27.26 58.66
D
B (0.06682 Re o Pr) N
hepfo = | 3.66 + 7
14004 (Bt RegoPr) = 7
Dy
K, (0066851 ReyoPr)
hspgo = | 3.66 + =L
’ Dy D 2/3
14004 (2 Rey, Pr)
Li and Wu
hrp = 334Bo%3(BdRe%36)04 kL 5069  6.71
(2010) f Du
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hrp = maz(hyp, hcp)
hNB — 131P§0.0063 (_lOgPR)—0.55 M 0. 5q2f5f8
ifBo>1.1x10"*
1\2/3
hep = |1.46 x 1O4Bo—|—093< )
Ducoulombier Xt
et al. (0 023 RS PL/3 S ) 289 0.5
T
(2011b) Du
ifBo<11x107%
1 0.986
heg = |1+ 1.80 < >
b Xat
0.023Re}S P42 ks
T DH
P 4 0.38 0.51
hNB = (2345 BO» P ( ) '
Pr
0 8 0.4 k‘f
0.023Re%8 P! 5
Kim and 2!
Mudawar hep = <0 023Re(}.8P0.4k_f> 5 9 <BoP—H> ' 7212 2841
(2013a) D Pr
1 0.94 p 0.25
% Wef054+35< > (—g>
Xt Pf
hrp = (h%VB + h%’B) '
hTP = Snewhcopper + Fnewhf
k
hy = 4.36D—f forRey < 2000
Mahmoud 1
and hy = 0.023Re}3 P Df
o H 20.5 76.66
Karayiannis Frew = (1 +A/X)O‘644
(20132) A = 2.812C0™ 0408
1
e 1k+ 2.56 x 106 (Re F}1.25)"17
s
hrp = Nu—L
TP UDH
Nu = 0.00061(S + F)ReyFa®" Pry*/InU
0.33
Fang et al. — 097055 [ Pf
g S =142.5B0" 9 M (pg) — 166
(2015)

0.9 0.35
() ()
1—z Py
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RO 190,
h p—
. e BoO1TTC02 D,
Lim et al. 3134
Crpr = 0.4905 + Fr(1 — 23134 5192 2.72
(2015) e
Fr=—5—+—
pngH
Thiangtham b 1016'7300'3W62'7kf 83.86 59
TP = . :
et al. (2016) Rey.95(ps/pg)"? Du
Markal 0.054 e} 21430552 BP13 (1207 (10 ) o
hyp = — L v Du 84.4 0.0
(2017) We?f94Pr?-333
hrp = Fhspan(1982)
F =2.1—-0.008We, — 110Bo
IfF < 1,thenF =1
Shah (2017) 103.3  21.72

For fully heated channelDy = Dgp
For pertially heated channel,

use Dy in Wey and F'r and Dy p in other expression

TH-2108_11610331



46 3. Assessment of Existing Approaches

100 100
80 8 Copper 1984 ,’I
r s a0 MAE= 3572 % , +30
L Y+ 6=40.1% ’
r 88 5 Aya Exp data (Mitmanto, 2014, 2016),”
L b, Baup e 80 T pD,=438.561 & 635 ym T80
60 4+ I ad AMMA oy, + 60 G=202 - 804 kg/ms S
2 a Y. W) 30 . o 0220 - 793 KWin's 7 30 -
£ | A LN M& 5 Fluid: DI Water / L
£ | by ARpbESS, - S 60t ; R X
= Uy RN = 4 e
= I a5 i’ ) ’ = a2 7
Eof o 4 g to E
o i / S ;"A/ A T a ’/
g | a A azarekand Black 5 40T / o @9 T
- ) 3 o -
2 MAE= 28.5% kS o
20 2=62.66 % 1% o °W %
Exp data 20 1 J ot o 150
(Mirmanto 2014, 2016) s/ 7 o o o o
D,= 438, 561 & 635 m ol
G= 202 - 804 kg/m?s s
7 Fluid: DI Water P
0 - ; - 0 0 . . t t 0
0 20 40 60 80 0 20 40 60 80 100
Experimental hyp (KW/NRK) Experimental /17, (kW/m*K)
(a) (b)
80 - 80 200 T - 200
I a" 430 F x X .
s al F /430
L . 180 + x P T 180
o5, 2% E ;
r LA A Aden r S
! ., B8 " 160 £ 1 160
60 1 NN AM'AAAAA 5N - 60 «
o | s 0 Bbse 30 - cuot i 0 fuo
E 0 4R A E . X
S t San AL A S 120 f 1 120
= A I - = 3 .
= | a AA’( o 3 F K L
ga0 | RN+ 5 L 40 £100 £ X 1 100
< I K L, <= E »%S( X 7 e
B / NS 4 B F - ;
£ L a Kew and Cornwell g 80t X K Steinke & Kandlikar 2004 1 80
35 | 7 (190) S s . _“MAE= 134%
g | MAE= 29.1% & 60 £ k 7 @=05% 1 60
20 L 2=62.1% L 20 Exp data (Mirmanto 2014,
| Exp data w0 £ 2016) 1 40
(Mirmanto 2014, 2016) oSS D,= 438, 561 & 635 ym
D,= 438, 561 & 635 E G= 202 - 804 kg/m2s
» G= 202 - 804 kg/m?s 0+ Q=220 - 793kWimzs T 20
Fluid: DI Water v Fluid: DI Water
0 L + + 0 0 b + + 0
0 20 40 60 80 0 50 100 150 200
Experimental hyp (KW/MPK) Experimental hyp (KW/MPK)

(c) (d)

100 ~ 100
Bertsch ef al. 2009 /430
MAE= 27.26% /s
0=58.66 % J
80 1  Exp data (Mirmanto, I/ 1 30
2014.2016) J
—_ D;~438.561 & 635 um ,/ 30
I G=202 - 804 kg/m’s ./ L
g =220 - 793 kW/m?s /*
E 60 + et ,, . 1 s
B B .
= . .
= K
5 401 x + 40
& %/ **
I/x 7 x
20 4 Sk % X X {20
/(/ ”/
4 r’
P2 g
0 t t + t 0
0 20 40 60 80 100

Experimental 7, (kW/m?K)

()

Fig. 3.6: Comparison of different correlation of boiling heat transfer from the literature, with the
experimental data from Mirmanto (2014, 2016) where pressure drop is large. Correlation
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Fig. 3.7: Comparison of different correlation of boiling heat transfer from the literature, with the
experimental data from Mirmanto (2014, 2016) where pressure drop is large. Correlation
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From Table 3.2 and the Figures 3.6,3.7 and 3.8 it is observed that most of the existing
correlations predicted the local flow boiling heat transfer coefficient for microchannel, with
a significant error. In the present study, along with MAE, a number of data points under
+ 30% error band (¢) are also shown. All the correlations predicted less percentage of
data points which fall under + 30% error band. The correlation given by Mahmoud and
Karayiannis (2013b) performs best with 20.5% of MAE only with 75.66 % data points
in + 30% error band. Similarly, Bertsch et al. (2009) shows good prediction with MAE
27.26 % and ¢=58.66. Another correlation(Fang et al. (2015) ) predicts the data not
accurately (MAE= 75.46 and ¢—1.66% ) but able to predicts the trend successfully. All
the correlations (listed in Table 3.2 ) used linear profile pressure assumption during the
evaluation of local saturation pressure (or temperature) and did not consider effect of
flashing in the thermodynamic quality. Therefore, these two assumptions can be relaxed,
and a new and more realistic approach can be developed. Using the new approach, any
correlation can be modified to an improved version.

During the evaluation, the sources of errors in the above correlations (listed in table
3.2) are not only due to linear pressure assumption and flashing effect, other factors like
heat transfer mechanism, surface characteristics (Pike-Wilson and Karayiannis (2014)),
aspect ratio (Singh et al. (2008)), fluid properties also influence the predictions. A good
data reduction method which can accurately extract local experimental heat transfer data,
predict the variable associated with heat transfer correlations along with sound physical
significance surely improve the prediction (significance of the improvement may be more

or less).

3.4 Summary

The assessment of the existing correlations for flow boiling pressure drop and heat transfer

are summarized as follows

e [t was observed that for small pressure drop cases the prediction of the existing
correlations for flow boiling pressure drop was good, but for the large pressure drop

cases, the same correlations showed significant error in the prediction.

e For relatively high-pressure drop cases, assumption of system pressure instead of local
pressure to evaluate the thermophysical properties contributes a part of total error.
The effect of flashing (significant for large pressure drop) was also not considered in

the calculation of the thermodynamic quality.

e During local heat transfer calculation, local saturation temperature (or pressure) is

evaluated by considering a linear pressure profile and this assumption is valid for small
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pressure drop. For large pressure drop cases, it gave a significant error (compared

with experimental data from Mirmanto (2014)).

e The effect flashing was not considered in x, which is an important parameter in the

correlation development.

e The existing hpp correlations tested against large pressure drop data showed signif-
icant error except the correlations given by Mahmoud and Karayiannis (2013b) and
Bertsch et al. (2009).
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CHAPTER 4

New Modelling Approaches for Microchannels

The preceding chapter indicated the need for improvements in predictive approaches for
flow boiling pressure drop and heat transfer, especially for large pressure drop. This chap-
ter proposes simple but accurate approaches to model the complex interplay between the
various thermophysical phenomena occurring in flow boiling. The idea is to incorporate
the effect of local thermophysical properties and flashing on the pressure gradient and the
effect of heat flur on the two-phase multiplier. Using published experimental data, it is
observed that these effects are significant in case of a large pressure drop. The pressure
drop modelling is done by employing different correlations from the literature in the sepa-
rated flow model. To generalize the approach, a modified form of the Clausius-Clapeyron
equation is derived to characterize the saturation line on the P-T plane for fluids whose the
vapour phase has nearly constant compressibility factor in the range of operation. The axial
pressure profile is estimated, and the saturation temperature is evaluated locally. Hence,
the variables associated with heat transfer correlations are calculated accurately, using lo-
cal thermophysical properties and the thermodynamic quality accounting for flashing. The
effectiveness of the modelling approach is established by comparing with the experimental
local heat transfer coefficient from the literature and shows a significant improvement over

the existing approach.
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4.1 A new approach to predict flow boiling pressure drop

As it has been observed, the predictions of the existing approach are good for low-pressure
drop cases but poor for relatively higher pressure drop cases. Therefore, in this study, a
new approach is proposed to accurately predict flow boiling pressure drop in microchannels,
especially when the pressure drop is large. In most of the experiments, it was assumed
that coolant enters the heat sink in subcooled condition and maintains a single-phase liquid
state until it reaches zero thermodynamic equilibrium quality (x = 0). Microchannels can

be divided into two regions, single-phase and two-phase regions, as shown in Figure 4.1.

L 4 l l l J l l h 4 Y l l l
Inlet . Outlet
:> Single Phase Two Phase Region :>
Region

o (| T TLLLLELTTT

—_—
3 SIDE HEATING

Lo Lre

Fig. 4.1: Process flow of the fabrication technique

4.1.1 Single-phase pressure drop

In diabatic flow, the single-phase pressure drop is significantly influenced by the variation

of viscosity with temperature. For water, it is given by Equation (4.1) (Al-Shemmeri, 2012)
_ 2478
N(TSP) = 2.414 x 10_5 X 10Tsp—140 (41)

For a rectangular channel, fully-developed friction factor fgp is a function of the channel
aspect ratio 3 given by given by Equation (4.2) (Shah and London, 1978). Regp is given
by the (4.3)

Respfsp = (1 —1.35538 + 1.94758% — 1.70123° + 0.955643* — 0.25373°) (4.2)

Resp = (4.3)

w(T)

From energy balance, the axial temperature profile can be expressed by Equation (4.4)

QeffPH
=27 H T 4.4
GAc, T hm (4.4)
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4.1. A new approach to predict flow boiling pressure drop 53

The pressure drop in single phase region is evaluated by Equation (4.5)

LSP fHG2
Ap = / dz 4.5
o  Dupy (4.5)

where Lgp is the length from the inlet to the saturation point and is given by Equation

(4.6)
GAC, (Tuqr — Tin)

Prqeyy

Lsp = (4.6)

4.1.2 Flow boiling pressure drop

In the two-phase region, the pressure and hence the saturation temperature decreases
along the length, thus causing axial variation of thermophysical properties along the axial
direction. If the pressure drop is low, then thermophysical properties can be evaluated at
the system pressure, if the pressure drop is high, then a variation of these properties plays
a significant role in the evaluation of the pressure drop. To evaluate these thermophysical
properties, the local saturation temperature is evaluated from the local pressure by using
the Clausius-Clapeyron relation, which is given by Equation (4.7), where p,.; and Tyqs
are the reference pressure and temperature, respectively. Thermophysical properties h
and v, vary significantly with local pressure. For the evaluation of v,, the vapor phase
was considered as an ideal gas, which is a fair approximation for low-pressure case (for
compressibility factor near unity). Change of vy, and hy, with respect to the pressure, is
given by Equations (4.11) and (4.14). Detailed derivations of the quantities dhs/dp and
dvg/dp are given equations (4.7 — 4.14).
Clausius-Clapeyron relation given by Equation (4.7)

T:[ ! —Rln< P >] (4.7)
Tref hfg Dref

Differentiation of the Equation (4.7) with respect to p we will have Equation (4.8)

dT'"  RT?
dp  phyg

(4.8)

Considering the vapor phase as an ideal gas v, can be expressed by Equation (4.9)

RT
Vg = — 4.9
=" (4.9

Differentiation of the Equation (4.9) with respect to p we will have Equation (4.10)

dv, _ RdT _RT

b o P (4.10)

From Equations (4.9) & (4.10) we will get '%9 given by Equation (4.11)
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dv, RT [RT
_ _1 4.11
dp  p? [ } (4.11)

hfg

Liquid saturated enthalpy can be expressed by Equation (4.14) using Equations (4.12
and 4.13)

hf—h,«ef :Cv7f(T—TTef)+Uf(p—pref) (4.12)
dh; dT
= ot 4.1
dh; RT?
— =Cy— +v 4.14
o " ! (4.14)

In the boiling region, (Lgp — L), boiling causes vapor generation, resulting in a large
pressure drop as compared to purely liquid flow. Consider the channel shown in Figure 4.1.
From energy balance, the thermodynamic vapor quality x can be expressed by Equation
(4.15), which accounts for axial changes in quality due to heat input as well as flashing

that results from enthalpy changes with pressure.

_ i e’ 4.15
dz hyg ( )

d_x 1 [qepfPuy dhydp
GA dp dz

The term ﬁ (% %) takes account of the increment in the thermodynamic quality
due to flashing. When pressure drop is significant, enthalpy change due to pressure drop
contributes to the vapor quality evaluation. Flashing is a consequence of pressure drop and
also influences pressure drop. When the local pressure drops to the saturation pressure,
liquid flashes into vapor to maintain thermal equilibrium (Lin et al., 1991), this results in a
higher vapor quality than that estimated by neglecting pressure drop (Thome, 2004). This,
in turn, causes a larger pressure drop than that estimated without flashing. In addition,
lower local pressure results in a higher specific volume of the vapor phase, which causes
a higher pressure drop than that estimated by neglecting the effect of local properties.
These effects are modelled by coupled Equations (4.15) and (4.16) and validated, as shown
in Figure 4.2. Here, thermodynamic equilibrium is assumed throughout the channel length.
There is scope for development of an even more realistic modelling approach by considering
the effect of thermodynamic non-equilibrium in the metastable region (Saurel et al., 2008)
that may occur over a short distance. Considering the properties (hy and vy) within the
saturated region as functions of the local pressure, the pressure gradient is expressed by
Equation (4.16).
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2froG?v - TV 2(1—z)v a 1—x)2v x?
[ (i) () (5 22)]
_ (4.16)

T el () (8), ()]

Zivi’s void fraction correlation (Equation 4.17) is used to determine the void fraction.

Equations (4.15) and Equation (4.16), which are coupled, were solved using 4th order

Runge-Kutta method (ode45 function of MATLAB). Detailed derivations of (g—g‘)p and
(g—g‘) are given by equations (4.17 — 4.19)
x
To get the final expression (%)p, differentiate Equation (4.17) w.r.t. z, keeping p or

the properties dependent on p constant. Final form of (g—;‘)p is given by Equation (4.18).

a= 1/ (1 + 1;3’ <ng¢>2/3> (4.17)

()"
(5$)p o <1’—{— (”79)2/3 - (0_9)2/3> (4.18)
or vy

To get the final expression (g—g) , differentiate Equation (4.17) w.r.t. p, keeping x
x

and vy constant w.r.t. p. Final form of (‘;—g) is given by Equation (4.19) where % is
xX

evaluated by Equation (4.11).

4 E ] (4.19)

4.1.3 Results and discussion of the new modelling approach

Table 4.1 shows a list of pressure drop correlations based on the separated flow model.
The existing modelling approach with different C-correlations from the literature evaluates
pressure drop using the thermophysical properties evaluated at the system pressure (and
the saturation temperature corresponding to it). The same correlations were used with
the new modelling approach by incorporating the effect of the thermophysical properties
at the local pressure and the effect of flashing on thermodynamic quality. These modified
models (Table 4.1) were compared with the experimental data of Mirmanto (2014, 2016).
From Figure 4.2, it is observed that incorporation of the effect of local properties and
flashing improved the prediction of the correlations to a great extent as compared to the
existing approach. In Table 4.1, comparison of MAE (%) of all the models reveals that
model M6 shows lowest MAE (%). This model uses the correlation of Kim and Mudawar
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(2013b) for the Chisholm parameter C, which incorporated the effect of heat flux on
C. In a heated microchannel with the liquid-vapor mixture flow, bubble nucleation and
coalescence occurs very quickly in the upstream region of the channel, which causes a rapid
transition to annular flow (Qu and Mudawar, 2004). At lower thermodynamic quality, the
frictional pressure drop in the presence of heat flux is higher than that in an unheated
channel (Collier and Thome, 1994). Therefore, a further modification is required on the
other models (M1-Mb5, M7), in order to improve their predictions. Tarasova et al. (1966)
(as cited by Collier and Thome (1994)), gave an empirical Equation (4.20) relating the
value of qb?o in heated and unheated tubes for the steam-water system. This correlation
is combined with these models (M1-M5, M7). Then the results of these modified models
are compared with the experimental data of Mirmanto (2014, 2016). From Figure 4.3 and
Table 4.1, it is observed that the effect of heat flux on qﬁ?c , improves the predictions of
the models. Equation (4.20) is not incorporated in model M6, whose Chisholm parameter
already contains the heat flux effect. Improvement of the new modelling approach (local
thermophysical properties and flashing ) with the incorporation of heating effect on qb?co

for large pressure drop case is shown in Appendix B (Figure B.1).

2 _ 42 3 (s )7
[(bf‘)} heatedtube [(ﬁfo] unheatedtube |:1 =it X A ( G ) :| (420)
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Tab. 4.1: List of MAE in pressure drop calculation for different C-correlations with existing and

new approaches

Model MAE MAE MAE
Equations for Chisholm Parameter

nomenclature o ) . (%) (%) (%)
(Liquid Laminar and Gas Laminar)
[References| SYP LOP LOPH
M1 (Mishima and
C = 21(1 — e319Pm) 4424 26.96  20.89
Hibiki, 1996)
M2 (Lee and Lee,
C = 6.185 x 1072Re 0" 7% 41.68 23.63 15.15
2001)
M3 (Qu and C =21(1 - &2190n)
42.63  26.98  15.17
Mudawar, 2003b) % (0.00418G + 0.06613)
M4 (Lee and
( C = 2.16Re 0’4" We ;0060 40.57  25.62  10.50
Mudawar, 2005)
M5 (Li and Wu,
C =5.6Bd"*® for Bd < 0.1 4454 2324 20.02
2011)
M6 (Kim and Choit = 3.5 % 10_5Re(}f45“265(Pf/Pg)MS
12 38.37 1835  18.35
Mudawar, 2013b) x {1 + 530W €52 ( BOPH
F
C = 41.7TNw; )0 Regipa®?!
0.5
M7 (Li and Nurp = prp/ (PTPO'\/ U/QAP>

P, 40.12  24.72  11. 67
Hibiki, 2017) 1/urp = (1 — 2) /g + /159

pre = (1 —2)/pr +apg
SYP = System Pressure; LOP= Local Pressure; LOPH = Local Pressure with Heat

4.2 Generalization of the new modelling approach

This approach described above for predicting flow boiling pressure drop is limited to the flu-
ids where the vapor phase of the fluid satisfies ideal gas assumption i.e. compressibility fac-
tor is close to unity. For a non-ideal gas condition, a modified form of Clausius-Clapeyron
relation is derived. For the evaluation of v,, modified ideal gas equation (pvy, = ZRT) is
considered. Here Z is considered as constant since the variation along the length is not
significant (2-3%). Let p and T be the saturation vapor pressure and saturation tempera-
ture, respectively. The Clausius-Clapeyron relation for the equilibrium between liquid and
vapor is given by equation (4.21)
dp hg

i = Ty o) (4.21)
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Since vy >> vy, therefore Clausius-Clapeyron relation reduces to equation (4.22)

dp _ hyg

= 4.22
T’ T, ( )

Now vy can be evaluated with equation (4.23), which account the compressibility factor in

the ideal gas equation

ZRT
Vg = 4.23
9 » (4.23)
dp  phyg
= 4.24
dT ~ ZRT? (4.24)

Equation (4.24) is the modified form of Clausius-Clapeyron equation and using this mod-
ified form of the equations (4.25-4.27) can be achieved for the non-ideal case.

To evaluate these thermophysical properties, the local saturation temperature is evalu-
ated from the local pressure by using the Clausius-Clapeyron relation which considers the
ideal gas approximation for the vapor phase. For a non-ideal gas condition, a modified
form of Clausius-Clapeyron relation is derived, considering the compressibility factor (Z)
(Equation 4.25), where p,.y and T}..y are the reference pressure and temperature, respec-
tively.The thermophysical properties hy and v, vary significantly with local pressure. For
the evaluation of vy, the modified ideal gas equation (pvy = ZRT) is considered. Here
Z is considered as constant since the variation along the length is not significant (2-3%).

Change of vy and hy with respect to the pressure is given by Equations (4.26) and (4.27).

1 Z
= [ _ —Rln( 4 ﬂ (4.25)
Tref hfg Pref

ZRT [ZRT
dvg _ R2 [ o 1} (4.26)

dpp* | By

dhy ZRT?
b 4.27
dp U phg, Y 427
Detailed derivations of the expressions for %, % are given by Equations (4.28-4.33).

Considering the vapor phase as an ideal gas, v, can be expressed by Equation (4.28).

After differentiating Equation (4.28) we get Equation (4.29)

ZRT
Vg = —— 4.28
= (4.28)
d ZRdT T
dvy _ ZRdT RT (4.29)
dp p dp p?
From Equations (4.28) and (4.29) we will get % given by Equation (4.30)
d Z*RT [RT
W _ f [R - 1} (4.30)
dp p* Lhyg
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Again the liquid saturated enthalpy can be expressed by Equation (4.27) and % will be
given by Equation (4.33).

hf_href:Cv,f(T_Tref)+Uf(p_pref) (431)
dhy dT
PN _ o, 4.32
. Co,f i + vy (4.32)
dh ZRT?
_ o, 2 4,
dp C, f phfg + vy ( 33)

To show the importance of generalization, in Appendix B (Figure B.3), comparison
of generalized model with the ideal-gas flow based model is shown for a the fluid whose

vapour phase does not behave like ideal gas.

4.3 New methods for the formulation of heat transfer correla-

tion

From Chapter 3, it is evident that to formulate accurate flow boiling heat transfer correla-
tions for microchannels with large pressure drops, a new modelling approach is necessary.

The following steps are proposed.

e Selection of the form of the correlation considering the physics associated with flow

boiling heat transfer in microchannels.

e Correct reduction of heat transfer coefficient data from experiments, since in most

of the microchannel experiments, local saturation temperatures were not measured.

e Correct estimation of variables used in the heat transfer coeflicient correlation. For
example, the effect of flashing is significant in the thermodynamic equilibrium quality

estimation in case of a large pressure drop.

To formulate a heat transfer correlation, correct reduction of heat transfer coefficient
from the experimentally measured quantities is important. As per the Equation (4.34), to
evaluate local heat transfer, there is a need for accurate estimation of the heat flux, local

wall temperature and local saturation temperature (at local pressure).

deff
hrp(2) = =———— 4.34
S FOR e 3y
In most cases of flow boiling in microchannels, it was observed that local measurements
of saturation pressure were not reported. Instead, an axial pressure profile was assumed.
For simplicity, a linear pressure profile (Equation 4.35) had been used in most of the cases.

From figure 4.4 (a) and (b) it is observed that for large pressure drop cases, linear pressure
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profile gives a significant error (MAE= 320 %) in prediction whereas the present modelling

approach (MAE= 21%) for pressure drop evaluation shows a significant improvement.

L—=z
psat(z) =DPo+ I — 1L (psat(zsub - po)) (435)
— Lisub
80 80 80 80
a Linear 430 Linear at 488 kW/m2
20 | . » . 17 70 1 A Expdata at 488 kW/m2 170
ePresentmodel | % /4L 7 T b Linear at 332 kW/m2
—~ , Expd 332 kw/m2
& 60 + 4[, 1 60 60 I ° xp data at //m: 1w
X 30 = I | Mirmanto (2014)
Q. L . - g L —
950 4 A " 180 € 50 | Dy=438 pm } 50
a R b= [ | G=805 Kg/m2s .
§ A < [ | Di Water A .
@ 40 - e 1 40 a4 f i 1 40
o ¢ g
o [ / 3 e
©30f a ° 1 30 230 i . + 30
45 [ A - .7
2 A a .
220 S A Mirmanto (2014) | 1 20 20 + A 12
N S D,=438 pm
-‘A " . /m? °
‘ G=805 Kg/m?2s
10 +4 4 1 10 s . 1
Ry Di Water 10 ’ ] 10
o 1 3
0 + + + 0 0 + + + 0
0 20 40 60 80 0 0.02 0.04 0.06 0.08
Exp Pressure Drop (kPa) Axial length (m)
(a) (b)

Fig. 4.4: (a) Comparison of linear pressure drop with experimental data (Mirmanto (2014)) for
large pressure drop case (b) axial variation of linear pressure drop compared with exper-
imental data (Mirmanto (2014))

This necessitates an accurate predictive approach for two-phase pressure drop. For
large pressure drop cases, the effect of local thermophysical properties and effect of flash-
ing in thermodynamic equilibrium quality are significant. Considering these effects, in the
above section, a new methodology is developed for the flow boiling pressure drop in a mi-
crochannel. Prediction of pressure drop in flow boiling requires estimation of the Chisholm
parameter, for which many correlations have been proposed by different researchers. Kim
and Mudawar (2013b) developed a Chisholm Parameter correlation (Equation 4.36) from
a large database of 2378 data points, which was amassed from 16 sources, especially for
flow boiling in microchannels. In the present study, the axial pressure profile is estimated
using the present modelling approach with the Chisholm parameter correlation of Kim and
Mudawar (2013b).

P
Choit = 3.5 x 107° Re$* Suld? (ps/pg)™*® x {1 +530W e 2 <BOPH>:| (4.36)
F
Where. Su.. — 227P1 . yre, — G*Du. g, Yefs
9 go ug I fO pfo 9 thg

To evaluate thermophysical properties, the local saturation temperature can be evalu-

ated from the local pressure by using the Clausius-Clapeyron relation, which considers the
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ideal gas approximation for the vapour phase. For a non-ideal gas condition, a modified
form of Clausius-Clapeyron relation (Equation (4.25)) developed by considering the com-
pressibility factor (Z). Since the thermophysical properties vy, and hy vary significantly
with local pressure, their rates of change with pressure are given by Equations (4.29) and
(4.33). Accordingly, the pressure gradient can be expressed by Equation (4.16). The local
thermodynamic vapor quality x is given by Equation (4.14), which incorporates the effect
of flashing in the second term on the right-hand side. The void fraction can be estimated

from Zivi’s correlation (Equation (4.20)).

From the linear conduction equation (Equation (4.37)), T, is obtained and effective

heat flux is calculated by heat loss calibration.

To(2) = Thol(z) — qliff t (4.37)

4.3.1 Results of the new methodology

In Figures 4.5 and 4.6, two modelling approaches for heat transfer coefficient evaluation are
tested for the small and large pressure drop cases, respectively. In both the methods, the
wall temperature and the heat flux are evaluated in a similar manner, but the saturation
temperature is estimated differently. In the experimental data (Mirmanto, 2014, 2016),
Tsat(z) was measured directly, putting pressure ports along the length of the microchannel.
In Figure 4.5, it is observed that, for a small pressure drop, both the methods predict
the experimental data with good accuracy. This implies that the existing methodology
is applicable for a small pressure drop. For the large pressure drop case (Figure 4.6),
the linear pressure profile assumption underpredicts the experimental data measurably,
while the present modelling approaches achieve significant improvement in the prediction

accuracy.
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Fig. 4.5: Comparison of experimental heat transfer coefficient from literature with linear pressure

assumption and the new approach for small pressure drop (Mirmanto, 2016)
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Fig. 4.6: Comparison of experimental heat transfer coefficient from literature with linear pressure
assumption and the new approach
4.4 Summary

This chapter proposes simple but accurate approaches to model the complex interplay
between the various thermophysical phenomena occurring in flow boiling. The findings are

summarised as follows.

e The pressure drop modelling is done by employing different correlations from the

literature in the separated flow model. This new modelling approach incorporates
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the effect of local thermophysical properties and flashing on the pressure gradient

and the effect of heat flux on the two-phase multiplier.

e To generalize the approach, a modified form of the Clausius-Clapeyron equation is
derived to characterize the saturation line on the P-T plane for fluids whose vapour

phase has nearly constant compressibility factor in the range of operation.

e The axial pressure profile is estimated with the new pressure drop modelling ap-
proach, and the saturation temperature is evaluated locally. The variables associated
with heat transfer correlations are calculated accurately, using local thermophysical

properties and the thermodynamic quality accounting for flashing.

e The effectiveness of the modelling approach is established by comparing with the
experimental local heat transfer coeflicient from the literature and shows a significant

improvement over the existing approach for the large pressure drop cases.
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CHAPTER 5

Test Section Fabrication and Experimental Facility

To access the effectiveness of the methodologies discussed in Chapter 4, flow boiling pressure
drop and heat transfer experiments in a microchannel were planned. In this chapter, the
detailed fabrication process of silicon microchannel test section is discussed. It includes
a chemical etching process to fabricate microchannel of desired size and shape and the
deposition of an integrated microheater on the backside of the channel. Heat loss calibration

and uncertainty analysis are done to ensure the correctness of the measurements.
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5.1 Test Section Fabrication

5.1.1 Microchannel Heat Sink Fabrication Steps

The test section was fabricated at Centre for Excellence in Nanotechnology, IIT Bombay.
The basic process consists of Photolithography, Etching, Heater Deposition and Bonding.
Double-sided polished, (100) p-type, 2-inch silicon wafer with resistivity 4-7 Q-cm was
used for fabrication. Microchannel was etched using the chemical etching process, and a
trapezoidal cross-section was obtained. Based on an etch rate of 1.067 pm/min, the etched
depth got was of the order of 90 um. This is confirmed either with a Profilometer (non-
destructive testing) or using a Scanning Electron Microscope (destructive testing). An
integrated microheater of approximately 50 nm thickness was deposited on the backside
of the wafer. Topside of the microchannel then bonded with quartz plate with PDMS
bonding. The fabrication process used here is based on the process given by Singh et al.
(2009). This process is illustrated in Figure 5.1 and its details are described as follows.
Material Selection and Initial Work:

e Get Silicon wafer (p-type): 2 inch both side polished having <100> orientations and
275 + 25 pm thickness, 5-10 Q2-cm resistivity.

e Give it for RCA cleaning.

e Give it for oxidation: oxide layer thickness should be between 700-1000 nm.

First Level Photolithography
e Wafer dehydration: heat the wafer at 95°C for 5-10 minutes.

e On wafer backside (the side which will not be exposed to UV light): put PPR (positive

photoresist) solution and spin at 3000 rpm for 45 seconds.

e Heat, the PPR, coated wafer 95°C for 3 minutes or 90°C for 3 minutes or 70°C for

15 minutes.
e Repeat the above two processes for the front side of the wafer.

e On Karl Suss Mask Aligner MJB4: expose wafer front side for 8 seconds at 13.8 doses
under UV light.

e Put it in MF319 (PPR developer) for 30 seconds. Use Petridis for this purpose.
e Clean the wafer with DI water.

e Post bakes (if required): again heat the wafer at 95°C for 5-10 minutes.
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TMAH (Tetra-methyl-ammonium hydroxide Solution) Wet-etch

e Use Buffered Oxide Etch, 5:1 (BHF) to etch the silicon oxide layer by putting the
wafer in BHF and vibrating the Petridis. This takes 3—5 minutes depending upon
the oxide layer thickness. (For 275 nm oxide thickness it took around 4 minutes.

Clean the wafer with DI water.
e Now remove the PPR layer using Acetone (CH3COCHs3).
e Again clean the wafer with DI water.

e Now put the wafer in TMAH in between 70 and 80°C. Fixed time depending upon
the depth required.

Second Level Photolithography

e Use Buffered Oxide Etch, 5:1 (BHF) to etch (remove) the silicon oxide layer by
putting the wafer in BHF and vibrating the Petridis. This takes 3-5 minutes de-

pending upon the oxide layer thickness.
e Clean the wafer with DI water.
e Heat the wafer at 95°C for 5-10 minutes. This is called dehydration.

e On wafer backside (the side was heater will be deposited): put PPR (positive pho-

toresist) solution and spin at 3000 rpm for 30 seconds.

e Heat the PPR coated wafer at 95°C for 3 minutes or 90°C for 3 minutes or 75°C for

15 minutes.

e On Double-Sided Aligner (DSA): expose wafer backside for 8 seconds at 13.8 doses
under UV light.

e Put it in MF319 (PPR developer) for 30 seconds. Use Petridis for this purpose.

e (Clean the wafer with DI water.

Heater Deposition
e Deposit 20 nm (Thick) Titanium (Ti) and 50 nm of Platinum (Pt) over Ti.
e Remove the PPR using Acetone.

e Finally clean the wafer with DI water.
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Fig. 5.1: Process flow of the fabrication technique
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5.2 Microchannel Size Shape and Dimensions

W,

- g

——

W
Fig. 5.2: Shape of the cross section of the silicon microchannel

The shape of the cross-section of the microchannel is trapezoidal as shown in Fig. 5.2.
Details of the dimensions of the channel are given in Table 5.1. The shape and the roughness

of the surface are measured with an XP2 Stylus-based Surface Profilometer at CEN IIT

Bombay.
Tab. 5.1: Dimensions of the channel
L Wt Wb H D H Ra No of
(mm) (pm) (pm) (pm) (pm) (nm) channels
20 245 115 92 111 45 1

The channel shape is trapezoidal and, therefore heat transfer area for the 3-side heated

walls is given by Equation (5.1)

A= 2/ (W = W) 212 + HZ + Wi] x I

5.3 Experimental Facility

Photograph of the experimental setup, microchannel test section, microheater is shown
in Figure 5.3. All the devices are connected in series using silicone tubing. The setup is
consists of a syringe pump (to regulate the mass flux) a differential pressure transducer
(pressure drop measurement), a DC power supply (to provide heat to the microheater
and to excite the pressure transducer), thermocouples(measure fluid and wall tempera-
tures),a data acquisition system and computer to store the data. An SLR camera with a
microlens is also used to visualize the flow through the microchannel. List of equipment

with photograph is given in Table 5.2.
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The inlet and outlet connectors were permanently attached to the plenums with Omega
make temperature resistant epoxy adhesive (OMEBOND OB-100). OB-100 can withstand
temperature up to 130 °C and it bond well with glass and plastic surfaces. The epoxy
acts as a sealant to prevent leakages from joints with was one of the major problems faced

during experiments.

; Mlcu1annel I\-"Iiéfo‘H_eater' . -PCB bgarglﬁ =

Fig. 5.3: Photograph of the experimental set up, Microchannel, Micro heater and PCB board for

the connection
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Tab. 5.2: List of equipment

Name of the
Sl No _ Specifications
equipment
Flow rate: 0 to 6 ml/min
1 Syringe Pump Pressure: 3 bar
Input voltage: 220 V
Range: 0 to 0.50 bar
5 Differential pressure Resolution: 0.001 kPa
transducer Output: 4-20 mA
Excitation Required: 24 V DC
Voltage range: 0 to 130 V
3 DC power supply
Resolution: 0.01 V
Canon EOS 5D Mark III
4 SLR camera with microlens
100 mm Micro Lens
Bead Size: 0.8 mm
5 K-type Thermocouple Accuracy: £0.5°C
Maximum Temperature: 500°C
Single channel reading rates to I/0: 500
readings/sec;
6 Data Accusation System

Directly measure the temperature for k-type

thermocouples

5.4 Test procedure

Schematic of the experimental setup employed in the measurements is shown in figure 5.4
(a). The setup consists of a syringe pump, a differential pressure gauge, a test section,
a DC power supply, and a data logger to record inlet/outlet temperatures of water and
surface. All devices were connected using silicone tubing (Master Flex). A pre-calibrated
syringe pump (Cole Parmer) was used for metering and controlling the mass flow rate of
water. A pre-calibrated digital pressure gauge (Deltabar PMD75) was used to measure the
pressure drop across the microchannel. A contact probe was used to make electric contact
between microheater and DC power supply. K-type thermocouples (Cole-Parmer) of 1 mm
bead size were placed inside the inlet and outlet reservoirs. Another K-type thermocouple
was placed on the bottom surface (microheater side) of the microchannel to measure the
wall temperature. All the thermocouples were connected to a data logger which logs the
temperature. The test sections were fabricated using microfabrication facility available at
CEN, IIT Bombay. Double-sided polished (100) p-type, 2-inch silicon wafer with resistivity
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4-7 Q-cm was used for fabrication. Microchannel was etched using a chemical etching
process, and a trapezoidal cross-section was obtained. It was then bonded to the quartz
cover plate. The fabrication process was the same as that used by Singh et al. (2009). The
detailed geometrical specifications of the microchannel employed in the experiment are
given in Table 5.3. The following procedure was adopted while performing the experiments.
The fluid was vigorously boiled for 30 min to remove dissolved air and then cooled to the
ambient temperature. The flow was started, and then an input electric power was provided
by supplying a fixed voltage and current using a DC power supply. Continuous monitoring
of the inlet and outlet temperatures and pressure drop were undertaken to check for steady-
state. Once steady-state condition was achieved, all relevant parameters such as pressure
drop, inlet-outlet temperatures, the power supplied and flow rate were recorded. The above

procedure was repeated for other values of flow rates and heat fluxes.

Y

Digital
Computer oo T Camera
L |
DAQ
......................................... SR NNR STt

Test Section

Syringe Pump

AN
A\ A

N

/
4

Sink

@®
I\v/ \

@
f\vf

Electrical Circuit

DC Power Supply

Liquid Circuit

H Sl || w UL L

Top view of test section with intlet, Bottom view of the Test Section with
outlet and thermocouple ports microheater

Fig. 5.4: Schematic of experimental flow loop and test section of microchannel heat array.
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Fig. 5.5: Schematic of experimental flow loop and test section of microchannel heat array.

5.5 Heat loss calibration

To estimate the heat loss, a constant power was applied to the microheater, resulting in
an increase of the temperature of the test section. After the steady state was reached, the
wall temperatures on the test section together with that of the ambient were recorded and
correlated with the power input to the microheater. This procedure was repeated for several
input powers, as shown in Figure 5.5. A linear relation gj,ss = 0.0385AT,, — 0.2372 was
fitted to the data points. Here, AT, is the average wall-to-ambient temperature difference
ATyq = Tw — Tamp- This method is the same as that used by Lee and Garimella (2008).
Downstream of the syringe pump, the fluid gets heated in the inlet header before entering
the microchannel. The heat utilized to heat the fluid inside the header is given by equation
(5.2).

Gheader = GACH(Tin — Toyringe) (5.2)

The effective heat flux was assumed to be uniform along the microchannel length and
is given by equation (5.3) (Here ginpus is the electric power supplied to the microheater).

Qoff = Qinput — Qifader — {loss (53)
ht
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5.6 Uncertainty analysis

Uncertainty can be defined as an estimate of the interval or range that contains an error in
the experimental measurement or result. The total error in a measurement is the difference
between the measured value and the true value, which is the sum of the systematic or bias
errors and the random or precision errors.

For an experimental result r, defined by Eq. (5.4) which is a function of j measured
variables X;, the propagated error can be calculated using Eq. (5.5) (Coleman and Steele
(2009)).

r=r(X1,Xo, ..., Xj) (5.4)

v (2 v (Y v (2 (5.5)
TV R ) T \exg) e T TG, ) X '

Equation (5.5) gives the absolute uncertainty, Ur, in the result. It can also be written

in the dimensionless form shown in Eq. (5.6), to give the relative uncertainty, Ur/r of the

result, as follows

%_ i& ’ UXl 2_|_ 5_71& : UX2 2_|_ + i& ’ UXj ’
ro \V\éXy r X, 6Xo 1 X5 \sX; X;
(5.6)

The above approach was used to carry out the propagated uncertainty analysis for

all parameters. The uncertainties of measuring instruments and derived quantities are
summarized in Table. 5.2. For example, uncertainty analysis of some important parameters

are given below

e The cross-sectional area of the trapezoidal section is calculated using Eq. (5.7), where
the top width, Wi, bottom width, W} and height, H, are measured quantities as given
in Table 5.2. The propagated uncertainty in the area (A) is obtained from Eq. (5.8)

and the relative uncertainty can be evaluated from equation (5.9).

A— <Wb+Wt

5 > H = Wy H (5.7)
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e Hydraulic diameter for the trapezoidal cross-section is assumed as given by the equa-
tion Eq. (5.10). The propagated uncertainty in hydraulic diameter is obtained from

Eq. (5.11) and the relative uncertainty can be evaluated from equation (5.12).

2W gue H
Dp=—=—"9_ 5.10
" WAvg+H ( )
Dy \* ., 5Dy \? .,
UDH - \/<6WAU9> UWAW + 57]{ UH (5.11)
Uby _ < H UWEL'U9>2+ <MUH>2 (5.12)
Dy Wavg + H Wayg Wawg +H H

e Mass flux is given by the equation Eq. (5.13). The uncertainty of A is known;

therefore, the relative uncertainty of G can be evaluated from equation (5.14).

G =

- (5T 2T

e Heat flux is given by the equation Eq. (5.15). Where V and I are input voltage

(5.13)

S

and current to the heater. The uncertainty of A is known; therefore, the relative

uncertainty of gers can be evaluated from equation (5.16).

VI—Quee 087VI
Geff = A = A

Dt | AR

e Reynolds number is given by the equation Eq. (5.17). Where the relative uncertainty

(5.15)

of G and Dy are known. The uncertainty of Re can be evaluated from equation

(5.18).
Re — GZZH (5.17)
e [ ][] 619
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e Local flow boiling heat transfer coefficient is the ratio of effective heat flux (gesy) to
the temperature difference between wall and the bulk fluid and is given by the Eq.
(5.19). Where the relative uncertainty of ges¢ is known. The uncertainty of i can be
evaluated from Eq. (5.20).

__ efr
=gt T (5.19)
Un _ [ Vaess]® Ur, |’
h \/[ qeff} - [(Tw —Tf)} (5-20)

e The pressure drop in the subcooled flow boiling region is given by Eq. (5.21). Con-
sidering friction factor equal to Constant(K;)/Re, the relative uncertainty of Ap can

be evaluated from Eq. (5.22). The relative uncertainty of G, Re and Dy are known.

. K1G2L’Uf
Unp Ucl® , [UL]? | [Ur]?, [Upu]®
P 7 -~ 22
Ap \/[G}—i_[L]—’— Re » Dy (5.22)

e The two-phase pressure drop is defined by subtracting the single-phase pressure drop
from the total channel pressure drop (Apcp), and the relative uncertainty in the

two-phase pressure drop is expressed by Eq. (5.23)

2 2
Unprp _ \/[ Unpcr :| + [ Unpsp ] (5.23)

pTP Apcp — Apsp Apcp — Apsp
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Tab. 5.3: Estimation of uncertainties in various parameters measured and derived.

Parameter Value Uncertainty (%)
Top width (W;) 245 pum +0.43
Bottom width (W) 115 pm + 0.85
Height (H) 90 pum +1.11
Length (L) 20 mm + 0.50
Diameter (Dp) 111 pm + 1.48
Heat Area (Apz) 6.74 x 1077 m? + 3.33
Heat Flux (gess) 4-19.5 W/cm? + (2.03 - 5.01)
Mass Flux (G) 205-690 kg/m?s + (2.52 - 5.32)
Reynolds number (Re) 65-125 + (2.92 - 5.22)
Pressure Drop (Ap) 10-45 kPa + (2.67 - 7.02)
Heat transfer coefficient (hrp) | 7.5-37 kW /m?K + (4.21 - 7.82)

5.7 Summary

The present study is focused on a large pressure drop, which results in significant effects
of variable thermophysical properties and flashing. To generate large pressure drop, a
microchannel with a hydraulic diameter around 100 pm was aimed, and a channel of
Dy =111 pm successfully fabricated on silicon. The fabrication process made the shape
trapezoidal, but it served our purpose to obtain large pressure drop. The fabrication of
the microchannel and the integrated microheater were done using microfabrication facility
available at CEN, IIT Bombay (As per steps stated in Singh et al. (2009)). The assembling
of the test section (installation of the cover plate, inserting thermocouples) was done in
Microfluidics Lab, IIT Bombay. Heat loss calibration and uncertainty analysis were done

to ensure the correctness of the measurements.
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CHAPTER 6

Experiments on Single Phase Flow

Single phase pressure drop and heat transfer experiments are conducted for water and FC-72
to validate the previous correlations for trapezoidal microchannel. For adiabatic condition,
the existing friction factor for trapezoidal microchannel is validated with a good prediction
of present experimental data. A sample correlation of friction factor for the trapezoidal
microchannel with the non-adiabatic condition is developed (For FC-72). It incorporates the
variation of viscosity with temperature. For heat transfer, a correlation from the literature

gives good agreement with the present experimental data.
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6.1 Single-phase Pressure Drop

Adiabatic single-phase experiments were conducted on the same test section and setup
described in Chapter 4. DI water and FC-72 were used as working fluids to validate the
existing correlation for microchannel with a trapezoidal cross-section. For adiabatic flow,
Wu and Cheng (2003b) had given the most popular friction factor correlation (Equation
6.1) for trapezoidal microchannel. It was developed based on the experimental data with
different W;/W; ratio. Experiments were done on the test section. The fluid was passed
through the test section, and the pressure difference between the inlet and outlet was
recorded. Experimental friction factor was calculated from the experimental pressure drop
and compared with the correlation Wu and Cheng (2003b) specially developed for the
trapezoidal cross-section.

2.67Wb)

FRe =11.43 + 0.80eL (6.1)

In Figure 6.1 and Figure 6.2, comparison of friction factor correlation (Wu and Cheng,
2003b) with experimental data for adiabatic flow are shown for water and FC-72 respec-
tively, and it is observed that the correlation predicts the experimental data for both
the fluids with good accuracy. Therefore, this friction factor correlation (Wu and Cheng,
2003b) can be used for further study on diabatic single-phase flow pressure drop with
required modification.

In diabatic flow, the single-phase pressure drop is significantly influenced by the vari-
ation of viscosity with temperature, considering only the axial variation of temperature,
Equation (6.2) and equation (6.3) are used for water (Al-Shemmeri, 2012) and for FC-72
(a linear fit to property data). Here, T is in Kelvin.
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Fig. 6.1: Comparison of friction factor correlation (Wu and Cheng, 2003b) with experimental data
at no heat condition. Dy = 111 pm. Fluid: DI Water
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Fig. 6.2: Comparison of friction factor correlation (Wu and Cheng, 2003b) with experimental data
at no heat condition. Dy = 111 ym. Fluid: FC-72

w(T) = 2.414 x 1075 x 10%47-8/(T—140)

v(T) =1.135 x 107% — 2.5872 x 107°T

(6.2)

(6.3)

For rectangular channel fully-developed friction constant fgp is a function of the chan-

nel aspect ratio 3 given by equation (6.4) of Shah and London (1978) For the trapezoidal

cross section, Equation (6.1) is used to evaluate friction factor.

Regpfsp = 24 (1 — 1.35538 + 1.9453% — 1.70123% + 0.95645* — 0.25375°)

where, Equation (6.5) gives Regp

Regp = —
I

(6.4)

(6.5)

From energy balance, the axial temperature profile can be expressed by Equation (6.6)

GeffPH
T=2"H, T
GAc, -

(6.6)

The pressure drop in the single-phase region is evaluated by equation (6.7) where fg

denotes the friction factor for heated case.
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Fig. 6.3: Experimental single pressure drop compared with present 1 D model for heating condition
water

where Lgp is the length from the inlet to the saturation point or boiling boundary and

is given by equation (6.8)

GACy(Tsat — Tin,)
Pyqeyy

Lsp = (6.8)

This methodology to evaluate single-phase pressure drop for the non-adiabatic case is
compared with the experimental data in Figure 6.3. It is observed that the prediction
of this one-dimensional model is good when compared with different heat flux and mass
fluxes.

Single-phase pressure drop experiments are conducted for different mass flux and heat
flux conditions and are shown in Figure 6.4. This parametric study was done experimen-
tally to find the key parameters affecting the friction factor for the heated case apart from
the effects present in the unheated case. In case of unheated case Wu and Cheng (2003b),
correlate fanning friction factor to (W,/W;). It was observed that in case of heated mi-

crochannel for a constant cross-sectional aspect ratio, friction factor increases with mass

q 0.22 G 0.48
2.88( eff) <ff> ] (6.9)
Qref Gref

The parametric study was done experimentally to find the key parameters affecting the

flux and decreases with heat flux.

fuRey = fuuReun

friction factor for the heated case in addition to the effects present in the unheated case. It
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Fig. 6.4: Experimental single pressure drop for different mass flux and heat flux. Fluid: FC-72

was observed that, for a constant cross-sectional aspect ratio, the friction factor increases

with the mass flux and decreases with the heat flux. Considering the experimental data,

through regression analysis, a sample correlation was developed to predict the friction

factor for trapezoidal microchannel.

The new sample correlation is given by equation

(6.9).where G, is the reference mass flux (500 kg/m?) and g,f is the reference heat flux

(10 W/cm?).
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Fig. 6.5: Predicted friction factor versus experimental friction factor at middle of the test section.

Figure 6.5 shows the predicted friction factor using equation (6.9) versus experimental

friction factor data at the middle of the test section, and it shows good agreement with the

experimental data.The data set used for the validation was for axial length 10 mm from the

inlet, and it shows the effectiveness of the regression analysis. The new sample correlation
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contains the effect of heat flux and mass flux. Since for heated case, change of viscosity plays
a critical role in shear stress determination; therefore, new correlation predicts the heated
data points more accurately. The predictions of the proposed equation are plotted along
with the experimental data to show the effectiveness of the regression analysis. Further
experiments with more data points are required to develop a new correlation for the heated

trapezoidal microchannels.

6.2 Single-phase Heat Transfer

Single-phase heat transfer experiments for trapezoidal microchannel for water as well as
FC-72 were carried out considering different mass fluxes and heat fluxes. In Figure 6.6 and
figure 6.7, a parametric study of the local heat transfer coefficient is presented for different
heat flux and mass flux. The experimental results show that the Nusselt number increases
with the Reynolds number linearly for both the fluids. For some cases, at constant mass
flux, the local heat transfer coefficient increases with increasing heat flux. It is because,
for the present experimental condition, the flow is not thermally fully developed, therefore

for laminar flow Nusselt number is not constant.

deff
hsp(z) = ——————— 6.10
&) = T - T 640)
Qerfft
Tw(z) = Tie(2) — % (6.11)
S
Qeff P
T = & T; 6.12
GAc, K (6.12)
2
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Fig. 6.6: Single phase heat transfer coefficient against heat flux for different mass flux Fluid: DI
water; Dy = 111 ym, mass fluxes= 205-410 kg/m?s
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Fig. 6.7: Single phase heat transfer coefficient against heat flux for different mass flux Fluid: FC-72;
Dy = 111 pm, mass fluxes= 345-708 kg/m?s

Experimental Nusselt number was compared with the correlation from the literature
(Wu and Cheng, 2003a), specifically developed for trapezoidal microchannel. It was ob-
served that prediction was good for all the cases and this correlation can be used further
for the evaluation of two-phase heat transfer coefficient for trapezoidal channel. Single

phase heat transfer coefficient is evaluated by equations (6.10-6.12).

6.2.1 Correlation for single phase heat transfer coefficient

Wu and Cheng (2003a) performed an experimental investigation on the laminar convective
heat transfer and pressure drop of water for 13 different trapezoidal silicon microchannels.
It is found that the values of Nusselt number and apparent friction constant depend greatly
on different geometric parameters. The laminar Nusselt number and apparent friction
constant increase with the increase of surface roughness and surface hydrophilic property.
These increases become more obvious at larger Reynolds numbers. The experimental
results also show that the Nusselt number increases almost linearly with the Reynolds
number at low Reynolds numbers (Re < 100), but increases slowly at a Reynolds number
greater than 100. Based on 168 experimental data points, dimensionless correlations for
the Nusselt number and the apparent friction constant are obtained for the flow of water
in trapezoidal microchannels having different geometric parameters, surface roughnesses
and hydrophilic surface properties.

Correlation proposed by Wu and Cheng (2003a) is given by equations (6.13) and equa-
tion (6.14) depending upon the Reynolds Number range. For 10 < Re < 100, equation
(6.13) is used and for 100 < Re < 1500 equation (6.14) is used.
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Fig. 6.8: Nusselt Number (Wu and Cheng, 2003a) vs Raynolds Number for water
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Nu = C1Re Pr (1 Wt> ( i > <DH> ( T > (6.13)
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Nu = CyReO145 py ( m) (H) (DH> (L> (6.14)

In Figure 6.8 and Figure 6.9, Nusselt Number (Wu and Cheng, 2003a) vs Raynolds
Number is compared for Water and FC-72 respectively. It is observed that for both the

fluid, the correlation gives very good agreement for different mass flux condition.
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6.3 Summary

Single-phase pressure drop and heat transfer experiments are conducted for deionized water
and FC-72 to validate the previous correlations for trapezoidal microchannel. For the non-
adiabatic case, the existing friction factor ( Wu and Cheng (2003b)) correlation for the
trapezoidal microchannels was validated with the present experimental data and showed a
good agreement. A sample correlation of friction factor for the trapezoidal microchannel
with the non-adiabatic condition was developed for FC-72 by incorporating the effect of
variable viscosity. The correlation was validated with the same experimental data to see
the effectiveness of the regression analysis. Further experiments with more data points are

required to develop a new correlation for the heated trapezoidal microchannels.
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CHAPTER 7

Validation of New Methodologies for Pressure Drop

Flow boiling experiments are performed using two working fluids (water and FC-72) with
mass flux 205-690 kg/m?®s and heat flux 4.5-19.5 kW/m?. It is observed that the pressure
drops are large for both the fluids, facilitating validation of the new modelling approaches.
The vapour phase of water can be considered ideal gas at present operating pressure, and
the new modelling approach is validated with the flow boiling pressure drop data for water.
On the other hand, the vapour phase of FC-72 does not behave like an ideal gas, but the
compressibility factor remains constant for the operating conditions used. The pressure
drop data of FC-72 is used to validate the generalized modelling approach. It is observed

that both the new methodologies improve the predictions over the existing approach.
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7.1 Flow Boiling Pressure Drop in a microchannel

Flow boiling pressure drop in a microchannel is investigated for water as well as FC-72.
Effect of heat flux, mass flux and thermodynamic quality on flow boiling pressure drop are
examined experimentally. In Figure 7.1, for two mass flux, at different heat flux pressure
drop is reported. Water as a working fluid enters to the microchannels at subcool condition.
Once heat flux increases, at first pressure drop decreases. It is because this region is single
phase and due to a decrease in viscosity pressure drop decreases since increment of heat flux
at constant mass flux leads to an increase in fluid temperature. After the onset of nucleate
boiling (at 2=0), pressure started to increase with increase in heat flux for constant mass
flux. After that pressure drop increases rapidly as heat flux increases, this region is flow
boiling region. Here, due to increases in void fraction, increases the accelerational as well

as two-phase frictional pressure drop are observed.
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Fig. 7.1: Experimental Pressure drop vs heat flux at different mass flux condition.

Figures 7.2 and 7.3 show the variation of total pressure drop with the wall heat flux
and the exit vapor quality, respectively. Here, the exit vapor quality is chosen as the total
pressure drop is the pressure difference between the inlet and outlet headers. As seen
from Figures 7.2 and 7.3, total pressure drop increases with an increase in the heat flux
or with the exit vapor quality for all the mass flux values. Here, the exit vapor quality
was calculated considering the flashing effect. Apart from the increase in the pressure
drop due to acceleration and friction with increase with outlet quality, there is another
effect in very small channels, as explained by Markal et al. (2016). Due to increase in the
heat flux, evaporation momentum force increases, which results in the fact that extended
bubble toward the inlet of the channel begins to apply more force, and consequently, flow
resistance increases. The force opposed to evaporation force is due to the inertia of the
liquid, and it increases with increasing mass flux. Markal et al. (2016) also stated that

for very low flow rates (between 2.0 and 3.63 ml/min) and very small channel dimensions
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Fig. 7.2: Experimental total pressure drop with the exit vapor quality. Working Fluid: FC-72;
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(150 x 150 pm), the interaction of these forces becomes significant. In the present study,
the channel dimension (Dgy = 111pm) and flow rates (0.2-0.4 ml/min) are quite low,
thus resulting in observations similar to those of Markal et al. (2016). Park et al. (2012)
stated that heat flux negligibly affected the pressure drop under identical mass flux and
vapor quality conditions, indicating that most of the pressure drop was caused by friction.
However, their calculation of thermodynamic vapor quality was based on the effect of heat
flux only, without considering the effect of flashing. This assumption is valid in case of
low pressure drops only. The pressure drops in their experiments were high, causing the

significant effect of flashing on the vapor quality.

7.2 Validation of a new approach with experimental data

7.2.1 Water as the working fluid

Experiments were conducted on a single microchannel with Dy = 111pgm with mass flux
range 205410 kg/m?s and heat flux range 7.5-19.5 W/cm?. In the experiments, outlet
pressure was considered to be atmospheric pressure. In Figure 6.4, experimental data is
compared with the existing modelling approach with different C-correlations from literature
(Mishima and Hibiki, 1996; Lee and Lee, 2001; Qu and Mudawar, 2003b; Lee and Mudawar,
2005; Li and Wu, 2011; Kim and Mudawar, 2013b; Li and Hibiki, 2017), where properties
are evaluated at system pressure, and effect of flashing was not incorporated. It is observed
that almost all the C-correlations predict the data with a high percentage of MAE (26—
33%). The reason for such errors in the prediction of two-phase pressure drop was the
accumulation of errors from the different parameters associated with the pressure drop
calculation. Experimental two-phase pressure drop was in the range of 10-36 kPa, which,
for water as the working fluid, causes a change in the saturation temperature in the range
of about 4 —9°C along the length. Therefore, if the system pressure is considered instead of
local pressure, the errors in vy and hy will be in the range of 4-6% and 8-11%, respectively.
Existing modelling approach does not incorporate the effect of flashing; consequently, the
thermodynamic quality (z) calculated with these models will be less than the actual value.
Therefore, errors associated with vy, hy and z, result in significant error accumulation in
the prediction of two-phase pressure drop.

The new approach is applied to the existing C-correlations from literature and compared
with the experimental data (Figure 7.5), and substantial improvement in their predictions
is observed. It is found that the new approach reduces the range of MAE for all the cor-
relations to 7.5-13.5%. As discussed earlier, the new approach is based on the evaluation
of thermophysical properties (vq, hy) at local pressure, the effect of flashing on the ther-
modynamic quality, and the effect of heat flux on the two-phase multiplier. Thus, this

modelling approach is more realistic than the existing one.
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Fig. 7.5: Models with local properties, flashing effect and heating effect in existing models are
compared with present experimental data. DI water; Dy = 111 um; G=205-410 kg/m?s;
qeff:7.5719.5 W/cm2
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7.2.2 FC-72 as the working fluid

Experiments were conducted on a single microchannel with Dy = 111 um with mass
flux range 431-690 kg/m?s and heat flux range 4-8.5 W/cm?. In the experiments, outlet
pressure was considered to be atmospheric. For water, the assumption of the ideal gas
equation is valid since the compressibility factor (Z) is close to unity for the present working
range of pressure. For FC-72, compressibility factor is not equal to one for the present
working condition but constant within the range. Therefore, as discussed in Chapter 4,
the generalized modelling approach combined with different C-correlations (listed in Table
7.1) is compared with experimental data (Figure 7.6). It was observed that almost all the
correlations predict the data with high MAE (36-50%). The reason for this prediction
with such error in the two-phase pressure drop is an accumulation of uncertainties from
the different parameters associated with the pressure drop calculation. Experimental two-
phase pressure drop was in the range of 10-46 kPa, which, for FC-72 as the working fluid,
causes a change in the saturation temperature in the range of about 4-9°C along the length.
Therefore, if the system pressure was considered instead of local pressure, the uncertainties
in vy and hy will be in the range of 12-25% and 9-15%, respectively. Existing modelling
approach did not incorporate the effect of flashing, and consequently, the thermodynamic
quality (z) calculated with these models will be less than the actual value. Therefore,
uncertainties associated with vy, hy and z, caused a considerable error in the prediction of
two-phase pressure drop.

The present approach was applied to the existing correlations (listed in Table 7.1)
and compared with the experimental data in Figure 7.7, significant improvement in their
predictions was observed. It was found that the new approach reduces the range of MAE
for all the correlations to 8.4-36%. As discussed earlier, the present approach is based on
the evaluation of thermophysical properties (v4 and hy) at local pressure, and the effect of
flashing on the thermodynamic quality.

It is observed that incorporation of the effect of local properties and flashing improved
the prediction to a great extent. In Table 7.1, comparison of MAE (%) of all the models
reveals that model M6 showed the lowest MAE (8.4%). This model used the correlation of
Kim and Mudawar (2013b) for the Chisholm parameter C, which incorporated the effect
of heat flux on C. This was based on an earlier analysis (Kim and Mudawar, 2012) of
the fundamental differences in flow structure between flow boiling and adiabatic flows.
Therefore, further modification is done on the other models (M1-M5, MT7), in order to
improve their predictions. As discussed in chapter 4, an empirical correlation (Tarasova
et al., 1966), relating the value of gbfc , for heated and unheated tubes combined with these
models (M1-M5, M7). Then the results of these modified models were compared with the
experimental data. From Figure 7.8 and Table 7.1, it is observed that the effect of heat

flux on gb?c , improves the predictions of the models.
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Tab. 7.1: List of MAE in pressure drop calculation for different C-correlations (Experi-
mental data for FC-72 )

Model N MAE MAE MAE
Equations for Chisholm Parameter
- | %) (%) (%)
(Liquid Laminar and Gas Laminar)
[References| SYP LOP LOPH
M1 (Mishima and

nomenclature

o C = 21(1 — &319Pn) 50.80  35.96  18.67
Hibiki, 1996)
M2 (Lee and Lee,
C = 6.185 x 10" 2Re 0" 726 46.85 16.62  9.45
2001)
M3 (Qu and @3 AOP.2R3)
44.86  21.85  11.24
Mudawar, 2003b) x (0.00418G + 0.06613)
M4 (Lee and
( C = 2.16Re 0" 04T W e ;000 46.85 26.79  12.76
Mudawar, 2005)
M5 Li and Wu
C = 5.6Bd"? for Bd < 0.1 46.72 2728  14.65
(2011)
M6 (Kim and  Choir = 3.5 x 107 °Re S Sud (ps/pg)***
36.71 841  8.41
Mudawar, 2013b) x [1+ 530We}>* (Bo(Pr/Pr))]
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0.66 p,0.42 0.21
C =41.7Nuw, Reppx

0.5
M7 (Li and Nurp = prp/ (PTPU U/QAP>
Hibiki, 2017)

43.08 16.33 9.26
Vprp =1 —2)/pg+a/pg

prp = (1 —x)/ps + xpy
SYP = System Pressure; LOP= Local Pressure; LOPH = Local Pressure with Heat

7.3 Summary

Flow boiling experiments were performed using two working fluids (water and FC-72) with
mass flux 205-690 kg/m?s and heat flux 4.5-19.5 kW /m?. The pressure drops observed for
both the working fluids were large, facilitating validation of the new modelling approaches.
The vapour phase of water can be considered ideal gas at present operating pressure, and
the new modelling approach was validated with the flow boiling pressure drop data for
water. On the other hand, the vapour phase of FC-72 did not behave like an ideal gas,
but the compressibility factor remains constant for the operating conditions used. The
pressure drop data for the FC-72 was used to validate the generalized modelling approach.
It was observed that both the new methodologies improve the predictions significantly over

the existing approach.
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CHAPTER 8

Development and Validation of a Sample Correlation

for Heat Transfer

Flow boiling heat transfer experiments are conducted in a microchannel for water and FC-
72, and the local heat transfer coefficient is evaluated. To illustrate the new modelling
approach for flow boiling heat transfer, a sample correlation is formulated by modifying
a randomly chosen existing correlation ( randomly chosen) using the experimental data
from the literature. It is found that the correlation formulated with the mew methodology
improves the prediction over the original existing correlation chosen, for both the fluids.
Further, the new sample correlation was tested for experimental data from literature and it
was observed that for some data sets the predictions were good and for some it was poor,
which implies a need of further improvement considering extensive data set for different

ranges of fluid properties, shape, size, surface properties, pressure drop.
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8.1 Flow Boiling Heat Transfer in a microchannel

Flow boiling heat transfer in trapezoidal a microchannel is experimentally investigated for
water as well as FC-72. Effects of heat flux, mass flux and thermodynamic quality on flow
boiling heat transfer are studied and dominating heat transfer mechanisms are identified
for different cases.

Experiments are conducted for a single microchannel having Dy = 111 um; length of
the channel is 20 mm. A thermocouple is attached at 16 mm from the inlet at the bottom
wall to measure the wall temperature. To evaluate the local heat transfer coefficient at that
location, saturation temperature is evaluated by the new predictive approach discussed in
chapter 4. Heat flux measurements are also done with proper calibration of heat loss.

In Figure 8.1 (a) and (b), the variation of local heat transfer coefficient (at 16 mm from
the inlet) with thermodynamic quality (z) at different mass flux is presented for water and
FC-72 respectively. Here, local hrp is evaluated considering local saturation temperature
(using the model described in Chapter 4), and the effect of flashing is considered in x. It is
observed that for both the fluid, heat transfer coefficient decreases with increasing x and
the effect of mass flux is not significant. On the other hand, if the same hrp is plotted
against heat flux (Figure 8.2), the effect of mass flux appeared significant (with increasing

mass flux App increases).

60 18
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50 [ % ' FC-72 T
h 14 T | mG=345kg/m2s 1 IW
4
40 1 lET 12 + | o G=431kg/m2s 11 T 1
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= [ 1 I
30 1| me= ki 11 = ) N
E [ 62205 kg/mas I 11 ; 8 ® G=603 kg/m2s i @L ¢
g L . = E: ;
g G=256 kg/m2s I o
< 20 L ¢ u £ 6 & G=690 kg/m2s
G=307 kg/m2s
[ | ®G=359kg/m2s 4 +
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Fig. 8.1: Local heat transfer coefficient vs thermodynamic quality at 16mm from inlet. (a)Fluid:
DI water; Dy = 111 pum; G=205-410 kg/m?s; qe5r=7.5-19.5 W/cm? (b)Working Fluid:
FC-72; Dy = 111 pm; G=431-690 kg/m?s; qesf=4-8.5 W /cm?

It can be observed from the Figure 8.1 that heat transfer coefficient decreases with
increasing x. This trend is consistent with several previous experimental studies (Tran
et al. (1996), Ravigururajan (1998), Kew and Cornwell (1997), Qu and Mudawar (2003a),
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Fig. 8.2: Local heat transfer coefficient vs Heat flux. (a)Fluid: DI water; Dy = 111 pm; G=205-
410 kg/m?s; g r=7.5-19.5 W /em? (b)Working Fluid: FC-72; Dy = 111 pum; G=431-690
kg/m?s; gefr=4-8.5 W /cm?

Zhuan and Wang (2013), Markal et al. (2016)). Ravigururajan (1998) attributed this phe-
nomenon to possible blockage of the channel width (for a rectangular channel) by vapor
bubbles. Kew and Cornwell (1997) and Warrier et al. (2002) explained this trend by local
dry-out beneath the vapor bubbles. Qu and Mudawar (2003a)) explained this trend by
the unique behavior of annular flow in micro-channels. In annular flow, the vapor flows
along with the core of the channel, while liquid is comprised of two portions: the annular
film along the channel wall, and droplets that are entrained in the vapor core. In case
of flow boiling of water in micro-channels, an abrupt transition to annular flow occurred,
and no bubbly flow was observed at moderate to high heat fluxes (Jiang et al. (2001), Qu
and Mudawar (2004)). It is, therefore, possible that a large number of liquid droplets are
broken off into the vapor core at the onset of annular flow development. The deposition
of droplets upon the annular liquid film increases the film thickness in the stream-wise
direction, resulting in the observed trend of decreasing hyp with increasing x. Harirchian
and Garimella (2009a) studied the heat transfer behaviour of FC 77 in microchannels and
found that at high heat fluxes heat transfer coefficient was decreasing, which was due to
an early partial wall dryout.

If the flow patterns inside the channel were not studied along with the heat transfer mea-
surements then it is very difficult to precisely infer the mechanism (Karayiannis and Mah-
moud (2017)). In the present study, from the graphical observations (figures 8.1 and 8.2)

the mechanism involved can not be concluded precisely.
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104 8. Development and Validation of a Sample Correlation for Heat Transfer

8.2 Boiling curve for a Microchannel

Boiling curves are plotted for the 111 pgm microchannel in Figures 8.3 and 8.4 for water
and FC-72 respectively, in terms of the variation of wall heat flux with the temperature
The

results are plotted at four mass fluxes for water and five for FC-72. It is observed that for

difference between wall and saturated temperature at the 16 mm from the inlet.

both the fluid (water and FC-72) and the condition mentioned, the temperature difference
between wall and saturated temperature increases heat flux also increases. Galvis and
Culham (2012) also observed the same trend of the boiling curve, with water as the working
fluid and explained that during this region convective boiling dominates more than the

nucleate boiling region since the effect of mass flux dominates. Without the flow patterns

observation, the dominant heat transfer mechanism cannot be determined accurately.
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Fig. 8.3: Boiling curve for a microchannel (a)Fluid: DI water; Dy = 111 ym; G=205-410 kg/m?s;
Qef=T7.5-19.5 W/cm? (b)Working Fluid: FC-72; Dy = 111 pm; G=431-690 kg/m?s;
Geyf=4-8.5 W /cm?

8.3 Development of a new sample correlation

To formulate a heat transfer correlation, correct reduction of heat transfer coefficient from
the experimentally measured quantities is important. As per Equation (8.1), to evaluate
local heat transfer, accurate estimation of the heat flux, local wall temperature and local

saturation temperature (at local pressure) is required.

Qeff

her(2) = 1 )~ Ty ()

(8.1)

In most cases of flow boiling in microchannels (as discussed in Chapter 3), an axial
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pressure profile was assumed instead of local measurements of saturation pressure were
not reported. For simplicity, a linear pressure profile (Equation (8.2)) is assumed in most

of the cases.

L—=z

m (psat(zsub - po)) (82)

psat(z) = pO +

This necessitates an accurate predictive approach for two-phase pressure drop. For large
pressure drop cases, the effect of local thermophysical properties and effect of flashing in
thermodynamic equilibrium quality are significant. Considering these effects, in chapter
4, new modelling approaches for different fluids are developed. In the present study, the
axial pressure profile is estimated using the present modelling approach with the Chisholm

parameter correlation of Kim and Mudawar (2013a).

In this section, the application of the new modelling approach is illustrated by de-
veloping a sample correlation for the local heat transfer coefficient for flow boiling in
microchannels. As mentioned in Chapter 4, the first step is to select the form of the cor-
relation, which can be taken from any of the existing correlations, or a new form based on
the phenomena involved. Here a correlation (Fang et al. (2015)) is randomly chosen from
the existing correlations were listed in Table 3.2 and modified with the new approach. The
objective of this demonstration is to develop a sample correlation that is able to predict
heat transfer coefficient for large pressure drop cases accurately. Therefore, limited (only
179 data points) experimental data points from the literature (Mirmanto, 2014, 2016) in-
volving a large pressure drop was used for regression analysis (to minimize the MAE) and
the modified form of the correlation was obtained. During data reduction, local saturation
temperature was evaluated by the pressure modelling approach described in Chapter 4,
where the axial variation of thermochemical properties and effect of flashing are consid-
ered. Thermodynamic quality is another important derived parameter in two-phase heat
transfer evaluation, and for large pressure drop cases, the effect of flashing is significant in
x (as discussed in chapter 4). Therefore, in the formulation of the sample correlation, the

effect is incorporated using the equation (4.15). The modified form of equation is given by

(8.3-8.7).
kg

hrp = Nu—— 8.3
TP Di (8.3)
Nu = 0.000578(S + F)ReyFa*** Pry®"/InU (8.4)

p 0.214
S = 139.7 B89 7051 <f> (8.5)

Py
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rer(i2s) ()"

M 0.88
U =1.02 <f“’> (8.7)
Kl w

8.4 Comparison of the new modelling approach with experi-

mental results
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Fig. 8.4: Experimental hrp compared with Fang et al. (2015) (a) for water (b) FC-72

In Figures 8.4(a) and (b), the original correlation of Fang et al (2015)(listed in table 3.2)
was compared with present experimental data (hpp) for water and FC-72 respectively.
It was observed that for both the cases, the correlation predicted the data points with a
high margin of error (For water, MAE= 38.2% & ¢=47.6 % and for FC-72 MAE= 52.34%
& ¢=22.7%). In Figures 8.5(a) and (b), experimental local heat transfer coefficient is
compared with the present sample correlation formulated by new methodology (Equation
(8.3-8.7)) for water and FC-72, respectively. The prediction of the new sample correlation
for water (MAE= 21% and ¢=84 %) as well as FC-72 (MAE= 13.75% and ¢=95 %)
is improved as compared to the original correlation (Fang et al. (2015)). For both the
cases, pressure drops observed are high (1045 kPa). Therefore, linear pressure profile
assumption contribute a significant error. These experimental data points are not used
during the formulation of the present sample correlation, and thus, it gives an independent
mode of validation. The present experimental data set are less in number. Therefore, this

sample correlation further tested with the experimental data points from the literature
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FC-72

(Qu and Mudawar (2003a), Markal et al. (2019) ). It is observed from the Figure 8.6 (a)
that the sample correlation predicts the data from (Qu and Mudawar (2003a) with good
accuracy (MAE= 19.5% and ¢$=88.42%) but it shows significant error (MAE= 104.2%
and ¢=27.27%) in predicting the experimental data from Markal et al. (2019) (Figure: 8.6

(b)). It implies that the new sample correlation required further improvement using large

experimental data sets (different fluids, Dy, aspect ratio, surface characteristics, etc.).

The new modelling approach can be used to develop correlations for flow boiling heat

transfer in microchannels with a large pressure drop. This will require extensive experimen-

tation involving a large pressure drop for the development of correlations and independent

experimental data for their validation.
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(2003a) (b) Markal et al. (2019)

8.5 Summary

Flow boiling experiments are performed using two working fluids (water and FC-72) with
mass flux 205-690 kg/m?s and heat flux 4.5-19.5 kW /m?. The local heat transfer coefficient
was evaluated at 16 mm from the inlet using the new pressure modelling approach. To
illustrate the new modelling approach for flow boiling heat transfer, a sample correlation
was formulated by modifying a randomly chosen existing correlation (from Table 3.2 ) using
the experimental data from the literature. It was found that the correlation formulated with
the new modelling approach improves the prediction over the original existing correlation
(Fang et al. (2015)) chosen, for both the fluids.The new sample correlation was tested
for experimental data from literature and , and it was observed that the predictions were
better for some data sets but poor for some other data sets, which implies a need of further
improvement in the formulation of hrp considering extensive data set for different ranges

of fluid properties, shape, size, surface properties, pressure drop.

TH-2108_11610331



CHAPTER 9

Conclusion and Future Scope

9.1 Conclusions

An extensive review is done on flow and heat transfer in microchannels. Thus, the need for
improvements in flow boiling pressure drop and heat transfer modelling, especially for large
pressure drop cases, is assessed. New predictive approaches for flow boiling pressure drop
and heat transfer in microchannels are developed and validated by conducting experiments

with a large pressure drop in a microchannel using water and FC-72.

Fluid flow and heat transfer in miniature channels is of significant scientific interest and
flow boiling in microchannels have the capabilities of removing high heat fluxes. The phase
change process in a microchannel enhances heat transfer in cooling systems of electronic
devices, thus allowing the devices to function at high power densities. Design of these
miniature devices requires a proper estimation of two-phase heat transfer, which, in turn,

necessitates accurate prediction of two-phase pressure drop.

Experimental data from the literature show that, depending upon the parameters, the
two-phase pressure drop in microchannels can reach up to nearly 100 kPa. For that range,
if the system pressure were considered then (for water as the working fluid), there would
be an error (MAE) of 40% in vy and 30% in hy. As these two quantities play an important
role in the estimation of pressure drop and thermodynamic quality, they must be evaluated
at the local pressure to get an accurate prediction of flow boiling pressure drop. Due to
the axial variation of thermophysical properties, the effect of flashing becomes significant.
To estimate these effects for large pressure drop, experimental data from the literature
(Mirmanto, 2016, 2014) are compared with the existing approach for pressure drop, using
property evaluation at the system pressure and without considering the flashing effect. It
is observed that MAE is low (10-17%) for small pressure drop and MAE is high (37-44%)

for the large pressure drop.

The axial profile of the local heat transfer coefficient is greatly influenced by the local
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pressure. The existing approach uses a linear pressure profile to evaluate local saturation
temperature while formulating correlations for flow boiling heat transfer coefficient. This
approach is compared with the experimental data from the literature (Mirmanto, 2014,
2016), where saturation temperatures were measured locally. The predictions are found
to be good for small pressure drop but significantly erroneous in case of a large pressure
drop. This indicates the necessity of a new modelling approach for pressure drop that can
facilitate an accurate prediction of flow boiling heat transfer, especially for a large pressure

drop.

A new methodology is developed, which is simple but successful to evaluate flow boiling
pressure drop. The idea is to incorporate the effect of local thermophysical properties
and flashing on the pressure gradient. This method uses the separated flow model by
employing different correlations from the literature for the Chisholm parameter. In this
way, a significant improvement is observed in the prediction of large pressure drop data
from the literature. The literature has revealed differences in flow structure between boiling
and non-boiling flows. Hence, further improvement of the pressure drop model is done by
modifying the two-phase multiplier with the heating effect for flow boiling. Comparison

with experimental data from the literature shows a significant reduction of MAE (%).

The above modelling approach assumes ideal gas behaviour of the vapour phase of the
working fluid and uses the Clausius-Clapeyron equation to relate local saturation pressure
and temperature. By relaxing this assumption, a modified form of the Clausius-Clapeyron
equation is developed to characterize the saturation line on the P-T plane for fluids whose
vapour phase has a nearly constant compressibility factor in the range of operation. Hence,
a generalized modelling approach is developed, which can predict the pressure drop for a

variety of fluids.

Using the new modelling approach, the axial pressure profile is estimated, and the
saturation temperature is evaluated locally. Hence, the variables associated with heat
transfer correlations are calculated accurately, using local thermophysical properties and
the thermodynamic quality accounting for flashing. These steps make the formulation
procedure of correlations more realistic. The effectiveness of the modelling approach is
established by comparing with the experimental local heat transfer coefficient from the

literature and shows a significant improvement over the existing approach.

To validate these new models for flow boiling pressure drop and heat transfer in mi-
crochannels, experiments are conducted on a single microchannel with a hydraulic diameter
of 111 pum. The fabrication of the test sections is done using a microfabrication facility
available at CEN, II'T Bombay. Heat loss calibration and uncertainty analysis are done to
ensure the correctness of the measurements. Single-phase pressure drop and heat transfer
experiments are conducted to validate the previous correlations for trapezoidal microchan-

nel. For heat transfer, correlation from Wu and Cheng (2003a) gives good agreement with
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the present experimental data. A new sample correlation of friction factor for the trape-
zoidal microchannel with the non-adiabatic condition is developed. These correlations of
single-phase pressure drop and heat transfer can be used for the development of two-phase

correlations.

Flow boiling experiments are performed using two working fluids (water and FC-72)
with mass flux 205-690 kg/m?s and heat flux 4.5-19.5 kW/m?. The pressure drops ob-
served for both the working fluids are large, facilitating validation of the new modelling
approaches. The vapour phase of water can be considered ideal gas at present operating
pressure, and the new modelling approach is validated with the flow boiling pressure drop
data for water. On the other hand, the vapour phase of FC-72 does not behave like an ideal
gas, but the compressibility factor remains constant for the operating conditions used. The
pressure drop data for the FC-72 is used to validate the generalized modelling approach.
It is observed that both the new methodologies improve the predictions over the existing

approach.

Flow boiling heat transfer experiments are conducted in the same microchannel for
both the fluids (water and FC-72) and the local heat transfer coefficient is evaluated at 16
mm from the inlet. To illustrate the new modelling approach for flow boiling heat transfer,
a sample correlation was formulated by modifying a randomly chosen existing correlation
using the experimental data from the literature. It was found that the correlation formu-
lated with the new modelling approach improves the prediction over the original existing
correlation (Fang et al. (2015)) chosen, for both the fluids. The new sample correlation was
tested for experimental data from literature and , and it was observed that the predictions
were better for some data sets but poor for some other data sets, which implies a need of
further improvement in the formulation of hrp considering extensive data set for different

ranges of fluid properties, shape, size, surface properties, pressure drop.

Thus, the new pressure drop and heat transfer modelling approaches presented here,
along with their experimental validation, demonstrate that the effect of local thermophysi-
cal properties and flashing are significant for large pressure drop cases, and predictions can
be improved considerably by incorporating these effects. These methods are obtained by
relaxing some of the assumptions made in the existing methods, maintaining mathematical

simplicity and computational inexpensively.
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9.2 Future Scope

In the present work, the methodologies to develop flow boiling pressure drop and heat
transfer correlation are developed and illustrated with examples. Based on the research

experiences following possible ideas are stated.

e By conducting flow boiling experiments on miniature channels for different channel
size and for different fluids, a large database can be obtained and using the present
modelling approach, generalized correlations for flow boiling pressure drop and heat

transfer coefficient can be developed.

e For very small microchannels (less than 1 pm), there is a possibility that slip on the
wall can occur depending upon the Knudsen number. For such cases, In Appendix
A, a modelling approach to predict the two-phase pressure drop and heat transfer
are developed considering the effect of slip on the wall. The pressure drop is mod-
elled using the homogeneous equilibrium model, and the two-phase friction factor is

modified, introducing the Knudsen number.

e Transient behavior of flow boiling pressure drop and heat transfer can be observed
in mini/microchannels experimentally, and 1D unsteady mathematical model can be

developed for the same.
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APPENDIX A

Predictive Approach for Miniature Channels with
Slip Flow

For the past century, the no-slip boundary condition has been assumed to be appropri-
ate for most macroscopic flows. But recent developments in microfluidic and nanofluidic
devices have renewed interest in the problem of slip, where its influence is expected to
be significant even as the Reynolds number Re tends to zero (Priezjev and Troian, 2006).
New modelling approaches to predict flow boiling pressure drop and heat transfer in very
small microchannels have been proposed where the no slip condition is not valid and incor-
porate the effect of local thermophysical properties and flashing on the pressure gradient.
For simplicity, homogeneous equilibrium model is adopted for the present study. A new
two phase friction factor is suggested by incorporating effect of slip in the wall. Using this
pressure drop model, local saturation temperature and local thermodynamic properties are
evaluated and local heat transfer coefficient is predicted. It is observed that for large pres-
sure drop, new modelling approaches for pressure drop and heat transfer give significant

difference in the predictions when it compared to the existing modelling approaches.

A.1 Modelling approach for Flow Boiling Pressure Drop

In the boiling region due to saturated boiling that produces a net vapor generation resulting
in an increase in pressure drop as compared to purely liquid flow. Using the homogeneous
equilibrium model, the liquid and vapor phases are assumed to form a homogeneous mixture
with equal and uniform velocities and property values for the liquid and vapor phases are
the saturated values at the local pressure. Consider the channel shown in Figure A.1. From
energy balance the vapor quality « can be expressed by Equation (A.1) which accounts for
axial changes in quality due to heat input as well as flashing that results from enthalpy

changes with the pressure.
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dx . 1 [qeffPH _ dhfdp:|

hio | GA dp dz

B, Al
dz hyg (A1)

Assuming the properties (vg and hy) within the saturated region are functions of only the

local pressure, pressure gradient is expressed by Equation (A.2)

fTP,newG2'Uf Vug quffPHUfg
dp (W L+a3t+ =4

fg
hl A A.2)
d dv G2vs4 dhy (
: L+ Glg) — e,
Equations (A.1) and (A.2) are coupled and can be solved by using 4*® order explicit Runge-

Kutta method. But beforehand, dhy/dp and dvy/dp was evaluated using Equations (A.3)
and (A.4). In the present study two-phase friction co-efficient is modified incorporating
the surface tension (Weber number) and slip in the wall (Knudsen number) and it is
expressed by Equation (A.5) and Equation (A.6). This new predicted two-phase friction
factor (frpnew) determined by curve fitting of experimental data from literature from
Revellin and Thome (2007).
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In Rel.p, viscosity considered is mixture viscosity and it is given by Equation (A.7)

1 1-
— + * (A.7)
Ko Hg Hf

A.1.1 Results And Discussion

The present model is compared with the homogeneous equilibrium model considering ther-
modynamic properties at system pressure and no effect of flashing. For the calculation,
water is taken as working fluid model and the parameters are listed in Table A.1. For
smaller pressure drop (especially for bigger channels), present model almost predict same
as homogeneous equilibrium model with constant properties and without any modification.
The differences between the two modelling approaches become significant once the size of
channel decrease or pressure drop become large (Figure A.1). The present model proper-
ties are calculated at local pressure which represents the true phenomenon and inclusion
of surface tension and slip make the model more realistic and it can be a suitable choice

for microchannels heat sink design.
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Tab. A.1: Model parameters

Parameter Value / Range
Heat Flux 1 to 20 W/cm?
Mass Flux 200 kg/m? s
Inlet Temperature 60°C

Inlet Pressure 3 bar

d,=50um (P) ]
dh=50um (C)
d,=100pm (P)
d,=100um (C)
h
h

— d =200um (P}
d,=200um (C)| |

Pressure drop (bar)

0 B — ~ —_—

0 2 4 6 8 10 12 14 16 18 20
Heat flux (W/cm?)

Fig. A.1: Pressure drop predication at different hydraulic diameter. (P= present model, C= HEM
with constant properties and without modification)

Not only pressure drop, exit quality is also depends on local pressure as well as local
thermodynamic properties. In Figure A.2 it is observed that there is significant deviation
in 4 is observed as compared to T considering constant properties for small hydraulic
diameter It is because for lower hydraulic diameter, pressure drop is high and property

variation is significant and effect of flashing become significant.

A.2 Modelling approach for Flow Boiling Heat Transfer

The trend of local heat transfer coeflicients basically depends on the local saturation pres-
sure (or saturation temperature) inside the channel and the wall temperature. Meanwhile,
there is no accurate correlation to predict the local saturation pressures (temperatures)
along the channel (Mirmanto, 2014). Therefore, existing approaches considered the sat-
uration pressure distribution decreases linearly in the two phase region. In the present
study, local saturation pressure is evaluated from the pressure model described in above

section and saturation temperature is calcualted from equation (A.8)
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0.45 T T T T T T
d,=50 um (P)
0.4
d,=50 um (C)
0.35 dh=100 pm (P}
d,=100 ym (C)
0.3k d, =200 um (P) |
d,=200 um (C)
0.25f
2
0.2¢
0.15f
0.1
0.05f
0 1 = I 1 1 1 1 I Il
0 2 4 6 8 10 12 14 16 18 20

Heat flux (W/cm?)

Fig. A.2: Thermodynamic exit quality predication at different hydraulic diameter (P= present
model, C= HEM with constant properties and without modification)

T:[ : —£1n< P >] (A.8)
Tref hfg DPref

In the boiling region due to saturated boiling that produces a net vapor generation
resulting in an increase in pressure drop as compared to purely liquid flow. Using the
homogeneous equilibrium model, the liquid and vapor phases are assumed to form a ho-
mogeneous mixture with equal and uniform velocities and property values for the liquid
and vapor phases are the saturated values at the local pressure. From energy balance
the vapor quality x can be expressed by equation (A.1) which accounts for axial changes
in quality due to heat input as well as flashing that results from enthalpy changes with
pressure. Fang et al. (2015) compiles a database of 1055 data points of water flow boiling
heat transfer in mini/microchannel and given a correlations of flow boiling heat transfer
coefficient. Therefore in this study, two phase heat transfer coefficient (hyp) was evaluated

by using the correlation given by Fang et al. (2015) and it is expressed by equation (A.9 —

A.13)
k

hrp = NUF; (A.9)
Nu = 0.00061(S + F)Reg Fa®'' Pry*/InU) (A.10)

p 0.33
S = 142.5B0%9 M 0% <f> (A.11)

Pg
T 0.9 p 0.35
F=g ( ) <f> (A.12)
1—-2z Pg
U =1.02 (‘”‘”) (A.13)
Ml w
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Present model was examined with model given by Fang et al. (2015) (linear pressure
profile) for two different of hydraulic diameter of 50 ym and 100 gm and model parameters
were listed in Table A.1. Microchannels were considered as square and three side wall

heating is assumed.

A.2.1 Results and Discussion

In Figure A3 present model and model without the effect of pressure profile for constant
mass flux is compared for two different hydraulic diameter. Heat transfer coefficient was
evaluated at 0.03 m from the inlet. It can be seen that for both the cases h7p increases with
heat flux. This can be explain on the basis of previous experimental data from literature
that the dominating heat transfer mechanism was nucleate boiling. For the same inlet
condition and same length perdition of present model with pressure profile independent
model was good for 100 um channel but shows deviation for 50 um channel. Reason for
that can be explained on the basis of pressure drop. Since for the 100 gm channel pressure
drop range was 0.13 bar to 0.19 bar so effect of saturation temperature change due to
pressure drop was not significant on heat transfer coefficient. On the other hand pressure
drop range for 50 um channel was 0.24 to 0.48 bar which was much higher than 100 um
channel. Therefore, large pressure drop influence the saturation temperature as well as in
the local thermophysical properties for which there came a significant deviation between

present model and pressure profile independent model specially in higher heat flux.

100 + + 100
Independent of
i pressure profile
. T Present model 3 T ™
53; 6o L ---- Independent of A GO
=~ I pressure profile
2 A
= Presnt model -
£ 40 A + 40
20 1
O ||||||| : ||||||| : ||||||| : ||||||| : : O
38 42 a6 50 54 58

Heat Flux (W/cm?)

Fig. A.3: Comparison between the present model and model without the effect of pressure profile

for constant mass flux
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APPENDIX B

Appendix B

B.1 Improvement of the new modelling approach with the in-

corporation of heating effect

Improvement of the new modelling approach (local thermophysical properties and flashing
) with the incorporation of heating effect on gbfco for large pressure drop case is shown in

the Figure B.1.

125 » 125
115 4 - 115
105 + + 105
95 r 95
g - M5 (Local pressure and heat )
S = Exp (Mirmanto, 2014) r 85
L .
S M5 (Local Pressure)
375 4 r 75
g M5 (Li and Wu 2011)
65 A + 65
D,;=438 pm
55 4 G=805 Kg/m2s \ + 55
G =488 KW/m? ‘-\_ -
45 A Yot 4
35 t t t t t t 35
0 0.01 0.02 0.03 0.04 0.05 0.06

z(m)

Fig. B.1: ITmprovement of a model from the literature (li and Wu, 2011) , with local properties,

flashing effect and heating effect on d)?co for large pressure drop case. Fluid: DI water
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Appendix B. Appendix B

B.2 Experimental data points

The figure B.2 contains all the experimental flow boiling pressure drop and heat transfer

data points for water and FC-72.

FC-72 as working fluid
Water as working fluid G q eff | hTP exp | Exp DP
G q eff | hTP exp | Exp DP kg/m’s | kw/m® |kW/m’K| kPa
kg/m’s | kw/m® |kW/m’K| kPa 3450 | 4231 | 11.53 | 12.60
205.1 78.16 38.35 14.09 345.0 47.78 10.20 14.81
205.1 109.25 31.91 18.06 345.0 5157 8.92 16.00
205.1 146.56 25:52 23.06 345.0 58.20 7.93 18.00
2051 167.10 21.19 28.06 431.0 54.00 11.70 20.50
431.0 58.49 10.30 21.90
431.0 66.53 9.16 25.00
431.0 76.19 8.38 29.10
517.0 48.65 13.16 21.80
307.7 126.19 | 38.01 2291 517.0 56.77 11.63 24.30
307.7 | 14524 | 34.13 | 2531 5170 | 6246 | 1058 | 2843
307.7 175.14 | 28.64 29.66 517.0 66.15 10.03 31.00
517.0 75.70 9.09 33.90

410.3 122.52 | 46.11 23.56 690.0 55.18 14.63 36.20
410.3 14231 | 4135 26.56 690.0 60.67 13.75 38.50
410.3 166.87 | 32.74 31.56 690.0 62.88 13.12 40.60
410.3 193.58 | 26.19 37.06 690.0 66.28 12.67 42.30

690.0 69.01 11.91 45.20

Fig. B.2: Experimental flow boiling pressure drop and heat transfer data points for water and
FC-72.
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B.3 Comparison of generalized model with the ideal-gas flow

based model

Comparison of generalized model with the ideal-gas flow based model is shown in Figure
B.3 . The experimental data used for validation was for FC-72 whose vapour phase does
not behave like ideal gas. It was observed that the generalized model predicts better than

the ideal-gas flow based model.

60 - 60
[ mLi &Hibiki (2017) Z=Z ]
C +20% .*
=50 4 L 1 s0
& [ X Li &Hibiki (2017) with
z=1 - 0]
2 . P e
S 40 T "L Pt T 40
P " T s K 20%
3 . X -
= m X7~ ?
230 f . .>§< ™ 1 30
2 ¢ .
~ N
- . ¢
o 20 L T+ 20
.g ///
g (7
2 e
& 10 + + 10
0 » |//| 11 : 1 - 1 : 1 - 1 : - 1 1 : 11 - : 11 - 1 O
0 10 20 30 40 50 60

Exp Pressure drop (kPa)

Fig. B.3: Comparison of generalized model with the ideal-gas flow based model
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