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Abstract

Abstract

The microchannel heat sink is known to offer superior heat transfer capabilities.
However, microchannel cooling is generally not applied on a large-scale basis,
mainly due to the complex and non-economical nature of microfabrication
processes. In 2013, Kong and Ooi developed a system for microscale heat
transfer in macro geometry, and showed that heat transfer coefficients
comparable to that of typical microchannels can be achieved, without involving
complex and costly manufacturing methods.

The present Ph.D. research study aims to develop a novel nature-inspired
configuration to enhance the microscale heat transfer in macro geometry using
conventional machining processes, and formulate working correlations to
evaluate the heat transfer and pressure drop for practical applications. The
nature-inspired geometrical enhancement profiles are designed to be simple,
such that their geometries are mathematically quantifiable in the correlations
and can be machined conventionally.

In the present study, a 300 µm annular microchannel of 30 mm length with a
constant heat transfer area of 1885 mm2 is formed by securing a cylindrical
non-heated insert of mean diameter 19.4 mm within a heated cylindrical pipe of
internal diameter 20 mm. Introduced on the insert surface, the enhancement
profiles are the Inverted Fish Scale (IFS) and Fish scale (FS) profiles, which are
inspired by fish scales, and the Durian (D) profiles, which are inspired by a
thorny tropical fruit. The enhancement profiles serve to increase the heat
transfer coefficient by disturbing the velocity and thermal boundary layers, and
promoting early laminar-to-turbulent flow transition.
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Both physical measurements and numerical simulations have been carried out
in this Ph.D. research study. A measurement system has been designed,
fabricated, instrumented and commissioned for data collection. The system
provides accurate pressure and heat transfer measurements with a mean
discrepancy of 7.8% and 13.4%, respectively, as well as consistent pressure and
heat transfer measurements within 0.57% and 0.39%, respectively. In addition,
a conjugate heat transfer numerical model has been developed using a
Computational Fluid Dynamics (CFD) code. The numerical model is validated
through the comparison of its predictions with the measurements, which shows
a mean discrepancy of 8.5% and 20.2%, respectively, for the pressure drop and
heat transfer.

The investigations have been carried out for plain and enhanced annular
microchannels with a fixed mean channel height (H) of 300 µm using liquidphase water. About 600 steady-state measurements have been collected, using
22 microchannel profiles, up to 27 flow conditions (350≲Re≲4,600) for each
profile, and 2 wall heat fluxes of 13.3 and 53.0 W/cm2. The 22 profiles include
7 for each of the three nature-inspired enhanced microchannel series, and the
Plain microchannel. The measurements for the Plain microchannel are used as
the basis to determine the extent of heat transfer enhancement.

Within the nature-inspired enhanced IFS, FS and D microchannel series, the
effects of two geometrical ratios are studied. They are the ratio of scale/thorn
height (e) to mean channel height (H), and the ratio of scale/thorn pitch (P) to
scale/thorn height (e). In the first study, four e/H ratios of 0.1, 0.3, 0.5 and 0.7
are employed, with a fixed P/e ratio of 10. In the second study, four P/e ratios
of 5, 10, 15 and 20 are employed, with a fixed e/H ratio of 0.5. A larger e/H
ratio corresponds to a narrower minimum gap through which the fluid flows,
while a lower P/e ratio corresponds to a larger number of scale/thorn
protrusions of the same height, for a fixed microchannel length. These two
II
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ratios are formulated such that they mathematically quantify the geometrical
enhancement profiles and could eventually be incorporated into the proposed
working correlations.

The results show that enhanced microscale heat transfer effects have indeed
been achieved in macro geometry, using conventional machining processes. The
highest convective heat transfer coefficient achieved in the whole study is 52.8
kW/m2·K, at 6.5 L/min (Re≈4280) using the IFS microchannel with a scale
height (e) of 0.21 mm and scale pitch (P) of 2.1 mm. This means that this IFS
microchannel profile is able to remove heat flux of up to 375 W/cm2, for a
temperature difference of 71 K. The highest pressure drop in the whole study is
3.3 bars, which can be easily overcome by a commercially available pump. In
terms of the thermo-hydraulic performance, the D microchannel performs the
best, with a thorn height (e) of 0.21 mm and thorn pitch (P) of 2.1 mm. Given a
fixed heat transfer surface area and pumping power, this profile can improve the
heat transfer capacity by 67% relative to the Plain microchannel, at Reynolds
number of about 2,350.

Most importantly, working correlations have been proposed to evaluate the
average Nusselt number and friction factor for the nature-inspired enhanced IFS,
FS and D microchannels. The mathematical form of the new correlations
follows that of existing classical correlations, but with an additional term,
which is a function of e/H ratio and P/e ratio, added to account for the effect of
the scale/thorn protrusions. The correlations are formulated based on about 600
steady-state measurements, as well as the underlying physics which governs the
heat transfer and flow behaviours, within the scope of investigation.

The present Ph.D. work brings the research a significant step closer to the
successful development of a compact microchannel heat exchanger with large
heat duty at competitive costs.
III
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Introduction

This chapter presents an introduction of the Ph.D. research study. First, the
motivation to delve into this research topic is established. Second, the
objectives of this Ph.D. research study are clearly stated. Third, the scope of
work to be accomplished in order to achieve the stated objectives is defined.
Fourth, the organisation of the thesis is outlined.

1.1 Motivation for Research
Microscale passages are commonly observed in nature, such as the lungs and
kidneys in living beings. The improved efficiency of the transport processes is
due to the increased area-to-volume ratio of the microscale passages. Following
the advancement of the electronics industry in the 20th century, the scientific
community underwent a paradigm shift from macroscale to microscale systems.
Tuckerman and Pease [1] ignited interest in this research topic in 1981 when
they displayed the capability of microchannels with hydraulic diameter of about
100 µm to remove a heat flux of up to about 790 W/cm2. The key benefits of
microscale cooling include significant size reductions in practical devices, as
well as low unit costs of microfluidic structures during mass production [2].
The present study adopts the generally accepted convention of ≤ 1 mm as the
definition of microchannel dimension [3–6].

Microchannel cooling generally involves two-phase flow boiling, as well as
single-phase liquid cooling in copper or silicon micro geometry [7]. While twophase flow boiling appears to be a good choice in fulfilling the projected
demand of 1000 W/cm2 in advanced electronic cooling applications,
considering the higher transport efficiency, the primary challenge to the
practical implementation of evaporative microscale heat exchangers lies in flow
1
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boiling instabilities [8]. On the other hand, there is great potential for singlephase liquid flow with heat transfer enhancement features to achieve
comparable cooling performance to two-phase flow systems, and yet avoid the
complexity and high pumping power requirement of the latter [9]. The first
successful implementation of enhanced heat transfer in microchannels was by
Kishimoto and Sasaki [10] in 1987. Even till today, there still exists a strong
research need for enhanced microscale single-phase liquid flow. As concurred
by Kandlikar et al. [8] in 2013, the research in this area is critical in the
successful development of microscale thermal devices, where increased
convective heat transfer coefficient and reduced pressure drop are required.

Another current research need is the application of microscale heat transfer
phenomena to conventionally-sized heat exchangers, by replacing the
macroscale passages with microscale passages. The three potential benefits
include reduction in physical size, material cost and fabrication cost. Since the
microscale heat transfer is expected to provide higher heat transfer coefficients
than the conventionally-sized heat exchanger, a smaller heat transfer area is
needed. Hence, a smaller heat exchanger is required. This is an advantage in
applications where space is a constraint, such as an offshore platform or a
chemical plant. Furthermore, constructing a smaller heat exchanger saves
material costs and resources. In addition, microchannels are currently fabricated
using costly microfabrication technologies, including microelectromechanical
systems (MEMS) and photolithographic-based processes [3]. If conventional
machining techniques such as turning, milling and cutting can be used to
produce microchannels, this would significantly reduce fabrication costs.
Therefore, the research efforts would result in the development of compact
microchannel heat exchangers with large heat duty at competitive costs.
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In 2013, Kong and Ooi [11] proposed the concept of securing a cylindrical
insert of mean diameter 19.4 mm within a circular pipe of internal diameter 20
mm. An annular microchannel is thus created by combining the two
conventionally-sized macro geometries, which can be separately manufactured
through conventional machining processes. For a microchannel gap size of 300
µm, the investigation reported a heat transfer coefficient of at least 20 kW/m2·K
at Reynolds number of 5200. Since the heat transfer effects are comparable to
that of typical microchannels, the feasibility of achieving microscale heat
transfer effects in macro geometry is demonstrated. The comprehensive
research work is documented in the Ph.D. thesis of Kong [12].

The present Ph.D. research study aims to extend the Ph.D. work of Kong, by
developing a novel configuration for enhanced microscale heat transfer in
macro geometry. In this study, the enhancement profiles are introduced on the
insert surface, while the heat is supplied to the flow via the circular pipe of a
fixed heat transfer surface area. Therefore, heat transfer is improved by
increasing the convective heat transfer coefficient, for a constant heat transfer
surface area. The enhancement profiles serve to increase the convective heat
transfer coefficient by disturbing the velocity and thermal boundary layers. In
addition, working correlations for Nusselt number and friction factor for the
new configurations are proposed, which are useful in the practical design of
microchannel heat exchangers.

The novelty of the present study lies in the enhancement of microscale heat
transfer in macro geometry, where the enhancement profiles are designed
through inspiration from nature. This revolutionary science is also known as
biomimicry. As human knowledge reaches a bottleneck, it is humbling to
accept that mankind is but a part of nature. Undeniably, the most sustainable
and efficient systems are found in life forms that have been evolving and
adapting to changing conditions for more than 3.8 billion years to date. While
3
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designing the enhancement profiles, geometries which naturally cause
significant flow disturbances are prudently selected, studied and adapted to
fulfil the design objectives.

The academic value of the present study comes from the analysis of the heat
transfer and flow phenomena for microscale flow in macro geometry, as well as
the physics behind the enhanced microscale heat transfer phenomena for the
nature-inspired geometrical profiles. The industrial value of the present study
comes from the newly proposed working correlations. Therefore, it is believed
that the present Ph.D. research work offers significant contributions to both the
scientific community as well as the engineering industry.

1.2 Objectives
The main objective in the present Ph.D. research study is to develop a novel
nature-inspired configuration to enhance the microscale heat transfer in macro
geometry using conventional machining methods, and formulate working
correlations to evaluate the heat transfer and pressure drop for practical
applications. This is achieved by fulfilling the following requirements:
 To achieve microscale heat transfer effects in macro geometry using
single-phase liquid water.
 To achieve high convective heat transfer coefficient values in excess of 10
kW/m2·K for a microchannel with mean gap of 300 µm.
 To enhance the microscale heat transfer effects through improving the
convective heat transfer coefficient for a fixed heat transfer surface area,
using passive heat transfer augmentation techniques.
 To design nature-inspired enhancement geometries based on the concept
of biomimicry, so as to cause disturbance to the flow and thereby
enhance heat transfer.
 To design simple enhancement geometries such that they are
mathematically quantifiable and can be easily manufactured at relatively
low costs using conventional machining processes.
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 To keep the pressure drop within a limit of 3.5 bars, such that the
pumping requirement can be easily met by a commercially available
pump.
 To develop working correlations for the average Nusselt number and
friction factor, to be used in the design of compact microchannel heat
exchangers.

1.3 Scope of Work
In order to achieve the objectives stated earlier in Section 1.2, the tasks to be
accomplished are as follows:
 To review existing classical theory for forced convective internal flow
in a conventionally-sized flow passage, as well as critically evaluate the
state-of-the-art studies conducted on enhanced heat transfer in singlephase liquid flow in microchannels. The former provides a good
understanding of the underlying concepts on convective heat transfer
phenomena, while the latter presents an overview of the history, up-todate developments and research needs in the field. The preceding work
on microscale heat transfer in macro geometry is carefully examined, so
as to identify past challenges and areas of improvement, in order to
advance this research topic. In addition, the revolutionary science of
biomimicry is studied, and designs inspired by nature are employed to
enhance the microscale heat transfer in macro geometry.
 To develop a conjugate heat transfer numerical model using an available
Computational Fluid Dynamics (CFD) computational code. In the early
stage of the present study, the preliminary results are used to assist in
the design of the measurement apparatus and operating procedures, as
well as the data reduction method. Subsequently, the numerical results
are used to provide useful insight into the flow field and temperature
distribution, which cannot be directly and completely observed from the
measurement system. These insights are valuable in explaining the
physics behind the enhanced microscale heat transfer phenomena.
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 To design, fabricate, instrument and commission a measurement system
for data collection. First, the test module is designed and custom-made
such that it comprises the microchannel of interest and is capable of
providing a heat flux of up to 160 W/cm2. Next, the supporting
equipment to complete the flow loop is carefully selected, procured and
installed. They include the chiller to pump and cool the working fluid,
the filter to remove contaminants, as well as the pipeline and fittings.
For the purpose of the present study, the flow system is designed to
provide a pressure drop of up to 3.5 bars and volumetric flow rate of up
to 10 L/min. The heat supply system, the measuring devices for
temperature, pressure, flow and current, as well as the data acquisition
system are also procured and assembled to establish a functional
measurement system.
 To collect steady-state measurements to investigate if the enhanced
microscale heat transfer effects have been achieved in the present study.
About 600 steady-state measurements have been collected for a smooth
annular microchannel with a mean gap size of 300 µm using singlephase liquid water. The independent variables include 22 microchannel
profiles, Reynolds number range of 350-4,600, and wall heat flux of
13.3 and 53.0 W/cm2. The dependent variables include the convective
heat transfer coefficient, pressure drop, Nusselt number, friction factor,
and thermo-hydraulic performance. The preparation work prior to data
collection includes calibration of the critical measuring devices,
dimension inspection of the critical components and validation of the
measurement system.
 To analyse the steady-state measurements for the Plain microchannel,
and verify that the microscale heat transfer effects have indeed been
achieved in macro geometry, without involving complex and costly
manufacturing methods. This is characterised by the high convective heat
transfer coefficient values in excess of 10 kW/m2·K. In addition, the
measured results are compared with classical predictions to confirm the
applicability of the continuum theory to microchannel flows. The
laminar and turbulent flow regimes are also identified, along with the
laminar-to-turbulent flow transition.
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 To analyse the steady-state measurements for the nature-inspired
enhanced microchannel series, namely the Inverted Fish Scale (IFS),
Fish Scale (FS) and the thorny Durian (D) microchannel series. The
physics behind the heat transfer and flow phenomena are examined as
well. In addition, working correlations are proposed to evaluate the
average Nusselt number and friction factor for the enhanced
microchannel configurations. The correlations are formulated based on
the 600 steady-state measurements, as well as the underlying physics
which governs the heat transfer and flow behaviours, within the scope
of investigation.

1.4 Organisation of Thesis
The Ph.D. thesis is organised as follows:

Chapter 1, which is this chapter, presents an introduction of the Ph.D. research
study. It includes the research motivation, objectives and scope, as well as the
organisation of the thesis.

Chapter 2 critically evaluates existing state-of-the-art literature relevant to the
present study. The first two sections review the classical theory for forced
convective internal flow in conventionally-sized circular and annular channels,
in terms of hydrodynamic and thermal considerations. The third section
summarises the investigations conducted on enhanced heat transfer in singlephase liquid flow in microchannels to date. The key focus is on passive heat
transfer enhancement techniques, as well as performance quantification over a
non-enhanced channel. An overview of studies on microchannels is also
presented, along with the comparison with classical theory. The fourth section
introduces the revolutionary science of biomimicry, which would be employed
to enhance the microscale heat transfer in macro geometry. The fifth section
identifies the research gaps based on the findings from the literature review.
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Chapter 3 explains the research methodology used in the present study. The
first section describes how the enhanced microscale heat transfer is achieved in
macro geometry. The second and third sections detail the selection of
independent and dependent parameters, respectively. The independent variables
include the channel profile, Reynolds number and heat flux. The dependent
variables include convective heat transfer coefficient, pressure drop, Nusselt
number, friction factor and thermo-hydraulic performance.

Chapter 4 describes the three-dimensional numerical conjugate heat transfer
model used in the present study. The discussion includes the Computational
Fluid Dynamics code, governing equations, model simplification, turbulence
model, mesh settings, boundary conditions and convergence criteria. The
numerical model is validated through the comparison of its predictions with the
measurements.

Chapter 5 describes the measurement system used in the present study, which
was entirely designed, fabricated and commissioned by the author. The flow
loop which connects all the components is first outlined, followed by the
detailed specifications of each component. The main components include the
chiller, filter, test module, heat supply system, measuring devices and data
acquisition system. Calibration of the critical measuring devices and dimension
inspection of the critical components is presented. The operational limits of the
measurement system are also summarised. Next, the data reduction procedure is
presented, along with the uncertainty analysis. Lastly, validation of the
measurement system is carried out to demonstrate that the pressure and heat
transfer measurements are accurate and consistent.

Chapter 6 presents the measured results for the Plain annular microchannel,
with a gap size of 300 µm. The first section demonstrates that high heat transfer
coefficient values, which are comparable to those in a typical microchannel, can
8
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be achieved in macro geometry without involving complex and costly
manufacturing methods. The second and third sections compare the measured
results with predictions from the classical theory, and discuss the possible
reasons for any deviation. The fourth section identifies the laminar-to-turbulent
flow transition regime in the present study based on the flow and heat transfer
behaviour, and compares it with those from the classical theory. The fifth
section distinguishes the flow regime based on the hydrodynamic and thermal
entrance lengths.

Chapter 7 presents the results for the Inverted Fish Scale (IFS) microchannel
series. In the IFS configuration, the scales are arranged to oppose the flow
direction in the attempt to cause maximum flow disturbances, and therefore
enhance the heat transfer coefficient. The IFS geometrical profile is quantified
by the scale height (e) and scale pitch (P). For a fair comparison with the Plain
microchannel, the mean flow gap (H) is kept constant at 300 µm. The chapter
first presents the measured convective heat transfer coefficient and pressure
drop for all the IFS microchannels. Second, a comparison between the
measured and numerical results is presented. Third, the effects of e/H ratio and
P/e ratio on Nusselt number, friction factor and thermo-hydraulic performance
are studied. The physical mechanisms behind the heat transfer and flow
phenomena are examined using the flow field, as well as velocity and
temperature distributions, from the numerical results.

Chapter 8 presents the results for the Fish Scale (FS) microchannel series. In
the FS configuration, the scales are arranged in a streamlined configuration, so
as to achieve minimal flow disturbances, and therefore lower friction losses.
The FS geometrical profile is also quantified by the scale height (e) and scale
pitch (P). The organisation of this chapter is the same as that of Chapter 8. In
addition, this chapter also highlights the differences between the results for the
IFS and FS microchannels.
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Chapter 9 presents the results for the thorny Durian (D) microchannel series.
Inspired by the thorn-covered husk of a tropical fruit, which is regarded as the
king of fruits in Southeast Asia, the thorny durian-inspired profile shows
potential to create flow disturbances and enhance heat transfer, while keeping
the friction losses low due to the smooth wavy flow path. The D geometrical
profile is quantified by the thorn height (e) and thorn pitch (P). The
organisation of this chapter is the same as that of Chapter 8 and 9. In addition,
this chapter also highlights the differences between the results for the durianinspired D microchannels and the scale-inspired IFS and FS microchannels.

Chapter 10 presents the newly proposed working correlations to evaluate the
average Nusselt number and friction factor for the nature-inspired enhanced IFS,
FS and D microchannels. The mathematical form of the new correlations
follows that of existing classical correlations, but with an additional term added
to account for the effect of the scale/thorn protrusions. The correlations are
formulated based on about 600 steady-state measurements, as well as the
underlying physics which governs the heat transfer and flow behaviours, within
the scope of investigation. These correlations are useful in the design of
compact microchannel heat exchangers.

Chapter 11 concludes the work accomplished by the author during the course of
the Ph.D. research study, and summarises the key findings of this research work.
The results for the Plain, Inverted Fish Scale (IFS), Fish Scale (FS) and Durian
(D) microchannels are first individually concluded, before the newly proposed
correlations for the average Nusselt number and friction factor are listed. After
a thoughtful reflection on the key findings from the present study, the
opportunities and strategies for future work are identified and recommended.
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Chapter 2

Literature Review

This chapter critically evaluates existing state-of-the-art literature which is
relevant to the present study. The first two sections review the classical theory
for forced convective internal flow in conventionally-sized circular and annular
channels, in terms of hydrodynamic and thermal considerations. The third
section summarises the investigations conducted on enhanced heat transfer in
single-phase liquid flow in microchannels to date. The key focus is on passive
heat transfer enhancement techniques, as well as performance quantification
over a non-enhanced channel. An overview of studies on microchannels is also
presented, along with the comparison with classical theory. The fourth section
introduces the revolutionary science of biomimicry, which would be employed
to enhance the microscale heat transfer in macro geometry. The fifth section
identifies the research gaps based on the findings from the literature review.

2.1
2.1.1

Classical theory for Circular Channel
Forced Convective Internal Flow

The main interest in forced convective internal flow is to determine the total
heat transfer rate. It may be calculated using Newton’s law of cooling:
𝑄 = ℎ𝐴(𝑇𝑠 − 𝑇𝑚 )

(2-1)

where h is average convective heat transfer coefficient, A is surface area over
which the heat transfer occurs, Ts is surface temperature and Tm is mean fluid
temperature.

The problem of convection is therefore to find the average convective heat
transfer coefficient. However, the complexity of the problem lies in that this
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coefficient depends on surface geometry and flow conditions, on top of fluid
properties [13]. The multi-factor dependence is mainly due to the fact that
convection heat transfer is closely related to the boundary layers that develop
on the internal pipe surface.

The two boundary layers of interest are velocity boundary layer and thermal
boundary layer. The velocity boundary layer is a result of the difference
between free stream velocity and zero surface velocity; while the thermal
boundary layer is a result of the difference between free stream temperature and
surface temperature. Friction factor is associated with velocity boundary layer;
whereas convective heat transfer coefficient is associated with thermal
boundary layer.

2.1.2
2.1.2.1

Hydrodynamic Consideration
Velocity Boundary Layer

The concept of a boundary layer originated with Ludwig Prandtl in 1904 [14].
He inferred from experimental evidence that a thin layer exists near a solid
boundary where viscous effects are at least as important as inertia effects, even
if fluid viscosity is low.

Figure 2-1 shows the development of velocity boundary layer for laminar flow
in a circular pipe. In the hydrodynamic entrance region, the boundary layer
grows in the direction of fluid flow. Within the boundary layer, viscous effects
are important and fluid flow near the stationary wall is impeded. Outside the
boundary layer, there is an inviscid core where fluid flow is accelerated by
virtue of mass conservation. The boundary layer then merges at xfd,h for a
sufficiently long pipe. In the fully developed region, viscous effects apply over
the entire cross section, and the velocity profile is independent of x.
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Figure 2-1: Laminar, hydrodynamic boundary layer development in a circular pipe [13]

For laminar flow in circular pipe, fully developed velocity profile is parabolic.
This is on the condition that flow is incompressible and has constant fluid
properties. The parabolic velocity profile can be derived by solving the xcomponent of Navier-Stokes equation in cylindrical coordinates. For turbulent
flow, however, fully developed velocity profile is flatter due to turbulent
mixing in the radial direction. Figure 2-2 illustrates the difference in the
velocity profiles.

Figure 2-2: (a) Laminar and (b) Turbulent boundary layer development in circular tube
[15]
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The turbulent mixing in the radial direction can be seen in Figure 2-3. There are
three distinct regions: the laminar sublayer, turbulent core and buffer layer. In
the laminar sublayer, the fluid particles flow orderly in the axial direction. In
the turbulent core, fluid chunks move in a chaotic manner. These eddying
motions cause intense mixing of the fluid. The buffer layer serves as a transition
between the laminar sublayer and turbulent core. It is also the region in which
the mean velocity profile exhibits a logarithmic behaviour [16].

Figure 2-3: Fully developed turbulent flow in a smooth pipe [14]

The extent of the hydrodynamic entrance region depends on whether the flow is
laminar or turbulent. This in turn is determined by Reynolds number. Reynolds
number for flow in circular pipe is defined as:
𝑅𝑒𝐷 ≡

𝜌𝑢𝑚 𝐷
µ

(2-2)

where um is the mean fluid velocity, and D is the pipe diameter.
Mean fluid velocity is defined from the conservation of mass as:
𝑟

∫𝐴 𝜌𝑢(𝑟) 𝑑𝐴𝑐 ∫ 𝑜 𝜌𝑢(𝑟)2𝜋𝑟 𝑑𝑟
𝑚̇
𝑢𝑚 ≡
= 𝑐
= 0
𝜌𝐴𝑐
𝜌𝐴𝑐
𝜌𝜋𝑟𝑜 2

(2-3)

where ṁ is mass flow rate, ρ is density of fluid and Ac is the cross-section area.

14

Literature Review

Chapter 2

In a fully developed internal flow, the critical Reynolds number corresponding
to the onset of turbulence is approximately 2,300 [13]. The transition to
turbulence is likely to begin in the developing boundary layer of the
hydrodynamic entrance region. To achieve fully turbulent conditions, a much
higher Reynolds number, of approximately 10,000, is required. The above is
valid for smooth pipes.
For laminar flow (ReD ≲ 2300), the hydrodynamic entry length xfd,h can be
obtained from [13]:
(

𝑥𝑓𝑑,ℎ
)
≈ 0.05 𝑅𝑒𝐷
𝐷 𝑙𝑎𝑚

(2-4)

For turbulent flow, there is no general expression for the entry length. However,
it is found to be approximately independent of Reynolds number. As a
simplified first approximation [17]:
𝑥𝑓𝑑,ℎ
10 ≲ (
)
≲ 60
𝐷 𝑡𝑢𝑟𝑏

2.1.2.2

(2-5)

Friction Factor

Another interest in forced convective internal flow is to determine the pump
power required to sustain the flow. It depends on the pressure drop across the
length of the pipe, which may be computed by:
∆𝑝 = 𝑓

𝐿 1
2
𝜌 𝑢𝑚
𝐷ℎ 2

(2-6)

where f is friction factor, ρ is density of fluid, um is mean fluid velocity, L is the
length of pipe and Dh is hydraulic diameter of pipe. For circular pipes,
hydraulic diameter is simply the inner pipe diameter.
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Eqn. (2-6) is arises from the definition of friction factor, also known as Moody
or Darcy friction factor:
𝑓≡

−(𝑑𝑝⁄𝑑𝑥)𝐷
𝜌𝑢𝑚 2 ⁄2

(2-7)

On the other hand, friction coefficient, also known as Fanning friction factor, is
defined as:
𝐶𝑓 ≡

𝜏𝑠
𝜌𝑢𝑚 2 ⁄2

(2-8)

where τs is the surface shear stress, which is related to the surface velocity
gradient by Eqn. (2-9) for circular pipe:
𝜏𝑠 = −𝜇

𝑑𝑣𝑥
|
𝑑𝑟 𝑟=𝑟𝑜

(2-9)

where μ is dynamic viscosity of fluid.
Friction factor is related to friction coefficient by: 𝑓 = 4𝐶𝑓 . Friction factor is
more commonly used by civil and mechanical engineers, whereas the latter is
generally used by chemical engineers.

Eqn. (2-6) is usually used for cases where the flow is fully developed. Eqn. (210), on the other hand, takes into account the entrance region and computes the
total pressure drop from the pipe inlet to a certain point along the pipe. This
gives rise to the apparent friction factor, fapp. The incremental pressure defect,
K(x) represents the combined effect of wall shear and change in momentum due
to the developing velocity profile. This value increases monotonically from 0 at
the pipe entrance to a constant value K(∞) in the developed region.

∆𝑝 = 𝑓𝑎𝑝𝑝

𝐿 1
𝐿 1
1
2
2
2
𝜌 𝑢𝑚
=𝑓
𝜌 𝑢𝑚
+ 𝐾(𝑥) 𝜌 𝑢𝑚
𝐷 2
𝐷 2
2
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Figure 2-4 illustrates the variation of local friction factor along the pipe for
laminar flow. The velocity boundary layer affects surface velocity gradient
along x, which in turn affects friction factor. In the hydrodynamic entrance
region, velocity boundary layer is constantly developing with increasing x. As
the viscous effects penetrate further into the pipe centre, the layer of particles
nearer to the wall becomes increasingly impeded along x. This implies that
magnitude of surface velocity gradient decreases along x. By virtue of Eqn. (29), surface shear stress and therefore friction factor decreases along x. This
trend continues until the flow becomes fully developed. Since fully developed
velocity profile is independent of x, it follows that surface velocity gradient is
constant along x. This implies that surface shear stress and therefore local
friction factor become independent of x. The hydrodynamic entry length is
defined as the axial distance required to achieve a local friction factor of 1.05
times the fully developed friction factor, or the distance from entrance to the
point where the maximum velocity reaches 99% of the fully developed value
[18].

Figure 2-4: Velocity profiles and friction factor variation for laminar flow in a circular
tube [19]
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Figure 2-5 shows the variation of local friction factor along the pipe for
turbulent flow. Regardless of the inlet velocity, the laminar velocity boundary
layer develops first. This is followed by the transition to the turbulent boundary
layer. Similar to laminar flow, the friction factor become independent of x in the
fully developed region.

Figure 2-5: Velocity profiles and friction factor variation for turbulent flow in a circular
tube [19]

Table 2-1 shows the friction factor correlations for laminar flow. It is observed
that for laminar flow, fully developed friction factor is a function of Reynolds
number only.

Table 2-1: Darcy friction factors for laminar flow in circular pipes
Laminar
Condition
Developing and

Range and

Correlation
−1⁄2

∗
𝑓𝑎𝑝𝑝 = [13.76(𝑧ℎ𝑦
)

+

∗ −1
1.25(𝑧ℎ𝑦
)

1+

fully developed

∗ −1/2
+ 64 − 13.76(𝑧ℎ𝑦
)
]∙
−2
∗
0.00021(𝑧ℎ𝑦 )

Remarks
1
𝑅𝑒

(2-11)

Shah and London, 1978 [18]
Fully developed

𝑓=

64
𝑅𝑒𝐷

Derivation [13]

18

(2-12)

𝑅𝑒 ≤ 2,100

Literature Review

Chapter 2

For turbulent flow, however, any surface irregularity disturbs the laminar
sublayer and affects the flow. Hence, fully developed friction factor is a strong
function of surface roughness, on top of Reynolds number. For the same
Reynolds number, it is a minimum for smooth surface condition and increases
with increasing surface roughness. As illustrated in Figure 2-6, there are three
regimes of turbulent pipe flow, with different friction factor correlations for
each regime.

Figure 2-6: Regimes of turbulent pipe flow as a function of Reynolds number and relative
surface roughness [20]

Table 2-2 summarises the Darcy friction factor correlations for turbulent flow.
Alternatively, fully developed friction factor can be determined from the
Moody chart [21], which is valid for both laminar and turbulent flow, as well as
for smooth and rough pipes. Furthermore, the Moody chart is applicable to both
circular and non-circular pipes, using the definition of hydraulic diameter.
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Table 2-2: Darcy friction factors for turbulent flow in circular pipes
Turbulent Condition

Correlation
𝑓𝑎𝑝𝑝 = 𝐴 𝑅𝑒

Developing and

𝐴 = 0.3716 +

4.06448
𝑧/𝑑ℎ

𝐵 = −0.268 −

0.31930
𝑧/𝑑ℎ

fully developed,
Smooth

Remarks

𝐵

(2-13)

𝑅𝑒 < 28,000

Phillips, 1987 [22]
𝑓 = 0.316 𝑅𝑒 −1/4

3000 ≤ 𝑅𝑒 ≤ 105

Blasius, 1913 [23]

(2-14)

𝑓 = 0.184 𝑅𝑒 −1/5

Fully developed,

f depends only on Reynolds number.

First used by Taitel and Dukler [24]

Smooth

𝑓 = (0.790 ln 𝑅𝑒 − 1.64)−2
First Petukhov equation [25]

𝑅𝑒 ≥ 105
3000 ≤ 𝑅𝑒 ≤ 5 × 106

(2-15)

Single correlation valid over a large
Reynolds number range.
f depends on Reynolds number and

𝜀/𝑑ℎ
2.51
= −2log (
+
)
3.7
𝑅𝑒√𝑓
√𝑓

relative surface roughness ϵ/D, which

1

Fully developed,

(2-16)

Implicit Colebrook equation, 1939 [26]

Smooth and rough

to pipe diameter.

Also applicable in transition region.
1
√𝑓

1.11

𝜖/𝐷
≅ −1.8 lg [(
)
3.7

+

6.9
]
𝑅𝑒

Haaland equation, 1983 [21]

2.1.3

is the ratio of mean roughness height

Approximate explicit relation which
(2-17)

predicts results within 2% of those
from Colebrook equation.

Thermal Consideration

For hydrodynamic considerations, there are only two types of flow: developing
and fully developed. However, when thermal effects are considered, the type of
flow depends on when the temperature difference is introduced. As shown in
Figure 2-7(a), if the temperature difference is introduced after the flow is
hydrodynamically developed, then there are three flow regions. They are
hydrodynamically developing flow, thermally developing flow, and fully
developed flow where both the viscous and heat transfer effects apply over the
entire cross-section of the pipe. As shown in Figure 2-7(b) and Figure 2-7(c), if
the temperature difference is introduced right at the pipe entrance, then there are
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two flow regions. They are simultaneously developing flow, where the velocity
and thermal boundary layers start to develop together, and fully developed flow,
where both boundary layers are completely developed. Within the
simultaneously developing flow region, either one of the velocity and thermal
boundary layers may be fully developed first while the other is still developing,
depending on the Prandtl number.

Figure 2-7: Types of laminar flows for constant wall temperature boundary condition [14]

2.1.3.1

Thermal Boundary Layer

In forced convective internal flow, a thermal boundary layer develops when the
free stream fluid temperature differs from the surface temperature of the pipe.
An example would be cool flow into a hot pipe. When the cool fluid particles
come into direct contact with the hot surface, they reach thermal equilibrium
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with the surface and assume the surface temperature. These particles then
transfer the heat energy to the next layer of cool particles in contact with them.
This results in temperature gradients developing in the fluid. This process
continues, until the heat transfer effect becomes negligible, at a distance y = δt
from the surface.

Figure 2-8 shows the thermal boundary layer development in a heated circular
tube [13]. In the fully developed region, the temperature profile depends on the
surface condition, which may be constant temperature or constant heat flux.
This is unlike the fully developed velocity profile, which has only one no-slip
surface condition.

Figure 2-8: Thermal boundary layer development in a heated circular tube [13]

Furthermore, the fully developed temperature profile continues to change with
increasing x for both surface conditions. The relative shape of the profile,
however, remains constant along x. This can be described by the dimensionless
temperature profile, which is defined as:
𝜕 𝑇𝑠 (𝑥) − 𝑇(𝑟, 𝑥)
[
]
=0
𝜕𝑥 𝑇𝑠 (𝑥) − 𝑇𝑚 (𝑥) 𝑓𝑑,𝑡

(2-18)

where Ts is surface temperature of pipe, T is local fluid temperature, and Tm is
mean temperature of fluid over the cross-section of the tube.
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For laminar flow (ReD ≲ 2300), the thermal entry length xfd,t can be obtained
from [17]:
(

𝑥𝑓𝑑,𝑡
)
≈ 0.05 𝑅𝑒𝐷 𝑃𝑟
𝐷 𝑙𝑎𝑚

(2-19)

For turbulent flow, conditions are nearly independent of Prandtl number. As a
simplified first approximation [13]:
𝑥𝑓𝑑,𝑡
(
)
= 10
𝐷 𝑡𝑢𝑟𝑏

(2-20)

Eqn. (2-4) and Eqn. (2-19) suggest that Prandtl number is an important factor in
determining the relative growth of the velocity and thermal boundary layers. In
fact, Prandtl number can be approximated as the ratio of δ/δt, where δ and δt is
the velocity and thermal boundary layer thickness, respectively. For example,
when Pr > 1, δ > δt and xfd,h < xfd,t, as illustrated in Figure 2-9.

Figure 2-9: Velocity and thermal boundary layer development in a circular tube for Pr > 1
[21]

It is also useful to note that, for turbulent flow, the hydrodynamic and thermal
entrance lengths are much shorter than those for laminar flow. This implies that,
for turbulent flow, correlations for fully developed flow may be used to
approximate the dimensionless parameters, without the need to consider the
hydrodynamic and thermal entrance regions.
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Convective Heat Transfer Coefficient

Table 2-3 shows the approximate values of convective heat transfer coefficient
h under different flow conditions [14]. It is worthy to note that for single-phase
liquid water in conventionally-sized channels, the typical h values are at most
10 kW/m2·K. This is also supported by Figure 2-10 [27].

Table 2-3: Typical values of convective heat transfer coefficient [14]

h (W/m2·K)
Fluid
Gases
Water
Viscous oils
Liquid metals
Boiling water
Condensing water vapour

Free Convection
5-30
30-300
5-100
50-500
2,000-20,000
3,000-30,000

Forced Convection
30-300
300-10,000
30-3,000
500-20,000
3,000-100,000
3,000-200,000

Figure 2-10: Convective heat transfer coefficients for different flow configuration [27]
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The local convective heat transfer coefficient h can be found from the
knowledge of Nusselt number through the relation:
ℎ=

𝑁𝑢𝑘𝑓
𝐷

(2-21)

where kf is fluid thermal conductivity.
Nusselt number is in fact equal to the dimensionless temperature gradient at the
wall surface:
𝑁𝑢 =

𝜕𝑇 ∗
|
𝜕𝑟 ∗ 𝑟 ∗=1

(2-22)

As illustrated in Figure 2-11, the significance of Nusselt number in thermal
boundary layer is similar to that of friction factor in the velocity boundary layer.
In the thermal entrance region, thermal boundary layer is constantly developing
with increasing x. As the heat transfer effects penetrate further towards the pipe
𝜕𝑇 ∗

centre, dimensionless wall temperature gradient, ie 𝜕𝑟 ∗ |

𝑟 ∗ =1

decreases along x.

Consequently, both the Nusselt number and convective heat transfer coefficient
decrease along x. This trend continues until the flow becomes thermally fully
developed. Since, by definition, fully developed dimensionless temperature
profile is independent of x, it follows that both Nusselt number and convective
heat transfer coefficient become independent of x. The thermal entrance length
is defined as the axial distance required to achieve a local Nusselt number of
1.05 times the fully developed Nusselt number.
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Figure 2-11: Variation of friction factor and convective heat transfer coefficient with
velocity boundary layer and thermal boundary layer development for Pr > 1 [21]

Table 2-4 summarises the Nusselt number correlations for laminar flow. Unlike
fully developed friction factor which is a function of Reynolds number, fully
developed Nusselt number is simply a constant.

Table 2-5 summarises the Nusselt number correlations which are applicable to
both transitional flow and turbulent flow. Valid for constant surface temperature
and constant heat flux boundary conditions, the Nusselt number correlations
can be used to obtain estimates of convective heat transfer coefficients.

26

Literature Review

Chapter 2

Table 2-4: Local and average Nusselt numbers for laminar flow in circular pipes
Laminar Conditions

Correlation

Fully developed,

𝑁𝑢 = 3.66

constant Ts

Derivation [28]

Thermally
developing,
constant Ts
Thermally
developing,
constant Ts

̅̅̅̅
𝑁𝑢 = 3.66 +

Remarks
(2-23)

0.065𝑅𝑒 𝑃𝑟 𝐷ℎ ⁄𝐿
1 + 0.04[𝑅𝑒 𝑃𝑟 𝐷ℎ ⁄𝐿]2/3

(2-24)

𝑃𝑟 ≲ 5

(2-25)

𝑅𝑒 < 2,200

Edwards, 1979 [29]
̅̅̅̅ = 3.66 +
𝑁𝑢

0.19(𝑅𝑒 𝑃𝑟 𝐷ℎ ⁄𝐿)0.8
1 + 0.117(𝑅𝑒 𝑃𝑟 𝐷ℎ ⁄𝐿)0.467

Hausen, 1959 [30]
0.60 ≤ 𝑃𝑟 ≤ 5

developing,

𝑅𝑒𝑃𝑟𝐷 1/3 𝜇𝑏 0.14
̅̅̅̅ = 1.86 (
𝑁𝑢
)
( )
≥ 3.66
𝐿
𝜇𝑠

constant Ts

Sieder and Tate, 1936 [31]

Fully developed,

48
𝑁𝑢 =
= 4.36
11

Simultaneously

0.0044 ≤ (𝜇⁄𝜇𝑠 ) ≤ 9.75
(2-26)

Re<2200
Accounts for viscosity variation
due to temperature difference
between surface and fluid.

constant qs

(2-27)

Derivation [13]
̅̅̅̅ = 1.953(𝑅𝑒 𝑃𝑟 𝐷ℎ ⁄𝐿)1/3
𝑁𝑢

Thermally

for 𝑅𝑒 𝑃𝑟 𝐷ℎ ⁄𝐿 ≥ 33.3

developing,

̅̅̅̅ = 4.364 + 0.0722𝑅𝑒 𝑃𝑟 𝐷ℎ ⁄𝐿
𝑁𝑢

constant qs

for 𝑅𝑒 𝑃𝑟 𝐷ℎ ⁄𝐿 < 33.3
Shah and London, 1978 [18]
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Table 2-5: Average Nusselt numbers for turbulent flow in circular pipes
Turbulent Conditions

Correlation
𝑁𝑢 = 0.125 𝑓 𝑅𝑒𝐷 𝑃𝑟 1/3
Chilton–Colburn analogy [21]

Smooth and
rough pipes

Remarks

(2-29)

4/5

𝑁𝑢 = 0.023 𝑅𝑒𝐷 𝑃𝑟1/3
Colburn equation [21]

(2-30)

4/5

𝑁𝑢 = 0.023 𝑅𝑒𝐷 𝑃𝑟 𝑛
𝑛 = 0.4 𝑤ℎ𝑒𝑛 𝑇𝑠𝑢𝑟𝑓 > 𝑇𝑚𝑒𝑎𝑛 (heating)
𝑛 = 0.3 𝑤ℎ𝑒𝑛 𝑇𝑠𝑢𝑟𝑓 < 𝑇𝑚𝑒𝑎𝑛 (cooling)
Dittus–Boelter, 1930 [32]

𝜇 0.14
4/5
𝑁𝑢 = 0.027 𝑅𝑒𝐷 𝑃𝑟 1/3 ( )
𝜇𝑠
Sieder and Tate, 1936 [31]

Fully developed,
Smooth pipe

(2-31)

(2-32)

(𝑓 ⁄8) 𝑅𝑒𝐷 𝑃𝑟
1.07 + 12.7 (𝑓 ⁄8)0.5 (𝑃𝑟 2/3 − 1)
Second Petukhov equation, 1970

𝑁𝑢 =

1
(1.82 log10 𝑅𝑒 − 1.64)2
Filonenko equation, 1954 [33]

(2-33)

𝑓=

(𝑓 ⁄8) (𝑅𝑒𝐷 − 1000) 𝑃𝑟
1 + 12.7 (𝑓 ⁄8)0.5 (𝑃𝑟 2/3 − 1)
Gnielinski’s equation, 1976 [34]

𝑁𝑢 =

(2-34)

𝑓 = (0.790 ln 𝑅𝑒 − 1.64)−2
First Petukhov equation [25]

𝑁𝑢 =

(𝑓 ⁄8) (𝑅𝑒𝐷 − 1000) 𝑃𝑟
𝜇 𝑛
( )
0.5
2/3
1 + 12.7 (𝑓 ⁄8) (𝑃𝑟 − 1) 𝜇𝑠
𝑛 = 0.11 𝑤ℎ𝑒𝑛 𝑇𝑠𝑢𝑟𝑓 > 𝑇𝑚𝑒𝑎𝑛
𝑛 = 0.25 𝑤ℎ𝑒𝑛 𝑇𝑠𝑢𝑟𝑓 < 𝑇𝑚𝑒𝑎𝑛
𝑓 = (0.790 ln 𝑅𝑒 − 1.64)−2
First Petukhov equation [25]
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Fluid properties computed
using bulk mean fluid
temperature 𝑇𝑏 = 1/2(𝑇𝑖𝑛 +
𝑇𝑜𝑢𝑡 )
0.7 ≤ 𝑃𝑟 ≤ 160
𝑅𝑒 > 10,000
𝐿/𝑑ℎ ≥ 10
Substitute Blasius correlation
into Chilton–Colburn analogy
0.60 ≤ 𝑃𝑟 ≤ 160
𝑅𝑒 ≥ 10,000
𝐿/𝑑ℎ ≥ 10
Improved version of Colburn
equation
0.7 ≤ 𝑃𝑟 ≤ 16,700
𝑅𝑒 ≥ 10,000
𝐿/𝑑ℎ ≥ 10
Accounts
for
viscosity
variation
due
to
large
temperature
difference
between surface and fluid.
Properties are evaluated at Tb
except μs, which is evaluated
at Ts
1 ≤ 𝑃𝑟 ≤ 2000
104 < 𝑅𝑒𝐷 < 5 × 105
Slightly
complex
and
applicable for a smaller range,
but improves accuracy to less
than 10% error.
1 ≤ 𝑃𝑟 ≤ 106
2300 ≤ 𝑅𝑒 ≤ 5 × 106
𝐿/𝑑ℎ ≥ 10
Improves accuracy of second
Petukhov equation at lower
Reynolds number
Generally
preferred
in
calculations
Fluid properties are evaluated
at Tb.
𝜇
1 ≤ ( ) ≤ 40
𝜇𝑠
0.5 ≤ 𝑃𝑟 ≤ 140

(2-35)
3000 ≤ 𝑅𝑒 ≤ 5 × 106
Accounts for variation in fluid
properties
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Classical Theory for Concentric Annular Channel

The concentric annular channel is generally quantified by:
𝑟∗ =

𝑟𝑖
𝑟𝑜

(2-36)

In this study, where the 19.4 mm insert is slotted into a 20 mm channel, r*=
0.97. One limiting case of the annular channel is the flat duct, where r*= 1. The
other is the circular pipe with an infinitesimal core at the centre, where r*=0.
For brevity, the concentric annular channel is henceforth referred to as annular
channel.

The hydraulic diameter is 0.6 mm in this study, using Eqn. (2-37):
𝐷ℎ = 𝐷𝑜 − 𝐷𝑖

2.2.1

(2-37)

Hydrodynamic Consideration

Fully developed laminar velocity profile for concentric annular channel is given
by [14]:
𝑢(𝑟) = −

1 𝑑𝑝
𝑟 2
𝑟
( ) 𝑟𝑜 2 [1 − ( ) + 2𝑟𝑚∗ 2 ln ( ) ]
4𝜇 𝑑𝑥
𝑟𝑜
𝑟𝑜

(2-38)

1/2

𝑟𝑚∗

𝑟𝑚
1 − 𝑟 ∗2
=
=(
)
𝑟𝑜
2 ln(1/𝑟 ∗ )

(2-39)

Here, rm refers to the radius where maximum velocity occurs (𝜕𝑢/𝜕𝑟 = 0).
The mean fluid velocity can be found by:

𝑢𝑚 = −

1 𝑑𝑝
( ) 𝑟𝑜 2 (1 + 𝑟 ∗ 2 − 2𝑟𝑚∗ 2 )
8𝜇 𝑑𝑥
29

(2-40)
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The circumferentially averaged fully developed friction factor for laminar flow
is:
𝑓𝑅𝑒 =

64(1 − 𝑟 ∗ )2
1 + 𝑟 ∗ 2 − 2𝑟𝑚∗ 2

(2-41)

Also known as the Poiseuille number, 𝑓𝑅𝑒 equals to 64 in the case of a circular
channel (r*=0).
The circumferentially averaged fully developed friction factor is related by Eqn.
(2-42) to fully developed friction factor at the inner and outer wall. The latter
are given by Eqn. (2-43) and Eqn. (2-44) respectively.

𝑓=

𝑓𝑖 𝑟𝑖 + 𝑓𝑜 𝑟𝑜
𝑟𝑖 + 𝑟𝑜

(2-42)

4 𝑑𝑝 𝐷ℎ 𝑟𝑚2 − 𝑟𝑖2
𝑓𝑖 𝑅𝑒 = − ( )
(
)
𝜇 𝑑𝑥 𝑢𝑚
𝑟𝑖

(2-43)

4 𝑑𝑝 𝐷ℎ 𝑟𝑜2 − 𝑟𝑚2
𝑓𝑜 𝑅𝑒 = − ( )
(
)
𝜇 𝑑𝑥 𝑢𝑚
𝑟𝑜

(2-44)

The hydrodynamic entrance lengths for laminar flow in annular channels of
various r* are reviewed by Shah and London [18]. The dimensionless
hydrodynamic entrance length for r* = 0.97 is given by:
(

𝑥𝑓𝑑,ℎ
)
≈ 0.0108
𝐷ℎ 𝑅𝑒 𝑙𝑎𝑚

(2-45)

Reynolds number for annular channel terms of mass flow rate:
𝑅𝑒 =

𝑚̇ 𝐷ℎ
4𝑚̇
=
𝐴𝑐 µ 𝜋(𝐷𝑜 + 𝐷𝑖 )µ

(2-46)

𝐷ℎ = 𝐷𝑜 − 𝐷𝑖

(2-47)

𝐴𝑐 =

𝜋
(𝐷𝑜 2 − 𝐷𝑖 2 )
4
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The Poiseuille number correlations for concentric annular pipes with r* ≳ 0.4
∗
are virtually the same as those for parallel plates even up to 𝑧ℎ𝑦
= 0.1 [18]. In
∗
the present study, r* = 0.97 and the largest 𝑧ℎ𝑦
= 0.04. Therefore, Poiseuille

number for laminar flow in parallel plates is used as a reference. Table 2-6
shows the friction factor correlation for laminar flow in parallel plates. The
critical Reynolds number corresponding to laminar-to-turbulent transition for
parallel plates ranges between 2,200 and 3,400 [14].

Table 2-6: Darcy friction factor for laminar flow in parallel plates
Laminar
Condition

Correlation

Developing and
fully developed

𝑓𝑎𝑝𝑝 𝑅𝑒 =

13.76
∗ 1⁄2
(𝑧ℎ𝑦
)

−1

+

∗
0.674(𝑧ℎ𝑦
)

Remarks

∗
+ 96 − 13.76(𝑧ℎ𝑦
)
−2

∗
1 + 0.000029(𝑧ℎ𝑦
)

Shah and London, 1978 [35]

2.2.2

𝑧
𝐷ℎ 𝑅𝑒
Reference for
the annular
channel in the
present study
∗
𝑧ℎ𝑦
=

−1/2

(2-49)

Thermal Consideration

The thermal entrance lengths for laminar flow in annular channels of various r*
are also reviewed by Shah and London [18]. The dimensionless thermal
entrance length for r* = 0.97 is given by:
𝑥𝑓𝑑,𝑡
(
)
≈ 0.04101
𝐷ℎ 𝑅𝑒𝑃𝑟 𝑙𝑎𝑚

(2-50)

Table 2-7 shows the Nusselt number correlation for laminar flow in parallel
plates.
Table 2-7: Average Nusselt number for laminar flow in parallel plates
Laminar Condition

Thermally
developing,
constant qs

Correlation
̅̅̅̅ = 2.236(𝑅𝑒𝑃𝑟 𝐷ℎ ⁄𝐿)1/3
𝑁𝑢
for 𝑅𝑒𝑃𝑟 𝐷ℎ ⁄𝐿 ≥ 1000
̅̅̅̅ = 2.236(𝑅𝑒𝑃𝑟 𝐷ℎ ⁄𝐿)1/3 + 0.9
𝑁𝑢
for 100 < 𝑅𝑒𝑃𝑟 𝐷ℎ ⁄𝐿 < 1000
̅̅̅̅ = 8.235 + 0.0364𝑅𝑒𝑃𝑟 𝐷ℎ ⁄𝐿
𝑁𝑢
for 𝑅𝑒𝑃𝑟 𝐷ℎ ⁄𝐿 ≤ 100
Shah and London, 1978 [18]

31

Remarks

(2-51)

𝑅𝑒 < 2,200
Reference for the annular channel
in the present study

Literature Review

2.3

Chapter 2

Enhanced Heat Transfer in Single-Phase Microchannels

Microscale passages are commonly observed in nature, such as the lungs and
kidneys in living beings. The improved efficiency of the transport processes is
due to the increased area-to-volume ratio of the microscale passages. Following
the advancement of the electronics industry in the 20th century, the scientific
community underwent a paradigm shift from macroscale to microscale systems.
Tuckerman and Pease [1] ignited interest in this research topic in 1981 when
they displayed the capability of microchannels with hydraulic diameter of about
100 µm to remove a heat flux of up to about 790 W/cm2. Subsequently, the
research efforts emphasised on a fundamental understanding of the microscale
heat transfer and fluid flow phenomena, as well as the design and
implementation of microchannel cooling [36]. The key benefits of microscale
cooling include more compact practical devices, as well as low unit costs of
microfluidic structures during large-scale production [2].

With the growing interest in miniaturisation, the question of defining it arises.
In 2002, Kandlikar [37] proposed that conventional channels scale above 3 mm,
minichannel dimensions scale between 200 µm and 3 mm, and microchannel
dimensions scale between 10 and 200 µm. Nonetheless, many researchers
broadly classify microchannel dimensions between 1 µm and 1 mm [3,4],
simply less than 1 mm [5,6]. Hence, the present study adopts the generallyaccepted classification of ≤ 1 mm as the definition of microchannel dimension.

Microchannel cooling generally involves two-phase flow boiling, as well as
single-phase liquid cooling in copper or silicon micro geometry [7]. While twophase flow boiling appears to be a good choice in fulfilling the projected
demand of 1000 W/cm2 in advanced electronic cooling applications,
considering the higher transport efficiency, the primary challenge to the
practical implementation of evaporative microscale heat exchangers lies in flow
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boiling instabilities [8]. On the other hand, there is great potential for singlephase liquid flow with heat transfer enhancement features to achieve
comparable cooling performance to two-phase flow systems, and yet avoids the
complexity and high pumping power requirement of the latter [9,38]. The first
successful implementation of enhanced heat transfer in microchannels was by
Kishimoto and Sasaki [10] in 1987.

2.3.1

Passive Heat Transfer Enhancement Mechanisms

According to Bergles et al. [39] in 1996, the heat transfer enhancement
techniques for single-phase liquid flow can be classified into two categories:
passive and active. Since the passive techniques do not require any external
power, they are preferred in many engineering applications [40]. The passive
techniques include flow disruption, secondary flows, channel curvature, surface
treatments, and entrance effects. Their applications in conventional channels
and microchannels have been summarised by Steinke and Kandlikar [9] in 2004.
Other good reviews are by Balaras [41] and Bergles [42]. It is clear that
research effort is being directed towards the microscale channels, since Balaras
mentioned only 1 paper on microchannel in 1990, while Bergles mentioned at
least 4 papers in 2011.

For passive techniques applied in conventional channels, three possible heat
transfer enhancement mechanisms have been proposed by Tao et al. [43] in
2002. They include decreasing the thermal boundary layer, increasing flow
interruptions, and increasing velocity gradient near the heated surface.

For microscale channels, the re-developing thermal boundary layer concept to
enhance heat transfer has been experimentally verified by Xu et al. [44] in 2005.
The study was conducted using single-phase deionised water as working fluid,
with Reynolds number between 100 and 2,000, and heat flux of up to 100
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W/cm2. The results show that the 155 µm triangular channels can increase
Nusselt number by 26% relative to the channel without transverse passages.
Furthermore, the study found that enhanced liquid mixing in the transverse
microchannels promotes earlier laminar-to-turbulent flow transition, at critical
Reynolds number of 1,000–1,100. The same concept was subsequently
numerically verified by Xu et al. [45] in 2008.

A similar attempt to re-initialise the boundary layers through the use of oblique
fins in microchannels is carried out by Lee et al. [46] in 2015. Using deionised
water, with Reynolds number between 180 and 680, the study yielded a
maximum heat transfer enhancement of 47% at Reynolds number of 680. In the
same year, Deng et al. [47] developed a unique re-entrant microchannel heat
sink with a hydraulic diameter of 781 µm. Using deionised water, with
Reynolds number between 150 and 1,100, the study concluded that the use of
reentrant microchannels can increase Nusselt number by up to 39%, as
compared to rectangular microchannels. The heat transfer enhancement is due
in part to the disruption of thermal boundary layer development, as well as
intensification of fluid mixing in the core section.
In 2010, Sui et al. [48] proposed to use sinusoidal channels instead of straight
channels, to improve the performance of the microchannel heat sinks. The core
idea is that when liquid flows through curved passages at sufficiently high
Reynolds numbers, secondary flows may be generated due to centrifugal forces.
Also known as Dean vortices, this form of secondary flow improves fluid
mixing, which is essential to achieve significant convective heat transfer. In
2011, Sui et al. [49] experimentally verified this concept using deionised water,
with Reynolds number between 300 to 800, using an average heat flux of 50
W/cm2. The results show that the enhancement in Nusselt number exceeds the
increment in friction factor when wavy channels are used over straight channels.
This heat transfer enhancement mechanism has also been demonstrated by other
researchers [50–53].
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Performance Indicators

The enhanced heat transfer offered by microchannels is often accompanied by
an undesirable increase in pumping power requirement. Over time as this
research topic becomes well-established, there arises the need to devise a
performance factor to compare the heat transfer augmentation techniques across
the field. In 1971, Webb and Eckert [54] developed a set of equations to define
the performance advantage of roughened tubes in heat exchanger design, over
smooth tubes of equal diameter. Three design objectives are considered, namely
to obtain: 1) reduced heat transfer surface area for equal heat exchange capacity
and friction power, 2) increased heat exchange capacity for equal heat transfer
surface area and friction power and 3) reduced friction power expenditure for
equal heat exchange capacity and heat transfer surface area.

A good example of the procedure to use the three performance equations in heat
exchanger applications is demonstrated by Gee and Webb [55]. First,
experiments are conducted to determine friction factor and Stanton number data
for the smooth tube. Next, the friction factor and Stanton number data for the
rough tube are experimentally obtained. Then, the three performance equations
can be computed from the aforementioned parameters, since each equation is
but an explicit function of these parameters. The results show that the helically
rib-roughened tubes using air as working fluid can reduce heat exchange
surface area by about 25%, increase heat transfer capacity by about 27%, and
reduce pumping power by about 50%.

Of particular interest to many researchers is perhaps the second design objective,
which is the increased heat exchange capacity for equal heat transfer surface
area and friction power. In 2003, Ligrani, Oliveira and Blaskovich [56]
reviewed a series of heat transfer augmentation techniques for internal cooling
of turbine airfoils using air as working fluid. They include rib turbulators, pin
fins, swirl chambers, dimpled surfaces and surface roughness. The thermo35
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hydraulic performance factor was used as a form of performance evaluation
over smooth-walled channels. The results show that, for active techniques, the
highest thermo-hydraulic performance is achieved by swirl chambers, which
can increase heat transfer capacity by up to 150%. For passive techniques, the
highest

thermo-hydraulic performance is

achieved by dimple-smooth

arrangements, which can increase heat transfer capacity by up to 140%. On the
other hand, the lowest performance is by pin fins, which can perform worse
than the smooth channel. There are other similar studies using air as working
fluid [57–59].

In 2014, Kathait and Patil [60] conducted a study using water as working fluid,
and evaluated the thermo-hydraulic performance of discrete corrugated rib
roughened tube relative to smooth tube. The study reported a thermo-hydraulic
performance of 95% at Reynolds number of 7,500. Since the study is focused
on a macro-scale heat exchanger, the Reynolds number ranges from 7,500 to
50,000.

In 2016, Marschewski et al. [61] investigated the thermo-hydraulic performance
of herringbone-grooved microchannels over plain microchannels, with
Reynolds number range of 190-510. Using water as working fluid, a thermohydraulic performance of about 120% is reported at Reynolds number of 350.
The microfluidic test devices consisting of dry etched microchannels are
fabricated by a series of microelectromechanical systems (MEMS) and
integrated circuit (IC) standard fabrication processes in a class 100/1000
cleanroom.
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Overview of Studies on Microchannels

An extensive amount of work has been conducted on single-phase liquid flow
in microchannels, and many review papers have been published to date. In 2014,
Asadi et al. [62] excellently reviewed 219 articles on both single-phase and
two-phase flow in microchannels. The review noted that studies from late 1980s
to early 2000s were largely based on experimental approaches, and there were
large discrepancies between analytical and experimental results. On the other
hand, more recent studies in the past decade used numerical simulations, and
correlations were considerably more accurate. Other good reviews are by
Sobhan and Garimella [63] in 2001 and Morini [3] in 2004, who reviewed 71
and 90 articles respectively. Notably, Obot [6] quantitatively demonstrated in
2002 that conventional correlations can be used to predict the heat transfer and
flow behaviour in microchannels within the accuracy of experimental errors.

In the review by Asadi et al. [62], there is reasonable agreement for friction
factor among many studies [64–68] for the laminar flow regime. The studies
also show that the experimental friction factor agrees with classical predictions,
and microchannel roughness has no effect [64,66,67,69]. In the turbulent
regime, however, there is significant deviation between Wu and Little [70] and
Yang et al [71], possibly due to the use of different working fluids. In addition,
many studies report that the experimental friction factor is lower than the
Blasius prediction [64,68,71–75]. In the review by Celata [76] in 2004, the open
literature suggests general disagreement among the researchers, with the
reported experimental friction factor being higher, lower or similar to classical
predictions.

In terms of heat transfer, there is a considerable amount of studies with
contradictory conclusions [62]. On one hand, there are studies which found that
the experimental Nusselt number is lower than classical predictions [77–82].
On the other hand, there are studies which found that the experimental Nusselt
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number is higher than classical predictions [70,74,83–87]. There are also
studies which agree with classical predictions for laminar and turbulent flow
regimes [88–94].

A summary of selected studies from the early 1990s to early 2000s is presented
in Table 2-8. The focus is on comparing the experimental results with classical
predictions, using single-phase water as working fluid. The classical predictions
include Poiseuille number and Blasius correlation for friction factor, and
Hausen and Dittus-Boelter correlations for Nusselt number.

Table 2-8: Selected studies from the 1990s to early 2000s on single-phase flow in
microchannels

Study
Year Dh (µm)
Re range
Wang and Peng [81]
1994
311-747
80-3600
Peng et al. [95]
1994
133-367
50-4000
Yu et al. [72]
1995
19-102
250-20 000
Harms et al. [91]
1999 404-1923 173-12900
Qu et al. [96]
2000
51-169
6.2-1447
Qu et al. [80]
2000
62-169
94-1491
Xu et al. [97]
2000
30-344
20-4000
Jiang et al. [98]
2001
300
50-3000
Gao et al. [82]
2002 199-1923
100-8000
Qu and Mudawar [89]
2002
349
139-1672
Judy et al. [99]
2002
15-150
8–2300
Bucci et al. [93]
2003
290
2-5272
Liu and Garimella [100] 2004
244-974
230-6500
≈ : Experimental results agree with classical predictions
> : Experimental results are higher than classical predictions
< : Experimental results are lower than classical predictions
NA : Not applicable
ID : Insufficient data

f
NA
>
<
≈
>
NA
≈
>
≈
≈
≈
≈
≈

Nu
<
<
>
≈
NA
<
NA
>
<
≈
NA
≈
NA

Critical Re
1000-1500
200-700
ID
1500
ID
ID
1500
600
≈
≈
≈
≈
≈

In studies where the experimental results deviate from classical predictions, the
researchers proposed correlations for the friction factor and Nusselt number.
Table 2-9 presents some proposed correlations from selected studies, with the
focus on water as working fluid.
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Table 2-9: Proposed correlations from selected studies for single-phase flow in
microchannels

Study
Peng et al. [95]

Wang and Peng [81]
Peng et al. [101]

Adams et al. [86]

Nguyen et al. [102]
Jiang et al. [98]

Friction factor / Nusselt number correlation
Laminar: 𝑓 = 𝐶𝑓;𝑙 /𝑅𝑒 1.98
Turbulent: 𝑓 = 𝐶𝑓;𝑡 /𝑅𝑒 1.72
where 𝐶𝑓;𝑙 and 𝐶𝑓;𝑡 are constants
𝑁𝑢 = 0.00805𝑅𝑒 4/5 𝑃𝑟1/3
Re>1500
Laminar: 𝑁𝑢 = 𝐶ℎ;𝑙 𝑅𝑒 0.62 𝑃𝑟1/3
Turbulent:𝑁𝑢 = 𝐶ℎ;𝑡 𝑅𝑒 0.8 𝑃𝑟1/3
where 𝐶ℎ;𝑙 and 𝐶ℎ;𝑡 are constants
𝑁𝑢 = 𝑁𝑢𝐺𝑛 (1 + 𝐹)
𝐹 = 𝐶𝑅𝑒[1 − (𝐷/𝐷𝑜 )2 ]
where 𝐶 and 𝐷𝑜 are constants
𝑁𝑢𝐺𝑛 refers to Gnielinski correlation
Laminar: 𝑁𝑢 = 8.39𝑅𝑒 0.5 − 1.33𝑅𝑒 2/3
Turbulent: 𝑁𝑢 = 4.73𝑅𝑒 0.5 − 0.22𝑅𝑒 2/3
𝑁𝑢 = 0.52(𝑋 + )−0.62 for 𝑋 + < 0.05
𝑁𝑢 = 2.02(𝑋 + )−0.31 for 𝑋 + > 0.05
where 𝑋 + = 𝑅𝑒𝑃𝑟 𝐷ℎ ⁄𝐿

In the attempt to resolve the discrepancy among the earlier microchannel
studies, Wu and Cheng [90] proposed in 2003 that surface roughness may affect
the heat transfer in microchannels. In that same year, Guo and Li [103]
suggested surface roughness, axial conduction, and measurement errors as
possible reasons. In 2004, Steinke and Kandlikar [104] noted that it is important
to apply property correction factors, due to the steep temperature gradient in
microchannels. In 2005, Lee et al. [105] noted that careful attention should be
given to the boundary conditions applied during the experiments. In 2006,
Steinke and Kandlikar [106] proposed entrance region effects, entrance and exit
losses, and experimental uncertainties as possible reasons. In summary, the
discrepancies among earlier studies have been fairly resolved, and studies from
2002 onwards have presented experimental data verifying the applicability of
the continuum theory to microchannel flows.
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Laminar-to-turbulent Flow Transition

As indicated in Table 2-8, earlier studies from 1994 to 2001 on microchannels
report early laminar-to-turbulent flow transition, at Reynolds number less than
1500 [81,91,95,97,98]. In addition, Mala and Li [107] observed that there is an
early laminar-to-turbulent flow transition at Re≈300–900, and the flow changes
to fully developed turbulent flow at Re≥1000–1500. However, many studies in
2002 and 2003 report no early transition at Re<2000 [73,82,89,93,99,108]. In
particular, Sharp and Adrian [109] confirmed in 2004 that the transition to
turbulent flow occurs at approximately the same Reynolds numbers as in
macroscale channels.

In 2004, Morini [3] reviewed a large number of articles on the laminar-toturbulent transition in microchannels. For a quick overview, the critical
Reynolds number ranges in the review paper are extracted and presented in
Figure 2-12. The studies taken as references include the work of Wang and
Peng [81], Yu et al. [72], Gui and Scaringe [110], Peng and Peterson [111],
Nguyen et al. [102], Harms et al. [91], Mala and Li [107], Ding et al. [112],
Celata et al. [108], Yang et al. [71], Pfund et al. [113], Debray et al. [114], Jiang
et al. [98], Gao et al. [82], Hegab et al. [115] and Bucci et al. [93].
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Figure 2-12: Critical Reynolds number ranges for single-phase liquid flow in
microchannels

According to Schlichting [116], flow characteristics can be easily observed in
the log-log Moody chart. Here, the flow characteristics refer to the laminar,
laminar-to-turbulent, and turbulent flow regimes. The laminar-to-turbulent flow
transition region is characterised by the indefiniteness of the data when f is
plotted against Reynolds number. In his 2004 review, Celata [76] presented two
graphs from Bucci et al. [93], which clearly indicates the change in flow and
heat transfer behaviour with Reynolds number. The graphs are illustrated in
Figure 2-13 and Figure 2-14 respectively. The three flow regimes can then be
easily identified from the change in data pattern.
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Figure 2-13: Flow regimes observed from friction factor data [93]

Figure 2-14: Flow regimes observed from Nusselt number data [93]

It is also observed from Figure 2-13 that, for comparison with classical theory,
the friction factor is compared with the Hagen-Poiseuille prediction for laminar
flow, and the Colebrook and Blasius predictions for turbulent flow. From
Figure 2-14, the Nusselt number is compared with the Hausen predictions for
laminar flow, and the Dittus Boelter, Gnielinski and Adams predictions for
turbulent flow.
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In order to accurately determine the Reynolds number range for flow transition,
it is useful to compare both the friction factor and Nusselt number data on the
same graph. Figure 2-15 shows a sample graph extracted from a study by Celata
[108] in 2002. It is clear that both data plots agree on the same Reynolds
number range for flow transition.

Figure 2-15: Identification of flow transition from the flow and heat transfer behaviour
[108]

Interestingly, Bejan [117] showed that the phenomena of laminar-to-turbulent
flow transition are manifestations of the Constructal theory [118–120]. The
natural choice between laminar and turbulent flow is the one which facilitates
the transfer of momentum and heat between the fast and slow fluid layers. In
addition, two scaling laws have been proposed to universally characterise
laminar-to-turbulent flow transition.
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Biomimicry

Biomimicry can be broadly defined as the process of studying and imitating
time-tested systems in nature to solve complex human problems in a sustainable
way. The word is derived from two Greek words: bios and mimesis. The former
means ‘life’ and the latter means ‘to imitate’. This revolutionary science was
first published in 1997 by Benyus [121]. As opposed to Bio-utilisation, such as
using natural resources to produce goods for human consumption, and Bioassisted technology, such as using bacteria to clean water, biomimicry looks to
nature as a mentor. In other words, it is based not on extracting from nature, but
rather, observing and learning from nature in order to innovate responsibly and
sustainably. The core idea is that the most sustainable and efficient systems are
found in life forms that have been evolving and adapting to changing conditions
for more than 3.8 billion years to date. As the human knowledge reaches a
bottleneck, it is humbling to accept that mankind is but a part of nature, and that
the only real sustainable model that has passed the test of time is the natural
world.
One famous example of biomimicry is Velcro, of which the design was inspired
by burrs of the burdock plant. In 1941, the Swiss engineer George de Mestral
was removing the burrs his dog picked up on a walk, when he realised how the
hooks of the burrs clung to the dog’s fur. His realisation thus led to the
invention of Velcro [122]. Another good example is the Shinkansen bullet train
in Japan, of which the streamlined forefront is modelled after the kingfisher’s
beak, by the engineer Eiji Nakatsu. The train now travels with 30% less noise,
15% less electricity and is 10% faster [123].
In recent years, researchers are becoming increasingly interested in the area of
biomimicry. Founded in 2006, the journal ‘Bioinspiration & Biomimetics’ has
been publishing interdisciplinary research which connects biology and
engineering. The most influential papers include constructing a bio-robotic fin
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based on the pectoral fin function in fishes [124], implementing a
hydrodynamic imaging system in man-made underwater vehicles that emulate
fish sensing [125], constructing a soft-bodied rolling robot that mimics the
rolling locomotion of caterpillars [126], as well as increasing the efficiency of
thin film solar cells using an anti-reflection coating with surface microprotuberances similar to those in moth eye facets [127].
In the area of tribology, Greiner and Schäfer [128] developed laser-created
textures inspired by scales found on the skin of snakes and certain lizards. Their
study showed that this bio-inspired surface morphology is able to reduce dry
sliding friction forces by more than 40%. This would have significant impact on
all tribological contacts which cannot be lubricated, such as those in a vacuum
environment.
In the area of biomaterials, defined as materials used in medical devices,
Huebsch and Mooney [129] reviewed the evolution of biomaterials over the
past 30 years. In the discussion of future trends, they recognised that
understanding the way in which complex dynamic behaviours are achieved in
nature may result in the design of new materials which exhibit currently
unavailable properties. Furthermore, learning from the cyclic system of plants
may significantly diminish the costs and environmental impacts of
manufacturing in the chemical and material industries.
In the area of thermal sciences, Chang, Liou and Lu [130] proposed the use of
scale-roughened walls as a passive heat transfer enhancement technique. An
experimental investigation was conducted, using dry air, on a rectangular
channel roughened by scaled surfaces on two opposite walls. The study
reported higher thermo-hydraulic performance in the forward flow direction, for
Reynolds number above 10,000. The aforementioned “forward flow direction”
is analogous to the flow direction for the Inverted Fish Scale profile in the
present study.
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In 2013, Deshpande, Goh, Goossens and Javdani [131] proposed the use of
biomimicry to achieve a carbon-neutral Dover, UK, in the effort to develop
coastal eco-cities. This was published as Volume 4 of the LRF Collegium 2013
Series, of which the authors include the present author. As a result of this
commitment, the present author has a keen interest in biomimicry, and seeks to
employ this revolutionary science to enhance the microscale heat transfer in
macro geometry.

2.5

Research Gaps

While exceptional heat transfer rates are well associated with microchannels,
microchannel cooling has yet to be implemented on a large-scale basis in the
industry. The main challenges lie in the complex and non-economical nature of
microfabrication processes, which include microelectromechanical systems
(MEMS), photolithographic-based processes and X-ray micromachining [3].
These microfabrication processes, including the tolerances and compatibility of
material, have been reviewed [132].

In view of this, Kong and Ooi [11] developed a system for microscale heat
transfer in macro geometry in 2013. By securing a conventionally-sized
cylindrical insert concentrically within a conventionally-sized circular channel,
an annular microchannel can be created. Using water as working fluid, their
study reported heat transfer coefficient values of at least 20 kW/m2·K at
Reynolds number of 5,200, for a microchannel gap of 300 µm. This
demonstrates the feasibility of combining two macro geometries to achieve heat
transfer effects comparable to that of typical microchannels. This approach is
relatively simple and less costly since the macro geometries can be fabricated
using conventional machining processes, such as turning, drilling and milling.
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Moving forward, the macro geometry readily presents itself as a suitable means
of implementing passive heat transfer enhancement techniques. For example,
surface modifications can be introduced on the insert to influence the flow
pattern, thereby enhancing heat transfer. There currently exists no configuration
for enhanced microscale heat transfer in macro geometry, of which the
geometrical enhancement profile is completely quantified in the proposed
working correlations to evaluate the heat transfer and pressure drop for practical
applications.

To address this research gap, the present Ph.D. research study aims to develop a
novel nature-inspired configuration to enhance the microscale heat transfer in
macro geometry using conventional machining processes, and formulate
working correlations for the average Nusselt number and friction factor. The
nature-inspired geometrical enhancement profiles are designed to be simple,
such that their geometries are mathematically quantifiable in the correlations
and can be machined conventionally.

The literature search also shows that the microscale heat exchanger devices are
currently still in the initial development stage. There is a growing interest in this
area in the past decade, as seen by the emergence of several commercial
providers [8]. The main applications include electronics cooling, heat exchanger
in offshore facilities and the automotive and aerospace industries. While high
heat transfer, compactness and low fluid pressure drop are critical in electronics
cooling, the design objectives for offshore heat exchangers are high heat
transfer at high pressures and temperatures, along with low susceptibility to
fouling and corrosion. In other words, the pressure drop is of less importance.
Hence, the design objectives vary according to the practical applications.
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In general, microchannels are created directly on the material surfaces, and only
come with a rigid pattern for each fabricated microchannel. On the other hand,
the proposed configuration for enhanced microscale heat transfer in macro
geometry has the potential to offer a one-size-fits-all solution to the different
design objectives, since the insert can be easily removed and assembled into the
test module. Hence, different insert enhancement profiles can be used to meet
the different design objectives, enhancing the versatility of the system.

It is hoped that the present Ph.D. work would eventually result in a large-scale
implementation of conventionally-sized heat exchangers employing microscale
passages.
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This chapter explains the research methodology used in the present study. The
first section describes how the enhanced microscale heat transfer is achieved in
macro geometry. The second and third sections detail the selection of
independent and dependent parameters, respectively. The independent
variables include the microchannel profile, Reynolds number and heat flux. The
dependent variables include both thermal and hydrodynamic considerations.
For thermal consideration, convective heat transfer coefficient and Nusselt
number are determined. For hydrodynamic consideration, pressure drop and
friction factor are determined. More importantly, the thermo-hydraulic
performance, which represents the increased heat transfer capacity for equal
heat transfer surface area and pumping power, is also computed.

3.1

Model Description

The 300 µm annular microchannel is created by securing a cylindrical insert
within a circular channel, as shown in Figure 3-1. Both the insert and the
circular channel are of macro scale, where the insert outer diameter and channel
inner diameter are 19.4 mm and 20 mm, respectively. While the hydraulic
diameter is 600 µm, a gap size of 300 µm is used to describe the annular
microchannel. This follows the convention in parallel plates, in view that a
sufficiently narrow annular channel exhibits similar flow characteristics to the
flow in parallel plates [18].
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Figure 3-1: Annular microscale passage in macro geometry

In this study, three series of geometrical profiles are introduced on the outer
surface of the insert, to investigate their effects on the heat transfer and flow
characteristics of the microchannel. The three series are Inverted Fish Scale
(IFS), Fish Scale (FS) and Durian (D) profile, respectively. The Plain profile
with no protrusion is used as the benchmark for comparison. The insert profiles
are shown in Figure 3-2.

Figure 3-2: Insert profiles for enhancement
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The enhancement profiles are designed based on inspiration from nature, as
illustrated in Figure 3-3. First, the Inverted Fish Scale profile is conceptualised
in view that fishes are naturally streamlined to minimise flow disturbance when
they swim forward. However, flow disturbances are imperative to enhance heat
transfer. Therefore, the scaly profile is arranged to oppose the flow direction so
as to cause maximum flow disruption, hence the name “Inverted” Fish Scale.
Second, in view that the penalty for heat transfer enhancement is the
accompanying high friction losses, the Fish Scale profile is also investigated for
its streamlined flow characteristics. Third, the durian, being regarded as the
king of fruits in Southeast Asia, is distinctive for its thorn-covered husk. In fact,
its name is derived from ‘duri’, which means ‘thorn’ in the Malay and
Indonesian languages. The copious pointed protuberances of the durian husk
have the potential to cause flow disturbances and enhance the heat transfer.

Figure 3-3: Nature-inspired insert profiles
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Although the proposed geometries are three-dimensional in their natural forms,
the insert profiles adopted in the present study are all designed to have full
rotational symmetry about the longitudinal axis. By removing one degree of
freedom, the machining process can be significantly simplified. Consequently,
the inserts can be fabricated using conventional machining processes, such as
Computer Numerical Control (CNC) profile turning.

The insert is secured within the circular channel by means of two insert holders
at each end of the insert, as shown in Figure 3-4. Water is driven through the
annular microchannel by a pump. Heat is supplied to the water via the inner
surface of the circular channel. In other words, the heat transfer surface area is
constant. Therefore, by virtue of Newton’s law of cooling, the heat transfer rate
is improved by increasing the heat transfer coefficient of the fluid flow. This is
achieved using the inserts of various enhancement profiles, which influence the
flow pattern and cause thinning of the velocity and thermal boundary layers.

Figure 3-4: Schematic diagram of test module
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A total of 22 microchannel profiles are being tested, which include 7 profiles
each for the three nature-inspired enhanced Inverted Fish Scale (IFS), Fish
Scale (FS) and thorny Durian (D) microchannel series, along with the Plain
microchannel. The Plain microchannel with no protrusion is used as the
benchmark for comparison. For fair comparison, the insert volume is designed
to be the same across all the series, with a mean diameter of 19.4 mm. This
means that the mean microchannel gap size of 0.3 mm, and therefore the
volume of fluid passing through the microchannel for a particular flow rate, is
fixed across all the series throughout the study. The microchannel profiles are
illustrated in Figure 3-5 for the ease of understanding.

Figure 3-5: Geometrical parameters for the IFS, FS, D and Plain profile (top to bottom)
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Within each nature-inspired enhanced microchannel series, the effects of two
geometrical ratios are studied. They are the ratio of scale/thorn height (e) to
mean channel height (H), and ratio of scale/thorn pitch (P) to scale/thorn height
(e). The e/H ratio study includes 0.1, 0.3, 0.5 and 0.7, at constant P/e ratio of 10.
The P/e ratio study includes 5, 10, 15 and 20, at constant e/H ratio of 0.5. H
represents the mean channel height, which is fixed at 0.3mm in the whole study.
A total of 22 insert profiles are used, as listed in Table 3-1. The naming
convention of the inserts is as follows: (series)_(scale/thorn height in mm)(scale/thorn pitch in mm).
Table 3-1: 22 microchannel profiles

Plain

IFS Series
IFS_e0.03-P0.3
IFS_e0.09-P0.9
IFS_e0.15-P1.5
IFS_e0.21-P2.1
IFS_e0.15-P0.75
IFS_e0.15-P2.25
IFS_e0.15-P3.00

FS series
FS_e0.03-P0.3
FS_e0.09-P0.9
FS_e0.15-P1.5
FS_e0.21-P2.1
FS_e0.15-P0.75
FS_e0.15-P2.25
FS_e0.15-P3.00

D Series
D_e0.03-P0.3
D_e0.09-P0.9
D_e0.15-P1.5
D_e0.21-P2.1
D_e0.15-P0.75
D_e0.15-P2.25
D_e0.15-P3.00

e/H Ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e Ratio
10
10
10
10
5
15
20

In layman terms, the e/H ratio study varies the scale/thorn height with respect to
a fixed mean channel height, while keeping the angle of attack constant. This
means that the minimum gap through which the fluid flows decreases as e/H
ratio increases. This is illustrated in Figure 3-6, where the IFS series is used for
the purpose of explanation. The figures are drawn to scale, at a length of 3 mm.

Figure 3-6: e/H ratio study for IFS series
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On the other hand, the P/e ratio study varies the angle of attack, while keeping
the scale/thorn height constant. This means that the slope of each scale/thorn
becomes less steep as P/e ratio increases. Another way to view the P/e ratio
study is in terms of the number of scale/thorn protrusions. As the P/e ratio
decreases, the number of scale/thorn protrusions of the same height increases,
resulting in more flow disruptions. This is illustrated in Figure 3-7, where the
IFS series is used for the purpose of explanation. Similarly, the figures are
drawn to scale, at a length of 3 mm.

Figure 3-7: P/e ratio study for IFS series

3.2.2

Reynolds Number

Based on the literature review in Chapter 2, the Reynolds number range in
microchannels generally falls between 500 and 3,000. This is generally lower
than that of a conventional macro-scale flow passage, considering that the
hydraulic diameter is smaller and the flow rate is lower in microchannels. As a
guideline, the laminar-to-turbulent flow transition in parallel plates occurs at
2,200<Re<3,400.
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In the present study, the Reynolds number range was initially selected to be
between 1,300 and 4,600. Assuming that the continuum mechanics theory for
conventionally-sized channels is applicable to microchannel flow, this would
cover both laminar and non-laminar flows. Correspondingly, the flow rates at
which the experiments are conducted are between 2.0 and 7.0 L/min. While this
Reynolds number range is suitable for the study of the plain microchannel,
preliminary results for the enhanced microchannels show signs of early
laminar-to-turbulent flow transition. To further investigate this, the Reynolds
number range was extended to be 350<Re<4,600. This corresponds to a flow
rate range between 0.5 and 7.0 L/min. For a detailed investigation, the data is
collected at an interval of 0.25 L/min.

3.2.3

Heat Flux

A removal of heat flux in excess of 100 W/cm2 is often required in the
microelectronics and power electronics industries [113]. Specifically, the heat
flux target is 300 W/cm2 in 2007, according to a review by Agostini et al. [7].
Among the researchers, a wide range of heat fluxes has been experimentally
tested, as listed in Table 3-2.

Table 3-2: Heat flux tested by selected studies

Heat flux (W/cm2)

Study
Koşar and Peles, [133]
Dominic et al. [134]
Kong and Ooi [11]
Deng et al. [47]
Sio-Ho et al. [135]
Qu and Mudawar [89]
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As mentioned in Section 1.2, the present study focuses on single-phase liquid
flow. Hence, the heat flux must be carefully controlled to avoid boiling of the
water. The temperature of the heated copper wall, which is in contact with the
flowing water, is set to assume an upper limit of 80°C. This safety factor is
incorporated in view that any localised hot spot along the imperfect copper
surface could possibly induce localised boiling.

A preliminary test was conducted to determine a suitable heat flux for higher
flow rates ranging from 2.0 to 7.0 L/min. The highest possible heat input for 2.0
L/min is 1000 W, as the copper wall temperature rises to about 75°C. Hence, a
constant heat input of 1000 W, which is equivalent to a heat flux of 53 W/cm2,
is used. On the other hand, a constant heat input of 250 W, which is equivalent
to a heat flux of 13.3 W/cm2, is used for lower flow rates ranging from 0.5 to
2.0 L/min.

In addition, careful attention has been given to the design of the test module,
such that the flow channel is subjected to a constant and uniformly distributed
heat flux during the experiments. The description of the experimental test
module is detailed in Section 5.4.

3.3
3.3.1
3.3.1.1

Dependent Parameters
Thermal Consideration
Convective Heat Transfer Coefficient

As mentioned in Section 2.1.1, any gain in the average convective heat transfer
coefficient h results in an improvement in the total heat transfer rate, by virtue
of Newton’s law of cooling. As a guideline, the typical h values are at most 10
kW/m2·K, for single-phase liquid water in conventionally-sized channels. The h
results in the present study should exceed the aforementioned value, if
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microscale heat transfer effects are to be successfully achieved in macro
geometry. Furthermore, the h results ought to be much higher for the enhanced
microchannels, should the enhancement profiles be advantageous. For example,
Koşar and Peles [133] studied water flow in enhanced microchannel using pin
fins, and obtained a maximum heat transfer coefficient of around 55 kW/m2·K
at Re≈112.

In order to accurately determine the average convective heat transfer coefficient,
as many thermocouples as possible should be used to measure the wall
temperature in the measurement system. However, the intrinsically short length
of microchannels makes it challenging to install a large number of
thermocouples along the flow direction. In some studies, the average heat
transfer coefficient values were calculated from as few as three thermocouples
readings [49,136]. In the previous study by Kong [12], six thermocouples were
used over a microchannel length of 30 mm. As an improvement over previous
studies, ten thermocouples are installed across the same length of 30 mm in the
present study.

3.3.1.2

Nusselt Number

The average Nusselt number is computed based on the average convective heat
transfer coefficient and other measured key parameters. The average Nusselt
number values for the Plain microchannel are used to compare with classical
predictions, for validation purpose. On the other hand, the values obtained for
the enhanced microchannels are processed using a non-linear least-squares
curve-fitting approach to yield a Nusselt number correlation. A Nusselt number
correlation is proposed for each of the IFS, FS and D series, respectively. For
the purpose of this study, the Nusselt number refers to the average Nusselt
number, unless otherwise stated.
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The normalised Nusselt number is the ratio of Nusselt number of the enhanced
microchannel to that of the Plain microchannel. It is computed to understand
the extent of improvement in Nusselt number, when the enhanced microchannel
is used over the Plain microchannel. It is also used to compute the thermohydraulic performance.

3.3.2
3.3.2.1

Hydrodynamic Consideration
Pressure Drop

The improvement in convective heat transfer coefficient in microchannels is
often accompanied by an increase in pressure drop. As the flow channel
becomes smaller, the wall surface area to volume ratio increases, thereby
introducing higher frictional resistance to the flow. This parameter is measured
and monitored, in order to ensure that the pumping requirement is realistic and
can be readily met by a commercially available pump.

3.3.2.2

Friction Factor

The average Darcy friction factor is computed based on the pressure drop and
other measured key parameters. It is the dimensionless form of pressure drop in
internal flow. The average friction factor values for the Plain microchannel are
used to compare with classical predictions, for validation purpose. On the other
hand, the values obtained for the enhanced microchannels are processed using a
non-linear least-squares curve-fitting approach to yield a friction factor
correlation. A friction factor correlation is proposed for each of the IFS, FS and
D series, respectively. For the purpose of this study, the friction factor refers to
the average friction factor, unless otherwise stated.
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The normalised friction factor is the ratio of friction factor of the enhanced
microchannel to that of the Plain microchannel. It is computed to understand
the extent of increase in friction factor, when the enhanced microchannel is
used over the Plain microchannel. It is also used to compute the thermohydraulic performance.

3.3.3

Performance Indicator

As discussed in Section 2.3.2, there are three performance indicators to define
the performance advantage of enhanced tubes in heat exchanger design, over
smooth tubes of equal diameter [54]. In the present study, the focus is on the
increased heat exchange capacity for equal heat transfer surface area and
friction power requirement. A higher heat transfer capacity may be
advantageous in obtaining an increased heat duty, or securing a reduced mean
temperature difference. Also known as the thermo-hydraulic performance, this
performance indicator is widely used by researchers to compare heat transfer
augmentation techniques across the field [55,56,130].

The thermo-hydraulic performance is computed based on the normalised
Nusselt number and the normalised friction factor, using the equation provided
by Eqn. (5-18) in Section 5.9.3.
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Scope of Investigation

The present work focuses on the internal flow of single-phase liquid in an
annular microscale passage created in macro-scale geometry. The forced
convective steady-state flow of a constant-property incompressible Newtonian
fluid through a stationary, nonporous channel is considered. Similar to other
studies involving single-phase liquid flow in microchannels [89,105,106], the
compressibility effect and slip boundary condition are not considered, and the
continuum mechanics theory is assumed to be valid when the hydraulic
diameter is larger than 1 µm.

Both physical measurements and numerical simulations are carried out, using
distilled water as working fluid. With a Reynolds number range of 350-4600,
the laminar, transitional and turbulent flow regimes are studied. For the purpose
of fair comparison between the enhanced and plain microchannel, the mean
channel gap size is fixed at 300 µm for the whole study. The effect of roughness
is not considered, for the reasons detailed in Section 5.4.6.1.

The effects of axial conduction along the wall are not considered. According to
Lu and Wang [137], when the Reynolds number is lower than 150, axial heat
conduction has a significant influence on the overall heat transfer, and the heat
transfer deteriorates. However, the Reynolds number range in the present study
is well above the stated value. To further verify this, the axial temperature
distribution across both the outer and inner wall of the flow passage is
monitored. From all the 600 steady-state measurements, the maximum
temperature difference between the two ends of the insert is only 7 K, and that
across the copper wall is only 4 K. Therefore, the effect of axial heat
conduction is not considered to be of critical importance to the results.
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Numerical Model

This chapter describes the three-dimensional numerical conjugate heat transfer
model used in the present study. The numerical model provides useful insight
into the flow field, which cannot be directly and completely observed from the
measurement system. These insights are valuable in explaining the physics
behind the measured results. The discussion in this chapter includes the
Computational

Fluid

Dynamics

code,

governing

equations,

model

simplification, turbulence model, mesh settings, boundary conditions and
convergence criteria. The numerical model is validated through the comparison
of its predictions with the measurements, which will be discussed in Section 7.2,
Section 8.2 and Section 9.2.

4.1

Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is a computer-based tool for simulating
the behaviour of systems involving fluid flow, heat transfer, and other related
physical processes. It solves the Navier-Stokes equations numerically over a
particular region of interest, with user-specified boundary conditions. There are
two commercially available CFD simulation codes by ANSYS, namely Fluent
and CFX. The latter is employed because thermophysical variation of the
working fluid based on the International Association for the Properties of Water
and Steam (IAPWS) [138] database can be conveniently employed.

Liu and Garimella [100] confirmed that a conventional CFD analysis approach
can be employed to offer reliable predictions for the flow characteristics in
microchannels with hydraulic diameters from 244 to 974 µm at Reynolds
numbers ranging from 230 to 6,500. In the present study, the hydraulic diameter
is 600 µm, and the Reynolds number ranges from 350 to 4,600.
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Governing Equations

The three-dimensional unsteady form of Navier-Stokes equations consists of
five partial differential equations: one time-dependent continuity equation for
conservation of mass, three time-dependent conservation of momentum
equations and one time-dependent conservation of energy equation. Derived by
Navier and Stokes in the early 1800's [139], these five equations describe how
the velocity, pressure, temperature, and density of a moving fluid are related.
Table 4-1 lists the four independent variables and six dependent variables in the
problem. All the dependent variables are functions of all four independent
variables.
Table 4-1: Independent and dependent variables in Navier-Stokes equations

Independent variables
x spatial coordinate of some domain
y spatial coordinate of some domain
z spatial coordinate of some domain
Time t

Dependent variables
u component of velocity vector in the x direction
v component of velocity vector in the y direction
w component of velocity vector in the z direction
Pressure p
Temperature T in the energy equation
Density ρ

In the present study, the scope is limited to steady-state conditions. The mass,
momentum, and energy conservation equations under steady-state conditions
are listed in the following sections.

4.2.1

Mass Conservation Equation

Eqn. (4-1) shows the mass conservation equation [140]. It is valid for both
incompressible and compressible flows.
∇ ∙ (𝜌𝑓 𝑼𝑓 ) = 0

(4-1)

The term on the left describes the net flow of mass out of the element across its
boundaries and is called the convective term.
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Momentum Conservation Equations

Eqn. (4-2) shows the momentum conservation equation in a stationary reference
frame [140].
∇ ∙ (𝜌𝑓 𝑼𝑓 ⨂ 𝑼𝑓 ) = −∇𝑝 + ∇ ∙ (𝜏̿) + 𝜌𝑔⃑ + 𝐹⃑

(4-2)

where p is the static pressure, 𝜏̿ is the stress tensor, and 𝜌𝑔⃑ is the gravitational
body force. 𝐹⃑ includes external body forces and other model-dependent source
terms such as porous-media and user-defined sources. The stress tensor is
defined as:
2
𝜏̿ = 𝜇 [(∇𝑼𝑓 + ∇𝑼𝑓 𝑇 ) − ∇ ∙ 𝑼𝑓 𝐼]
3

(4-3)

where μ is the molecular viscosity and I is the unit tensor. The second term on
the right represents effect of volume dilation.
The momentum conservation equation is simply another form of Newton’s
second law, which states that the rate of change of momentum of a fluid particle
equals the sum of the forces on the particle. The terms on the left represent the
rate of increase of momentum per unit volume of a fluid particle, whereas the
terms on the right represent the sum of forces on the fluid particle, due to
pressure, viscous, gravity and external body forces respectively.

4.2.3

Energy Conservation Equation

The 3D conjugate heat transfer model accounts for convection in the fluid
regions, as well as thermal conduction in the solid regions. Eqn. (4-4) shows the
energy conservation equation for the fluid domain.
∇ ∙ ( 𝜌𝑓 𝑼𝑓 ℎ𝑒,𝑓 ) = ∇ ∙ (𝑘𝑓 ∇𝑇𝑓 ) + 𝑆𝐸,𝑓

(4-4)

Eqn. (4-5) shows the energy conservation equation for the solid domain.
0 = ∇ ∙ (𝑘𝑆 ∇𝑇𝑆 ) + 𝑆𝐸,𝑆

(4-5)

The Navier-Stokes equations are solved numerically to obtain the flow field and
heat transfer solutions for the test module.
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Model Simplification

The simulation model is simplified to some extent in order to ease the
computational load. They include the simplifications from the fabricated test
module, symmetry modelling, and some assumptions.

4.3.1

Simplification from Practical Case

In the simplification from the practical case, some features are removed to
obtain a clean geometry. The removal of these localised non-critical features
would not affect the results for the microchannel zone. They include the
protruding ends of the insert, the thermocouple holes in the copper block, the
flat surface for wrenching purposes of the insulation pipes and insert holders,
the threaded section of the insulation pipe for assembly purpose, as well as the
hole in the insert holder that is used to secure the insert. The fillet edges of the
insert holder are also removed to improve the mesh quality. In addition, a
circular pipe of length 10 mm is extended from the insert holder that is
connected to the rest of the piping system. This is so that uniform velocity
boundary condition may be applied at the inlet of the test module, and pressure
losses may be better approximated.

Figure 4-1 shows the difference between the fabricated and simplified test
module, where the insulation cover is partly removed to reveal the internal
components. On the other hand, Figure 4-2 shows the cross-section of the
whole test module.
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Figure 4-1: Fabricated and simplified test module, showing only the cross-section of
insulation cover

Figure 4-2: Fabricated and simplified test module, showing the full cross-section
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Symmetry Modelling

Due to the symmetrical nature of the test module, a quarter-symmetry model
can be employed instead of the full model. This helps to save computational
resources and time. To do so, the spiral heating coil is modelled as four
cylindrical coils. This modification does not affect the computational results,
since the coils are modelled as uniform volumetric heat sources, and the total
heat rate generated is still the same. Next, two planes of symmetry are
introduced to transform the full model into the quarter-symmetry model, as
illustrated in Figure 4-3.

Figure 4-3: Full model versus quarter-symmetry model
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In addition, the quarter-symmetry model is checked for its solution accuracy. A
comparison between the quarter-symmetry and full model shows a discrepancy
of 0.12% and -0.10% for the heat transfer coefficient and pressure drop
respectively, using the Plain microchannel at 7 L/min. This implies that the
quarter-symmetry model is a good approximation of the full model, with a
minimal compromise on the solution accuracy.

4.3.3

Model Scope

First, the variation of the fluid properties with temperature is considered, as the
temperature gradients are considerably steep near the wall for a microchannel.
Therefore, the International Association for the Properties of Water and Steam
(IAPWS) [138] database in ANSYS-CFX is activated. On the other hand, all
solid properties are assumed to be constant, using the reference state at
atmospheric pressure and room temperature 28°C. Specifically, the solid
materials are copper, stainless steel insert and insert holders, PEEK insulation
pipes and GL-P insulation cover. The solid properties do not change
significantly for the temperature range occurred in this study. For example, the
thermal conductivity of copper decreases by about 1.5%, while the specific heat
increases by about 2.5%, when the temperature increases from 30°C to 100°C.
The solid properties used in the numerical model are listed in Table 4-2.

Table 4-2: Solid properties at standard temperature and pressure

Solid material
Copper
Stainless steel
PEEK insulation pipes
GL-P insulation cover

Density
(kg/m3)
8,933
7,854
1,400
2,100

Thermal conductivity
(W/m·K)
401
60.5
0.92
0.31
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Specific heat
(J/kg·K)
385
434
1,800
500
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Second, thermal contact resistance at solid-solid interfaces, such as the interface
between the heating coil and the copper block, is not considered. By assuming a
perfect contact in the simulation model, the computed temperature values of the
heating coil are lower than those in the actual case. For example, the simulation
predicts a maximum heating coil temperature of 80 °C, while the measured
value is 91 °C. This means that there is a possibility of overheating in the
measurement system, due to the higher-than-expected temperature of the
heating coil. However, a high level of safety factor has been incorporated in the
design of the measurement system. The selected material for the insulation
cover, which is in contact with the heater, can withstand a temperature of up to
500 °C under long-term operation. Hence, this does not pose any problem at all.

Third, thermal expansion of the solid components is not considered. To prevent
boiling, the copper wall temperature is kept below 80 °C. At best, the copper
wall temperature ranges from 28 °C to 39 °C for the IFS_e0.21-P2.1
microchannel at 6.5 L/min and 1000 W. For this temperature change, the
expansion of the copper wall diameter is about 4 µm, from an initial value of 20
mm. This corresponds to 0.7% expansion of the nominal microchannel gap at
300 µm. At worst, the copper wall temperature ranges from 28 °C to 75 °C for
the Plain microchannel at 2 L/min and 1000 W. The expansion of the copper
wall diameter is about 15 µm, which corresponds to 2.5% of the nominal
microchannel gap.

4.4 Turbulence Model
4.4.1

Overview of Computational Approaches

In general, there are three approaches to solving the Navier-Stokes equations
numerically. They are Direct Numerical Simulation (DNS), Large Eddy
Simulation (LES), and Reynolds Averaged Navier-Stokes Simulation (RANS).
Table 4-3 [140] summarises the advantages and disadvantages of the three
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approaches. For a turbulence model to be useful, it has to be accurate, simple
and economical to run, with wide applicability. In the present study, RANS is
employed as it is computationally efficient and generally sufficient to predict
the averaged quantities in turbulent flow.

Table 4-3: Overview of computational approaches to turbulence modelling [140]
Simulation
DNS

LES

RANS

4.4.2

Computational Approach
 Full Navier-Stokes equations are
numerically solved.
 All laminar, transition and turbulent
flows are simulated.
 No modelling is required, since the
whole spectrum from the dissipative
Kolmogorov scales to the mean flow
scales is resolved.
 The spatially averaged Navier-Stokes
equations are solved.
 Large eddies are directly resolved,
while eddies smaller than the mesh are
modelled.
 The time-averaged Navier-Stokes
equations are solved.
 All turbulent length scales are
modelled.

Computational requirement
 The massive amount of
computational resources required
makes it unpractical for industrial
flows. It is feasible only for simple
geometries at low Reynolds
number.

 Albeit less expensive than DNS,
the costs are still too high for most
practical applications.

 Computationally efficient and
generally sufficient to predict flow
for most industrial applications.

Reynolds Averaged Navier-Stokes Simulation

In 1895, Reynolds [141] modified the Navier-Stokes equations to include
fluctuations of the velocity components. The modification introduced six
additional unknowns called Reynolds stresses, which cannot be solved by
analytical means alone. This is known as the turbulence closure problem.
Turbulence modelling is therefore the implementation of various closing
assumptions to evaluate the Reynolds stresses. The RANS turbulence models
can be classified into two groups: Reynolds Stress Models (RSM) and Eddy
Viscosity Models (EVM). Table 4-4 summarises their features and applications.
In the present study, EVM is used, since the Boussinesq hypothesis is sufficient
for channel flows involving the boundary layers.
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Table 4-4: RANS turbulence models

RANS
Model
RSM

EVM

4.4.3

Additional Transport Equations

Application

 Solves the transport equations for
each of the six terms in the Reynolds
stress tensor. An additional scaledetermining equation, for ε or ω, is
also required. This means that five and
seven additional transport equations
are required in 2D and 3D flows,
respectively.

 The additional computational
expense makes them less useful for
practical applications.
 However, they are useful in
situations where turbulence anisotropy
has a strong effect on the mean flow,
i.e. when the Boussinesq hypothesis is
invalid.
 Such cases include highly swirling
flows and stress-driven secondary
flows
 The Boussinesq assumption is
sufficient for simple turbulent shear
flows, including boundary layers and
channel flows.

 Employs the Boussinesq hypothesis.
Under this hypothesis, the Reynolds
stresses are modelled using an
isotropic scalar quantity known as
eddy viscosity, μT. The complex
evaluation of Reynolds stresses are
therefore simplified to solving for μT.
Furthermore, by expressing μT as a
function of two variables, a maximum
of two additional transport equations
are to be solved.

Eddy Viscosity Model

In 1877, Boussinesq [142] hypothesised eddy viscosity as: 𝜇 𝑇 = 𝜌𝑣𝑇 𝑙, where
𝑣𝑇 and 𝑙 are the characteristic velocity and length scale of the turbulence. The
turbulence models which employ the Boussinesq hypothesis seek to compute
𝜇 𝑇 by finding ways to reasonably evaluate 𝑣𝑇 and 𝑙. They can be classified
according to the number of additional transport equations required to be solved,
in order to compute the eddy viscosity. They include zero, one and two
additional transport equation(s). Table 4-5 summarises the features and
applicability of the turbulence models. In the present study, the two-equation
model is used, since it offers a good balance between numerical effort and
computational accuracy.
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Table 4-5: Eddy viscosity models
Eddy Viscosity Model
Zero-equation model
- Prandtl mixing length
model
One-equation model
- Spalart-Allmaras model
[143]

Two-equation model
- k-ε
- k-ω

Features
 Employs an algebraic
approach to compute the eddy
viscosity and hence requires no
extra equation
 An additional transport
equation for turbulent kinetic
energy, k, is used to calculate
the velocity scale, 𝑣𝑇 . The
length scale, 𝑙, is still
algebraically determined based
on the mean flow.

 Two additional transport
equations are solved to obtain
𝑣𝑇 and 𝑙. The first equation
solves for turbulent kinetic
energy. The second equation
uses different transport
variables, ε [144] or ω [145],
depending on the model.

Applicability
 More useful as a rough
estimate of turbulence.

 Increasingly popular for
turbomachinery applications.
 Economical and accurate for
wall-bounded flows and flows
with mild separation and
recirculation.
 Not as useful for massively
separated flows and free shear
flows.
 Offers a good compromise
between numerical effort and
computational accuracy.
 Generally recommended for
flows in industrial applications.

4.4.3.1 k-ε Model
Table 4-6 summarises the advantages and disadvantages of the k-ε models.
Developed in the early 1970s, the standard k-ε model expresses eddy viscosity
as: 𝜇 𝑇 = 𝜌𝐶𝜇

𝑘2
𝜀

, where 𝐶𝜇 is a constant. k is the turbulent kinetic energy and is

defined as the variance of the fluctuations in velocity. ε is the turbulence eddy
dissipation, and is defined as the rate at which the velocity fluctuations dissipate
per unit mass. In other words, it describes the dissipation of k because of the
work done by the smallest eddies against the viscous stresses. k and ε are solved
using two additional transport equations. Efforts to improve the standard k-ε
model led to the development of RNG k-ε and realizable k-ε model.
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The RNG k-ε model is based on the renormalisation group analysis of the
Navier-Stokes equations. The equations are similar in form to the standard k-ε
equations, except that the ε transport equation includes an additional term
which describes the interaction between turbulence dissipation and mean shear.
The effect of swirl on turbulence, an analytical formula for turbulent Prandtl
number and a differential formula for effective viscosity are also accounted for.

The realizable k-ε model expresses eddy viscosity as: 𝜇 𝑇 = 𝜌𝐶𝜇

𝑘2
𝜀

, where 𝐶𝜇 is

a variable. While the same k transport equation as the standard k-ε model is
solved, the ε transport equation is improved.
Table 4-6: k-ε models
k-ε Model

Advantages

Disadvantages

Standard k-ε

 Relatively simple to
implement.
 Leads to stable calculations
that converge relatively easily.
 Reasonable predictions for
many flows.

RNG k-ε

 Improved predictions for:
- High streamline curvature
and strain rate.
- Transitional flows.
- Wall heat and mass transfer.
 Improved performance for
flows involving:
- Planar and round jets
(predicts round jet spreading
correctly).
- Boundary layers under strong
adverse pressure gradients or
separation.
- Rotation, recirculation.
- Strong streamline curvature.

Realizable k-ε
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 Poor predictions for:
- swirling and rotating flows,
- flows with strong separation,
- axisymmetric jets,
- certain unconfined flows, and
- fully developed flows in noncircular ducts.
 Valid only for fully turbulent flows.
 Simplistic ε equation.
 Still does not predict the spreading of
a round jet correctly.
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4.4.3.2 k-ω Model
The k-ω based model is more accurate and numerically stable than the k-ε
model, due to its ability to predict the viscous sublayer in the boundary layer,
without additional viscous modifications or complex nonlinear damping
𝑘

functions [140,146]. The k-ω model expresses eddy viscosity as: 𝜇 𝑇 = 𝜌 𝜔 ,
where ω is the specific dissipation rate, and is related to turbulence eddy
𝜀

dissipation by: 𝜔~ 𝑘.
The standard k-ω model used in ANSYS CFX is developed by Wilcox in 1988
[147,148]. The main issue with this model is its severe dependency on
freestream conditions [149]. This means that the results are strongly sensitive to
the user input. Therefore, it is not recommended for general industrial flow
simulations. This led to the development of the zonal baseline (BSL) and ShearStress Transport (SST) models [150,151].
The BSL model integrates the advantages of both the standard k-ω model and
the k-ε model [151]. It retains the accuracy and robustness of the standard k-ω
model in the near wall region, and employs the freestream independence of the
k-ε model in the outer part of the boundary layer. As a result, the BSL model is
as accurate as the standard k-ω model, along with significant reduction in the
freestream dependency. However, it generally over-predicts the eddy viscosity
in flow separation.

The SST model takes the BSL model one step further, by introducing a limiter
in the eddy viscosity definition in the latter model [151]. This modification
accounts for the transport of the principal turbulent shear stress, which is critical
in predicting severe adverse pressure gradient flows. As a result, the SST model
is the only available two-equation model that can accurately predict pressureinduced separation and the resulting viscous-inviscid interaction. The numerical
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stability of both the BSL and SST models even in complex applications has
been demonstrated as well [152]. Therefore, the RANS EVM two-equation SST
turbulence model is employed in the present study.

4.5

Meshing

In order to numerically solve the continuous medium in the simplified quartersymmetry model, the model is discretised into a finite number of elements. This
process is known as meshing. Both global and local mesh settings are applied to
the quarter-symmetry model. Thereafter, the mesh is checked for its quality,
and mesh independence test is carried out.

4.5.1

Global Mesh Settings

Global mesh settings are used to make general adjustments to the whole model.
They are useful to resolve important features of the model with minimal inputs.
The controls of interest are Advanced Size Function, Relevance and Relevance
Centre. Table 4-7 summarises the global mesh settings used for the quartersymmetry model. Although the settings increase computational time, they are
deemed necessary in order to obtain fine mesh for accurate results.
Table 4-7: Global mesh settings for quarter-symmetry model

Global Mesh Controls
Advanced Size Function
Relevance Centre
Relevance
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Curvature
Fine
0
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Local Mesh Settings

Local mesh settings are used to further refine the mesh for individual
components, particularly in the critical regions. The settings include element
sizing and inflation.
4.5.2.1

Element Sizing

Table 4-8 summarises the local mesh settings for the quarter-symmetry model.
Different method and element sizing are applied to the various components
according to the geometry and domain.

Table 4-8: Local mesh settings for quarter-symmetry model

Component

Method

Element sizing (mm)

MICA Insulation Cover
PEEK Insulation Pipes
Heating Coil

Insert
Insert Holders

Sweep
Sweep
Sweep
Sweep
Tetrahedral (Patch Conforming)
Tetrahedral (Patch Conforming)
Tetrahedral (Patch Conforming)

Fluid

Tetrahedral (Patch Conforming)

1
0.5
0.5
0.5
Multi-scale meshing
0.5
0.5
0.1 for microchannel
0.5 for the rest of fluid
domain

Copper block

4.5.2.2

Inflation Settings

Inflation extrudes faces normal to a boundary to increase the mesh resolution.
The mesh refinement is critical to resolve the velocity and thermal boundary
layers, where the fluid interacts with the solid boundary. As such, inflation is
applied to the fluid body at all fluid-solid interfaces. Table 4-9 summarises the
inflation settings applied to the fluid body.
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Table 4-9: Inflation settings for fluid body

Inflation Controls
Inflation Option
Transition Ratio
Maximum Layers
Growth Rate

Settings
Smooth Transition
Default (0.77)
10
1.5

Smooth transition option maintains smooth volumetric growth between each
adjacent layer. The maximum layers and growth rate are set as 10 and 1.5,
respectively. This ensures that there are sufficient layers to accurately resolve
the boundary layers, as well as to achieve 𝑦 + ~1. The importance of 𝑦 + will be
explained in Section 4.5.3.

Figure 4-4 shows the mesh in three-dimensional view after the meshing is
completed. Figure 4-5 illustrates the detailed mesh for the different components
due to the local mesh settings, while Figure 4-6 shows the inflation layers for
the fluid body.

Figure 4-4: Three-dimensional view of mesh
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Figure 4-5: Local mesh for the different components

Figure 4-6: Inflation layers for the fluid body

4.5.3

Mesh Quality Check

There are two important factors to consider when checking the mesh quality,
namely orthogonal quality and 𝑦 + value.

Orthogonal quality relates to the selection of meshing method and element
sizing. As a general guideline, high orthogonal quality values are favourable,
and the minimum orthogonal quality should be larger than 0.1 [153]. After
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every mesh is completed, a graph of number of elements versus orthogonal
quality is plotted. A typical graph is illustrated in Figure 4-7. It is observed and
verified that the majority of the elements falls in the region of high orthogonal
quality values.

Figure 4-7: Orthogonal quality check

On the other hand, the 𝑦 + value relates to the selection of inflation settings. As
a general guideline, a 𝑦 + value of approximately 1 indicates that the mesh
resolution is sufficiently fine to accurately resolve the boundary layers for a
near-wall analysis [140]. Figure 4-8 shows the typical 𝑦 + plots for the fluidsolid interfaces, namely the fluid-copper interface and the fluid-insert interface.
A 𝑦 + value of approximately 1, or in the same order of magnitude as 1, is
observed for both the outer and inner walls along the channel of interest.

Figure 4-8: The y+ plots at the fluid-copper interface and fluid-insert interface
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Mesh Independence Test

Mesh independence tests are carried out to ensure that the simulation results are
independent of the element sizes selected, which are listed in Section 4.5.2.1.
The mesh independence tests in this study only focus on the most important
region, which is the flow channel of interest within the fluid domain. The
element sizing for all the solid domains is chosen based on the finalised work of
Kong [12], who has previously conducted similar mesh independence tests for
the solid domains.

The mesh independence test is first conducted for the Plain microchannel at 4
L/min and 1000 W. Three mesh sizes are tested, and the respective
computational resources required are listed in Table 4-10.

Table 4-10: Required computational resources for different mesh sizes

Mesh
Coarse
Standard
Fine

Element size
(mm)
0.20
0.10
0.05

Number of elements
(million)
3.6
9.0
45.7

Computational time
(min)
143
240
941

Two key parameters of the converged solutions are monitored, namely the
convective heat transfer coefficient and pressure drop across the test module.
The parameters are normalised with respect to the values obtained using the
fine mesh. Figure 4-9 shows the variation of the normalised parameters with the
number of mesh elements. It is observed that using the fine mesh instead of the
standard mesh only improves the heat transfer coefficient and pressure drop
solutions by 1% and 2% respectively, while the computational resources rise
about fivefold, from 9 million to 45 million elements. Therefore, the standard
mesh of element size 0.1 mm is chosen. Similar mesh independence tests are
conducted for the IFS, FS and D microchannel series, yielding the same
conclusion.
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Figure 4-9: Mesh independence test for Plain microchannel

For uniform reporting of grid refinement studies, Roache [154] proposed the
use of a Grid Convergence Index (GCI). The method provides an objective
asymptotic approach to the quantification of uncertainty of grid convergence. In
other words, the GCI provides an estimated error band within which the
numerically converged solution at zero grid spacing will likely lie. The GCI for
the fine grid solution is given as:
GCI[fine grid] =

3|𝜀|
−1

𝑟𝑝

(4-6)

In most practical applications, however, the coarse grid solution is used for
majority of the computations. The GCI for the coarse grid solution is given as:
GCI[coarse grid] = 𝑟 𝑝 × GCI[fine grid]

(4-7)

The coefficient of 3 is chosen such that grid doubling (r=2) with second-order
methods (p=2) can be used as the standard of comparison. On the other hand, a
coefficient of 1 would make the GCI equal to the error estimator obtained from
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the Richardson Extrapolation. As concurred by Roache [154], a coefficient of 3
is possibly too conservative, and the coefficient could arguably be between 1
and 3. A search of literature reveals that most studies use a safety factor of 1.25
[146,155,156]. Hence, the same is employed in the present study.

Table 4-11 shows the coarse grid solution GCI for the Plain and FS_e0.21-P2.1
microchannel profiles, using a safety factor of 1.25. It is observed that while the
GCI for pressure drop remains relatively constant at about 6.3%, the GCI for
heat transfer coefficient can vary from 1.2% to 79.3%. This is likely due to
more complicating factors affecting the heat transfer coefficient. The pressure
drop prediction, on the other hand, is relatively straightforward.

Table 4-11: Grid Convergence Index for coarse grid solution, using safety factor of 1.25

Microchannel profile GCI for h (%) GCI for Δp (%)
Plain
1.19
6.35
FS_e0.21-P2.1
79.34
6.31

4.6

Boundary Conditions

Figure 4-10 shows the quarter-symmetry model after the fluid domain is
generated. At the inlet, the flow is defined to have a uniform velocity
distribution. The volumetric flow rate is set to range from 2.0 to 7.0 L/min,
while the fluid temperature is set at 28 C. At the outlet, the fluid pressure is set
at atmospheric temperature of 101 kPa. The heating coil is modelled as a
uniform volumetric heat source, generating a total heat rate of 1,000 W. At all
solid-solid and solid-fluid interfaces, the temperature and heat flux are set to be
continuous. The heat loss from the assembly is modelled by setting free
convection at the outermost surfaces of the MICA insulation cover, with the
surrounding air temperature set at 28 C and heat transfer coefficient set at 8
W/m2·K.
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Figure 4-10: Quarter-symmetry model with fluid domain

4.7

Convergence Criteria

Convergence of the solution is measured based on the normalised Root Mean
Square (RMS) residual level, as listed in Table 4-12 [153]. In the current study,
the convergence criterion is set at 10-6, with a maximum of 500 iterations. This
means that the CFX-Solver run will be stopped automatically when either the
residual levels fall below 10-6, or when 500 iterations have been executed.
Table 4-12: Guide on the usefulness of the numerical modelling results [153]

RMS Residual Level
Above 10-4
Between 10-5 and 10-4
Between 10-6 and 10-5
Below 10-6

Usefulness of model
Loose convergence.
Sufficient for qualitative understanding of flow field.
Relatively loose convergence.
May be sufficient for many engineering applications.
Good convergence.
Sufficient for most engineering applications.
Very tight convergence.
Useful but may be difficult to achieve, especially when
a single precision solver is used.
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Figure 4-11 shows the typical convergence history for the results of the
momentum equations, energy equations and turbulence model. The normalised
residuals generally stabilise at a value below 10-5, indicating good convergence.
This is expected in the current study, since a single precision solver is used to
ease the computational load.

Figure 4-11: Typical convergence history for (a) momentum equations (b) energy
equations (c) turbulence model
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Measurement System

This chapter describes the measurement system used in the present study, which
was entirely designed, fabricated and commissioned by the author. The flow
loop which connects all the components is first outlined, followed by the
detailed specifications of each component. The main components include the
chiller, filter, test module, heat supply system, measuring devices and data
acquisition system. Calibration of the critical measuring devices and dimension
inspection of the critical components is presented. The operational limits of the
measurement system are also summarised. Next, the data reduction procedure
is presented, along with the uncertainty analysis. Lastly, validation of the
measurement system is carried out to demonstrate that the pressure and heat
transfer measurements are accurate and consistent.

5.1 Flow Loop
The measurement system was designed after reviewing the work of several
researchers [11,89,105]. Figure 5-1 shows the schematic of the flow loop.

Figure 5-1: Schematic diagram of the flow loop
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The flow loop consists of the test loop, as well as the by-pass cum air-vent loop.
Distilled water is circulated through the flow loop by a positive displacement
pump, which is integrated into a chiller unit. The latter also serves to cool the
water to the desired inlet temperature of the test module. Upon exiting the
chiller at a fixed temperature, a controlled amount of water is channelled to the
test loop by means of a needle valve, while the remaining water flows back to
the reservoir through the by-pass loop. The air-vent loop serves to remove air
bubbles in the flow, in view that higher friction factors can be resulted from the
increased flow resistance due to small bubbles forming on the walls [36].

In the test loop, water is first channelled through a 40 µm filter to remove solid
particles. It then flows through the microchannel in the test module and
removes the electrically-generated heat from the test module. The flow rate
through the test module is measured by the Coriolis flow meter. Temperature
and pressure sensors are located at the entrance and exit of the test module to
measure the key parameters. Finally, the test loop flow is channelled back to the
chiller to be cooled and re-circulated. Figure 5-2 shows the actual measurement
system in the laboratory.

Figure 5-2: Actual measurement system
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5.2 Integrated Chiller Unit
The integrated chiller unit serves three main purposes: to store, pump and cool
the working fluid, which is water in this case. Polyscience DuraChill AirCooled 1.5 HP Chiller, model 6850P66A270E, is used in this study. A positive
displacement rotary vane pump with stainless steel body supplies flow of up to
13 L/min at a maximum pressure of 6.8 bar(g). A positive displacement pump
is chosen because it supplies a relatively constant flow rate regardless of the
system pressure requirement. It is best suited for this study since it entails the
variation of Reynolds number and hence flow rate, which in turn necessitates a
constant flow rate at different pressure requirements. The cooling capacity of
the chiller is 4576 W at 20 °C, with process output temperature range of 5 °C to
35 °C. In addition, the chiller has an in-built mechanical pressure relief valve.
This safety feature eliminates the need for a pressure relief loop, which is
included in Kong’s measurement system [11].

5.3 Filter
A 40 µm filter is installed to remove solid particles from the water before it
flows into the test modules. Swagelok tee-type filter of stainless steel 316 is
chosen, since the filter element can be easily replaced and cleaned without
having to remove the whole filter from the piping system. Figure 5-3 shows the
internal construction of the filter and the actual filter.

Figure 5-3: Swagelok tee-type 40-micron filter
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5.4 Test Module
The microchannel test module is the most important component of the
measurement system. It comprises of two insert holders, two insulation pipes,
one copper block with heater, one insulation cover and one insert. Figure 5-4
presents the assembled test module, while Figure 5-5 presents the test module
with the insulation cover removed, to show the copper block with heater.

Figure 5-4: Assembled test module

Figure 5-5: Test module without insulation cover
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Insert Holders

The stainless steel 316 insert holders are designed to secure the insert
concentrically within the copper block, and also connect the test module to the
external pipelines. The tolerance of the hole, into which the insert is slotted, is
tightly controlled at ± 0.010 mm to ensure concentricity. In addition, a groove is
created on the insert holder, as shown in Figure 5-6, to house the ISO3601
A0035 O-ring which ensures that the insert fits snugly into the insert holder. A
flat surface is also created on the insert holder for assembling purposes.

Figure 5-6: Insert holders

5.4.2

Insulation Pipes

The insulation pipes are located between each insert holder and the copper
block. As the asymmetric insert holder inevitably disturbs the flow, a calming
section is introduced. The length of the front insulation pipe is determined to be
70 mm [11], so that the flow velocity profile becomes evenly distributed in the
circumferential direction before it enters the microchannel heat transfer section.,
The insulation pipes are made of 30% carbon fibre-reinforced polyether ether
ketone, also known as PEEK CA 30. They have a thermal conductivity of 0.92
W/m·K at room temperature, and are able to withstand a temperature of up to
250°C under continuous operation.
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Copper Block with Heater

The copper block with heater serves as the heat source in the test module. A
spiral groove is created at the outer cylindrical surface of the copper block to
house the pressed-on heater. The mineral insulated heating cable of diameter
3.3 mm and length 1100 mm is rated at 3000W/230 V. Copper is chosen for its
high thermal conductivity at 401 W/m·K at 27 °C. This property, along with a
thickness of 35 mm, ensures uniform heat distribution at the heat transfer area.
The inner cylindrical surface of the copper block, which is in contact with the
flowing water, forms the heat transfer surface area. Since the copper inner
diameter is 20 mm and length is 30 mm, the heat transfer area is 1885 mm2.

In addition, a total of 12 holes of diameter 1.7 mm are drilled radially into the
copper block, by means of Electric Discharge Machining, to house 12 Type-J
thermocouples. Figure 5-7 shows the 10 thermocouple holes which are evenly
spaced over the 30 mm heat transfer section, with 5 on each opposite side.
Located at a radial distance of 2.5 mm from the copper inner surface, these 10
thermocouples are used to obtain, through extrapolation, the temperature of the
copper surface in contact with the flow.

Figure 5-7: 10 Type-J thermocouples slotted into test module
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The other 2 thermocouples are located at a depth of 5 mm from the copper outer
surface, as shown in Figure 5-8. They are used to measure temperature of the
heating cable region. One is connected to the data acquisition system for
monitoring purpose, and the other is connected to a circuit-cut-off panel for
safety purposes.

Figure 5-8: 2 Type-J thermocouples at heating cable region

5.4.4

Insulation Cover

An insulation cover is placed over the cylindrical copper block with heater to
prevent heat loss to the surroundings. GL-P material, comprising of highquality mica fractions impregnated with silicon resin, is chosen for its
extremely high heat resistant property. With thermal conductivity of 0.37
W/m·K at 200 °C, this material can withstand a temperature of up to 500 °C
under long-term operation.

The presence of the insulation cover keeps the percentage heat loss to
surroundings within 12% of the heat supplied to the test module. Nonetheless,
this heat loss does not affect the accuracy of the results, since the heat
transferred to the water is computed based on the measured fluid temperature at
the entrance and exit of the test module, instead of the heat supplied to the test
module. The detailed data reduction is presented in Section 5.9.
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Insert

The stainless steel insert is slotted into the circular copper channel to reduce the
flow path to an annular microchannel. The 21 nature-inspired enhancement
profiles are introduced on the insert surface, as shown by the box in Figure 5-9.
For the purpose of illustration, Figure 5-10 shows a representative profile for
each of the Inverted Fish Scale (IFS), Fish Scale (FS) and Durian (D) series.

Figure 5-9: Plain insert

Figure 5-10: IFS, FS and D enhancement profiles for 30 mm length

The insert profiles are visually inspected to check if they are machined as per
the drawing specifications, using the AxioCam Microscope STEMI 2000C. The
microscopic pictures, for a 3 mm section length, for all the IFS, FS and D insert
profiles are shown in Figures 5-11 to 5-16 respectively.
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Figure 5-11: IFS insert profiles for the e/H ratio study

Figure 5-12: IFS insert profiles for the P/e ratio study
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Figure 5-13: FS insert profiles for the e/H ratio study

Figure 5-14: FS insert profiles for the P/e ratio study
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Figure 5-15: D insert profiles for the e/H ratio study

Figure 5-16: D insert profiles for the P/e ratio study
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Dimension Inspection
Surface Roughness

As illustrated using Figure 2-6 in Section 2.1.2.2, there are three regimes of
turbulent pipe flow: hydraulically smooth, transitional rough and hydraulically
rough. In order to find out which regime the flow lies in, the knowledge of the
microchannel surface roughness is important.

Surface roughness of all the critical components is measured using Mitutoyo
Surftest 301, of resolution 0.01 µm. For mean surface roughness, 5
measurements are taken at five different randomly chosen locations and then
averaged. The results are summarised in Table 5-1 and Table 5-2.

Table 5-1: Mean surface roughness of Copper wall and PEEK pipes

Test Module
Copper block
PEEK 2F
PEEK 2B
Plain

Mean surface roughness, Ra (µm)
1.58
1.83
1.56
0.38

Table 5-2: Mean surface roughness of IFS, FS and D insert series

Insert Profile
e (mm) P (mm)
0.03
0.3
0.09
0.9
0.15
1.5
0.21
2.1
0.15
0.75
0.15
2.25
0.15
3.0

Mean surface roughness, Ra (µm)
IFS Series FS Series
D Series
0.95
0.64
0.87
0.86
0.36
0.66
0.93
0.55
0.89
1.28
0.64
0.56
0.95
0.56
0.79
0.94
0.18
0.91
1.04
0.38
0.80
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For the microchannel to be considered as hydraulically smooth, the following
condition applies:
0 ≤ 𝜀∗ ≤ 5

(5-1)

The dimensionless surface roughness 𝜀 ∗ is calculated from the measured
roughness value 𝜀:
𝜀∗ = 𝜀

𝑢𝜏
𝜐

(5-2)

The friction velocity 𝑢𝜏 is given by [14,20]:
𝜏𝑤 0.5
𝑓 0.5
𝑓 0.5
4𝑚̇
𝑢𝜏 = ( ) = ( ) 𝑢𝑚 = ( )
𝜌
8
8
𝜌𝜋(𝐷𝑜 2 − 𝐷𝑖 2 )

(5-3)

In the entire study, the largest mean surface roughness of 1.83 µm occurs at the
front PEEK insulation pipe. The highest pressure drop of 3.3 bars occurs at the
highest Reynolds number using IFS_e0.15-P0.75 insert. Correspondingly, the
largest dimensionless surface roughness 𝜀 ∗ is calculated to be 2.87. This value
falls within the regime where the microchannel wall is considered hydraulically
smooth. Therefore, the effect of wall surface roughness is not considered in the
present study.

5.4.6.2

Microchannel Size

Since this study involves dimensions in the range of hundreds of microns, the
accuracy and precision of the fabricated channel is important. As the test
module components are fabricated using conventional machining methods, the
results may be affected significantly if the actual dimensions deviate from the
designed dimensions by a large percentage. Hence, inspection of the
microchannel size is carried out.
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Inspection of the copper inner diameter is carried out using Intec 468-106
electronic 3 point internal micrometer, of resolution 0.001 mm. 3 measurements
are taken at random locations along the circumferential direction, at the front,
middle and rear section of the copper inner surface respectively. The 9
measurements are then averaged to give a final value. On the other hand,
inspection of the microchannel length is carried out using the Intec IM-EC1071132 electronic calliper, of resolution 0.01 mm. Similarly, 9 measurements
are taken at random locations along the circumferential direction and averaged.

The mean diameter at the 30 mm microchannel length of interest of each insert
is determined in two steps. First, the maximum diameter of the insert is
measured using the Intec IM-EC1-071132 electronic calliper, of resolution 0.01
mm. 5 measurements are taken at random circumferential and axial locations
and averaged. Second, the scale/thorn height of each insert enhancement profile
is measured using Talyscan 150 Hobson Precision 3D scanning instrument, of
resolution 0.06 µm. The mean diameter is computed as the difference between
the maximum diameter and the scale/thorn height.

After the copper inner diameter and the mean diameter of each insert have been
determined, the mean microchannel gap size for each channel profile is
computed. The measured dimensions are presented in Table 5-3 and Table 5-4.

Table 5-3: Measured key dimensions

Inner diameter of copper block
Microchannel length
Mean gap size for Plain microchannel

Nominal value
20.00
30.00
300

100

Actual value
19.969
30.00
285

Unit
mm
mm
µm
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Table 5-4: Measured mean gap size for IFS, FS and D microchannel series

Insert Profile
e (mm) P (mm)
0.03
0.3
0.09
0.9
0.15
1.5
0.21
2.1
0.15
0.75
0.15
2.25
0.15
3.0

Actual mean microchannel gap size (µm)
IFS Series FS Series
D Series
286
283
286
282
285
285
280
275
283
276
273
283
277
279
279
284
274
287
285
278
289

5.5 Heat Supply System
In this study, different heat flux is used with different mass flow rate. Variable
heat flux is achieved through a meticulous design of the electrical power supply
system, as shown in Figure 5-17. The system consists of three components: the
incoming power supply distribution panel, variac and heater.

Figure 5-17: Schematic diagram of the heat supply system
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The incoming power supply distribution panel, which is connected to a 3-phase
industrial wall socket, is first used to convert the 3-phase power supply to a
230V / 1 Ph power supply. The single-phase power supply is then connected to
a variac, which is used to step down the voltage so as to vary the power supply
to the heater in the test module. As a result, the heat flux supplied to the water
may be varied. Furthermore, an ammeter is positioned before the heater to
measure the current, and therefore the power, supplied to the heater.

The incoming power supply distribution panel also incorporates a hightemperature cut-off safety feature. The panel takes signals from the Type-J
thermocouple embedded in the test module. Once a pre-set high temperature is
detected, the circuit breaker will be activated to cut off the power supply to the
test module. A red warning light will be activated to warn the user as well.

5.6 Measuring Devices

5.6.1

Type-J Thermocouple

As shown in Figure 5-18, mineral insulated Type-J thermocouple probes,
according to DIN EN 60584 standard, are used to measure localised
temperature at various locations of the copper block. These thermocouples
come with sensor surface as small as 1.5 mm, which is important since 10
thermocouples are required to be evenly spaced within 30 mm. The temperature
range of a Type-J thermocouple is -40 °C to 750 °C, which well covers the
required measurement range of 25 °C to 500 °C.
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Figure 5-18: Type-J thermocouple

The 12 Type-J thermocouples are calibrated using the Industrial grade Fluke
Calibration 7103 micro-bath with a range of -30 to 125 °C. The thermometer
probe used is the Fluke Calibration 5628 platinum resistance thermometer
probe with a range of -200 to 661 °C and accuracy of ± 0.006 °C at 0 °C. For
data logging purposes, the Fluke Calibration 1529 Chub-E4 Thermometer along
with MET/TEMP II software is used. Table 5-5 presents the calibration results
for all the 12 Type-J thermocouples. The standard error of estimate (S.E.E.)
represents the uncertainty of the measured temperature values obtained from
using the calibration results.
Table 5-5: Calibration results for Type-J thermocouples

Thermocouple

Best Fit Equation

R2 value

TC-J-01
TC-J-02
TC-J-03
TC-J-04
TC-J-05
TC-J-06
TC-J-07
TC-J-08
TC-J-09
TC-J-10
TC-J-11
TC-J-12

y = 1.0085x + 0.3513
y = 1.0073x + 0.3685
y = 1.0071x + 0.3930
y = 1.0068x + 0.3806
y = 1.0083x + 0.3005
y = 1.0078x + 0.3670
y = 1.0105x + 0.2771
y = 1.0085x + 0.4073
y = 1.0084x + 0.3912
y = 1.0091x + 0.3869
y = 1.0095x + 0.3632
y = 1.0092x + 0.4107

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
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Standard Error of
Estimate (S.E.E.)
0.114
0.0870
0.0522
0.0487
0.0662
0.0503
0.0608
0.0444
0.0401
0.0416
0.0424
0.0531
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After calibration, a verification check is conducted to ensure that the
temperature readings provided by the thermocouples are accurate. The details of
the calibration procedure are provided in Appendix A.

5.6.2

Type-T Thermocouple

As previously illustrated in Figure 5-1, a total of 5 Type-T thermocouples are
used to measure localised flow temperature at various positions of interest
along the flow loop. Most importantly, two thermocouples are positioned before
and after the test module, in order to compute heat transferred from the heater in
the test module to the water. The other three thermocouples are spread out over
the flow loop for monitoring purposes. The temperature range of the Type-T
thermocouple, as shown in Figure 5-19, is -40 °C to 350 °C, which well covers
the required measurement range of 25 °C to 85 °C.

Figure 5-19: Type-T thermocouple

Similarly, the Type-T thermocouples are calibrated using the same temperature
calibration system, of which the procedure is detailed in Appendix A. Table 5-6
presents the calibration results for all the 5 Type-T thermocouples.
Table 5-6: Calibration results for Type-T thermocouples

Thermocouple

Best Fit Equation

R2 value

TC-T-01
TC-T-02
TC-T-03
TC-T-2F
TC-T-2B

y = 1.0032x + 0.2620
y = 1.0043x + 0.2324
y = 1.0003x + 0.2712
y = 1.0019x + 0.3888
y = 1.0006x + 0.3582

1.000
1.000
1.000
1.000
1.000
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Standard Error of
Estimate (S.E.E.)
0.0611
0.0573
0.0541
0.0468
0.0523
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Pressure Transducer

As previously illustrated in Figure 5-1, a total of 5 pressure transducers are used
to measure localised flow pressure at various positions of interest. Most
importantly, two pressure transducers are positioned before and after the test
module, in order to compute the pressure drop across the test module. The other
three pressure transducers are spread out over the flow loop for monitoring
purposes.
In this study, WIKA pressure transmitters of model A-10 are used, as shown in
Figure 5-20(a). Since the maximum pressure of the chiller is set at 6.0 bar(g),
the measuring range of the pressure transducers is chosen at 0 to 6 bar(g), which
corresponds to a current output of 4-20 mA. During operation, the pressure
transmitters are powered at 24 V DC by Agilent power supply unit, as shown in
Figure 5-20(b).

Figure 5-20: (a) WIKA pressure transmitter and (b) Agilent DC power supply unit

The 5 pressure transducers are calibrated using DRUCK 452 pneumatic dead
weight tester. The equipment is designed for a calibration range of 0 to 7 bar(g),
which covers the pressure transducer range of 0 to 6 bar(g). The calibration is
carried out for the full range of the pressure transducer, at an interval of 0.5
bar(g). A complete run consists of both increasing and decreasing pressure
points, so as to account for any hysteresis related errors.
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Table 5-7 presents the calibration results for all the five pressure transducers.
The standard error of estimate (S.E.E.) represents the uncertainty of the
measured pressure values obtained from using the calibration results.
Table 5-7: Calibration results for pressure transducers

Pressure
transducer
PT-01
PT-02
PT-03
PT-2F
PT-2B

5.6.4

Best Fit Equation

R2 value

y =0.376x - 1.495
y = 0.375x - 1.494
y = 0.376x - 1.497
y = 0.376x - 1.503
y = 0.376x - 1.497

1.000
1.000
1.000
1.000
1.000

Standard Error of
Estimate (S.E.E.)
0.00162
0.00224
0.00138
0.00196
0.00100

Flow Meter

As previously illustrated in Figure 5-1, a flow meter is positioned after the test
module to measure the flow rate in the test loop. Since the study involves the
variation of Reynolds number, accurate and repeatable measurements of the
flow rate is an important consideration. The selected Tricor TCM 0650 Coriolis
flow meter, as shown in Figure 5-21, supports a flow rate measurement range of
0.1 to 10 L/min and offers an uncertainty of ± 0.1 % of reading. The flow meter
comes with a TCE 6000 transmitter, which provides two 4-20 mA current
output signals for data acquisition. During operation, the flow meter is powered
at 24 V DC by Agilent power supply unit.

Figure 5-21: Tricor TCM 0650 Coriolis flow meter
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While calibration is not required due to the high accuracy of the Coriolis flow
meter, validation is carried out to ensure that it is working as expected. Using
the primary standard of mass and time, the amount of water collected is
measured using a mass balance with a range of 0–30 kg, while the time taken is
measured using a stopwatch. The flow rate is then calculated and compared
against the value obtained using the flow meter. The process is repeated for six
flow rates, and the results of the validation process are tabulated in Table 5-8.
The results show that the flow meter is functioning well.
Table 5-8: Validation results for Coriolis flow meter

DAQ Flow Rate Primary Flow Rate Difference
(L/min)
(L/min)
(L/min)
1.01
1.02
-0.01
2.06
2.07
-0.01
3.07
3.07
+0.00
4.01
4.00
+0.01
5.98
5.98
+0.00
6.00
5.97
+0.03

5.6.5

Ammeter

The ammeter, as shown in Figure 5-22, is used to measure the current supplied
to the heater in the test module. Combined with the known resistance of the
heater, the current reading can be used to compute the electrical power supplied
to the test module using 𝑃 = 𝐼 2 𝑅.

Figure 5-22: Ammeter to measure current
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Since calibration is not critical for the ammeter, validation is carried out to
ensure that it is functioning. The values obtained by the ammeter are compared
against those measured by a digital current probe. The results of the validation
process are tabulated in Table 5-9. It is verified that the ammeter is working as
expected.
Table 5-9: Validation results for ammeter

Current probe
(A)
0.01
2.00
4.03
6.02
7.99
10.01

Ammeter (A)
0.01
2.00
4.01
6.00
7.98
10.01

Difference
(A)
+0.00
+0.00
+0.02
+0.02
+0.01
+0.00

5.7 Data Acquisition System
A data acquisition (DAQ) system is set up to acquire the output signals of all
the measuring devices, convert these signals into their corresponding
measurement values, and display the values on-screen for monitoring purposes.
The measured parameters are temperature, pressure, flow rate and electrical
current. As illustrated in Figure 5-23, the DAQ system comprises of three main
components: measuring devices, corresponding modules and computer software.

Figure 5-23: Schematic diagram of data acquisition system
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The measuring devices, which have been covered in the preceding section, are
connected to a total of three modules from National Instruments (NI). The
Type-T and Type-J thermocouples are connected to a total of two NI 9213
modules, while the pressure transducers and Coriolis flow meter are connected
to the NI 9208 module. The three modules are housed in a 4-slot chassis NI
cDAQ-9174, which connects the modules to the computer through a USB cable.

The NI LabVIEW software is used to convert the signals obtained from the
modules into their corresponding measurement values. During the software
execution, the measurements are written into an excel file for data reduction
purposes. The software is also programmed to display the measurement values
on-screen for monitoring purposes. As shown in Figure 5-24, the interface is
designed to be user-friendly, with critical parameters highlighted in red.

Figure 5-24: NI LabVIEW software user interface
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5.8 Limits of the Current Measurement System
The measurement system is designed to function within a certain range of
operating conditions. To ensure that all the equipment is used within their
intended range, it is important to take note of their respective limits and avoid
going beyond these limits when running the experiments. Table 5-10
summarises the limits of the measurement system.

Table 5-10: Limits of the measurement system

Key Parameters
Fluid pressure
Fluid flow rate
Heat flux

Maximum limit Consequences of exceeding the limit
6.0 bar(g)
Chiller will stop functioning and
pressure transducers will spoil
10 L/min
Flow meter will spoil
2000 W
Variac will spoil, although heater is rated
at 3000 W

The copper wall temperature is kept at a maximum of 80 °C. This is to prevent
the occurrence of hot spots, which may lead to localised boiling regions. As
such, tests were conducted to compute the maximum heat flux that can be
supplied at each flow rate, in order to prevent boiling. The findings are
summarised in Table 5-11.

Table 5-11: Heat flux cap for single-phase flow at each flow rate

Flow Rate L/min Highest Heat Flux (W)
1.00
700
2.00
1000
3.00
1200
4.00
1400
5.00
1600
6.00
1800
7.00
2000
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5.9 Data Reduction
The data reduction method is adopted after reviewing the work of several
researchers [11,44,105,157]. Each steady-state measurement is computed as an
average of 600 data points logged at 1 Hz. The steady-state condition is deemed
to be achieved when all the temperature measurements fluctuate within 0.3 °C,
all the pressure measurements within 0.04 bar(g), and the flow measurement
within 0.05 L/min. The measurements are then used in the data reduction.

The fluid properties include density, dynamic viscosity, thermal conductivity
and specific heat. They are all evaluated at the mean fluid temperature and
pressure.
𝑇𝑜 + 𝑇𝑖
2
𝑝𝑜 + 𝑝𝑖
=
2

𝑇𝑓,𝑚 =

(5-4)

𝑝𝑓,𝑚

(5-5)

The fluid properties are computed using the REFPROP software, which is
developed by the National Institute of Standards and Technology [158]. The
software is based on the Helmholtz-free-energy formulations from the
International Association for the Properties of Water and Steam (IAPWS) [138].

5.9.1

Thermal Consideration

The steady-state sensible heat gain by the water is determined by the energy
balance equation:
𝑞 = 𝜌𝑐𝑝 𝑄(𝑇𝑜 − 𝑇𝑖 )

(5-6)

The outlet and inlet temperatures are measured by the two Type-T
thermocouples positioned before and after the test module. The volumetric flow
rate is measured using the Coriolis flow meter.
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The mean wall temperature, Tw,m, is obtained by averaging ten local wall
temperature measurements. Each local wall temperature, Tw,i, is determined by
extrapolating the reading of the Type-J thermocouple embedded in the copper
block, as in Eqn. (5-8).
𝑇𝑤,𝑚 = ∑

10

𝑇𝑤,𝑖 /10

𝑖=1

𝑇𝑤,𝑖 = 𝑇𝑟=2.5𝑚𝑚,𝑖 − 𝑞

ln(𝐷𝑟 ⁄𝐷𝑤 )
2 𝜋 𝐿 𝑘𝑐

(5-7)
(5-8)

The average heat transfer coefficient is then evaluated using Newton’s law of
cooling:
ℎ=

𝑞
𝐴(𝑇𝑤,𝑚 − 𝑇𝑓,𝑚 )

(5-9)

The heat transfer area, A, is the area of the copper inner surface which is in
contact with the flow. It is calculated by 𝜋𝐷𝑜 𝐿, and is therefore fixed at 18.85
cm2 in the present study.
The average Nusselt number is calculated from the average heat transfer
coefficient:
𝑁𝑢 =

ℎ 𝐷ℎ
𝑘𝑓

(5-10)

The normalised Nusselt number is quantified by:

𝐸𝑁𝑢 =

𝑁𝑢
𝑁𝑢𝑃𝑙𝑎𝑖𝑛
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Hydrodynamic Consideration

The pressure drop across the entire test module is the difference between inlet
and outlet fluid pressure. They are measured by the two pressure transducers
positioned before and after the test module.
∆𝑝𝑚𝑜𝑑𝑢𝑙𝑒 = 𝑝𝑜 − 𝑝𝑖

(5-12)

For best accuracy, the pressure drop across the 30-mm microchannel should be
obtained by subtracting ∆𝑝𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 and ∆𝑝𝑒𝑥𝑖𝑡 from ∆𝑝𝑚𝑜𝑑𝑢𝑙𝑒 .
∆𝑝𝑚𝑖𝑐𝑟𝑜𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = ∆𝑝𝑚𝑜𝑑𝑢𝑙𝑒 −(∆𝑝𝑒𝑛𝑡𝑟𝑎𝑛𝑐𝑒 + ∆𝑝𝑒𝑥𝑖𝑡 )

(5-13)

However, simulation results obtained from the numerical model indicate that
∆𝑝𝑚𝑖𝑐𝑟𝑜𝑐ℎ𝑎𝑛𝑛𝑒𝑙 can be well approximated by ∆𝑝𝑚𝑜𝑑𝑢𝑙𝑒 , as shown in Table 5-12.
Furthermore, using this data reduction method is not only more convenient, but
it also reduces the overall uncertainty of friction factor, since the uncertainty of
the numerical data can be excluded from the calculations.
Table 5-12: Simulation results for Δpmodule and Δpmicrochannel

Insert profile
Plain
IFS_e0.15-P0.75
FS_e0.15-P1.5
D_e0.21-P2.1

Flow rate
(L/min)
6
5.5
2
4

∆𝒑𝒎𝒐𝒅𝒖𝒍𝒆
(Pa)
45347.8
185347.0
18731.7
75422.8

∆𝒑𝒎𝒊𝒄𝒓𝒐𝒄𝒉𝒂𝒏𝒏𝒆𝒍
(Pa)
40978.9
177748.0
18453.6
73265.7

∆𝒑𝒎𝒊𝒄𝒓𝒐𝒄𝒉𝒂𝒏𝒏𝒆𝒍
∆𝒑𝒎𝒐𝒅𝒖𝒍𝒆
0.90
0.96
0.99
0.97

Hence, the pressure drop across the 30-mm microchannel is obtained by:
∆𝑝𝑚𝑖𝑐𝑟𝑜𝑐ℎ𝑎𝑛𝑛𝑒𝑙 ≈ ∆𝑝𝑚𝑜𝑑𝑢𝑙𝑒
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The Darcy friction factor 𝑓 in the present study is determined by:
𝑓=

∆𝑝𝑚𝑖𝑐𝑟𝑜𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝐷ℎ
∆𝑝𝑚𝑖𝑐𝑟𝑜𝑐ℎ𝑎𝑛𝑛𝑒𝑙 2 𝐷ℎ 3 𝜌
=
(
× 2)
2
1
𝐿
𝑅𝑒
𝐿
µ
2
2 𝜌 𝑢𝑚

(5-15)

Reynolds number for the annular microchannel is calculated by:
𝑅𝑒 =

𝑚̇ 𝐷ℎ
4𝑚̇
4𝜌𝑄
=
=
𝐴𝑐 µ 𝜋(𝐷𝑜 + 𝐷𝑖 )µ 𝜋(𝐷𝑜 + 𝐷𝑖 )µ

(5-16)

The normalised friction factor is quantified by:
𝐸𝑓 =

5.9.3

𝑓

(5-17)

𝑓𝑃𝑙𝑎𝑖𝑛

Thermo-hydraulic Performance

As explained in Section 3.3.3, the thermo-hydraulic performance is quantified
by:
1

𝑁𝑢
𝑓 3
𝜂= (
)⁄(
)
𝑁𝑢𝑃𝑙𝑎𝑖𝑛
𝑓𝑃𝑙𝑎𝑖𝑛

(5-18)

5.10 Uncertainty Analysis
The uncertainty analysis is carried out after reviewing several guidelines on
reporting measurements, including the National Physical Laboratory guide
[159], United Kingdom Accreditation Service (UKAS) guide [160], the Joint
Committee for Guides in Metrology (JCGM) guide [161], the National Institute
of Standards and Technology (NIST) guide [162] and Journal of Heat Transfer
Policy [163].
Measurement is the “process of experimentally obtaining one or more quantity
values that can reasonably be attributed to a quantity” [164]. The purpose of
measurement is to assign a quantitative value to the measurand. There are four
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parts to reporting a measurement: the nominal value, the units of measurement,
the uncertainty and the confidence level.

Figure 5-25: Parameters for reporting measurements

As illustrated in Figure 5-25, the nominal value is the best estimate of the
(unknown) true quantity value. The uncertainty of a measurement provides an
interval, of limits less and more than the nominal value, within which the true
quantity value is believed to lie. The confidence level refers to the statistical
probability that the true quantity value indeed lies within the reported interval.
The Journal of Heat Transfer suggests that all uncertainty evaluation is to be
performed with a 95% confidence interval [163].

Uncertainty in measurement is largely due to two effects: random and
systematic. Random effects occur when several consecutive measurements give
randomly different results; whereas systematic effects occur when the measured
quantity is, on average, consistently higher/lower than the true quantity value.
Uncertainty due to random effects may be reduced by increasing the number of
measurements; whereas uncertainty due to systematic effects may be reduced
by applying a correction relation determined from calibration. However, due to
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the lack of complete knowledge of the measurement process, uncertainty can
only be minimised but never eliminated.

In this study, the uncertainty of a measurement is evaluated by first computing
standard uncertainty, followed by combined standard uncertainty and expanded
uncertainty.

The standard uncertainty due to systematic effects may be attributed mainly to
the uncertainty of the estimation of the nominal value based on the best fit equation
from the calibration, which is the standard error of estimate (S.E.E.).

The standard uncertainty due to random effects is computed through statistical
analysis of a large number of samples, where a normal distribution may be
assumed. This is commonly known as Type A evaluation, and can be quantified
by:
𝑥̅ =

𝑛
1
∑ 𝑥𝑖
𝑛
𝑖=1

𝑛
1
𝑢(𝑥) = 𝑠(𝑥̅ ) = √
∑ (𝑥𝑖 − 𝑥̅ )2
𝑛(𝑛 − 1) 𝑖=1

(5-19)

where 𝑥̅ is the mean of the measurements
𝑥𝑖 is the value of each measurement
𝑛 is the number of independent measurements taken
𝑢(𝑥) is the standard uncertainty
𝑠(𝑥̅ ) is the standard deviation of the mean
Combined standard uncertainty of an individual measurement is therefore [163]:
𝑢𝑐 (𝑥) = √𝑢𝑟𝑎𝑛𝑑𝑜𝑚 2 + 𝑢𝑠𝑦𝑠𝑡𝑒𝑚𝑎𝑡𝑖𝑐 2

(5-20)

For a normal distribution, 1 standard uncertainty, 𝑢𝑐 , corresponds to 68%
confidence that true value lies within the stated interval. Expanded uncertainty,
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U, increases the level of confidence by including a coverage factor, k, as in Eqn.
(5-21). For 95% confidence, k = 2.
𝑈 = 𝑘 𝑢𝑐 (𝑥)

(5-21)

The final result of a measurement would then be 𝑥̅ ± 𝑈, with 95% confidence.
The uncertainty calculations for the Type-J and Type-T thermocouples, as well
as the pressure transducer and flow meter are presented in Appendix B.

5.10.1 Uncertainty of Dimensions
To evaluate the standard uncertainty of numeric rounding caused by finite
resolution of the measuring instruments, the rectangular probability distribution
is considered. As shown in Figure 5-26, there is equal probability of the value
of xi being anywhere within the range xi - a to xi + a, and zero probability of it
being outside these limits. Half-width a is simply half of the instrument
resolution. This method is classified as Type B evaluation.

Figure 5-26: Rectangular probability distribution [160]

The standard uncertainty corresponding to the rectangular probability
distribution can be estimated as a function of half-width, a:
𝑎
𝑢(𝑥) =
√3

(5-22)

The uncertainty calculation for the key dimensions is shown in Appendix B.
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5.10.2 Uncertainty of Derived Parameters
The individual measurements, such as pressure, temperature and flow rate, are
subsequently used to derive certain parameters of interest. In this study, these
parameters include convective heat transfer coefficient, pressure drop, Nusselt
number, Reynolds number, friction factor, normalised Nusselt number,
normalised friction factor and thermo-hydraulic performance.

The uncertainty for the derived parameters are computed using the law of
propagation [162]:
Given that 𝑦 = 𝑓 (𝑥1 , 𝑥2 , … , 𝑥𝑁 )
𝑁

𝜕𝑓 2 2
𝑈𝑑𝑒𝑟𝑖𝑣𝑒𝑑 (𝑦) ≈ √∑ ( ) 𝑈 (𝑥𝑖 )
𝜕𝑥𝑖

(5-23)

𝑖=1

where

𝜕𝑓
𝜕𝑥𝑖

is sensitivity coefficient and 𝑈(𝑥𝑖 ) is the expanded uncertainty of

each measurement.
The calculated uncertainty values for the derived parameters are tabulated in
Table 5-13. The expanded uncertainty of all fluid properties, such as density,
specific heat, thermal conductivity and kinematic viscosity are taken to be
0.5 %. The measurement system was initially designed for flow rates ranging
from 2.0 to 7.0 L/min. Hence, the uncertainty values are low. However,
preliminary results for the enhanced microchannels show signs of early
laminar-to-turbulent flow transition. To further investigate this, the flow rate
range was extended to be from 0.5 to 7.0 L/min. The maximum uncertainty
values for flow rates from 0.5 to 2.0 L/min are computed as well. While the
uncertainty values are high, the measured values exhibit a well-behaved trend
even at low flow rates, as can be observed from all the results in Chapters 6 to 9.
This provides confidence that the measured values are accurate despite the high
maximum uncertainty values.
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Table 5-13: Uncertainty of key parameters

Parameter
h
Δp
Nu
Re
f
ENu
Ef
η

Range of
uncertainty for
2 to 7 L/min
2.8 – 10.3%
0.3 – 10.2%
3.1 – 10.4%
0.5 %
1.3 – 10.3%
4.3 – 14.7%
1.8 – 14.5%
4.4 – 15.5%

Maximum
uncertainty for
0.5 to 2 L/min
36.9%
43.3%
36.9%
0.5 %
43.3%
52.1%
61.2%
56.0%

5.11 Validation of Measurement System
5.11.1 Comparison of Measured Values with Classical Theory
The measured friction factor for the Plain microchannel is validated through the
comparison with classical correlations. For Reynolds number less than 2,200,
the parallel plate formula for laminar flow by Shah in 1978 [35] is used. This is
reasonable since the Poiseuille number correlations for concentric annular pipes
with r* ≳ 0.4 are virtually the same as those for parallel plates even up to
∗
∗
𝑧ℎ𝑦
=0.1 [18]. In the present study, r*=0.97 and the largest 𝑧ℎ𝑦
=0.04. For

Reynolds number above 3,400, the circular pipe formula for turbulent flow by
Phillips in 1987 [22] is considered, with the circular diameter replaced by
hydraulic diameter. After accounting for the variation in fluid properties due to
the large temperature difference between the wall and the bulk fluid, the
measured and predicted values of friction factor have a maximum discrepancy
of 9.2%, as shown in Table 5-14. The overall mean discrepancy is 7.8%.
Table 5-14. Validation of friction factor for Plain microchannel

Reynolds number
350
1,700
3,472
4,591

Measured f
0.3127
0.0741
0.0523
0.0493
119

Predicted f
0.2878
0.0692
0.0484
0.0448

Discrepancy
-8.0 %
-6.6 %
-7.5 %
-9.2 %
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The measured Nusselt number for the Plain microchannel is also validated
through the comparison with classical correlations. For Reynolds number less
than 2,200, the circular pipe formula by Shah and London for laminar flow
under constant heat flux condition [18] is used. For Reynolds number above
3,400, the Gnielinski’s equation [34] for turbulent flow is considered. After
accounting for the variation in fluid properties due to the large temperature
difference between the wall and the bulk fluid, the measured and predicted
values of Nusselt number have a maximum discrepancy of 19.6%, as shown in
Table 5-15. The overall mean discrepancy is 13.4%.

Table 5-15. Validation of Nusselt number for Plain microchannel

Reynolds number
350
1,700
3,472
4,591

Measured Nu
6.85
12.47
21.10
28.44

Predicted Nu
6.50
11.07
24.80
34.02

Discrepancy
-5.1 %
-11.2 %
17.6 %
19.6 %

According to classical heat transfer theory for developing flow, Nusselt number
for a fixed geometry remains constant for the same Reynolds number and
Prandtl number [13]. Table 5-16 shows that the measured Nusselt number
varies within 3.3%, when the Reynolds number and Prandtl number are
maintained within 0.2%. This is in good agreement with the classical theory. In
addition, it is validated that the Nusselt number measurements are independent
of the heat supplied to the test module, also shown in Table 5-16.

Table 5-16: Validation of Nusselt number

IFS_e0.21-p2.1
Discrepancy

Re
3798
3791
-0.2%

Pr
5.53
5.53
0.0%

120

Nu
46.21
47.72
3.3%

Heat Input (W)
1000
250
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5.11.2 Repeatability Test
The repeatability test is conducted at five randomly selected cases, using
different IFS inserts and flow rates. The measurement is performed twice for
each case, and the key parameters are computed and compared. As shown in
Table 5-17, the maximum discrepancy in pressure drop and Nusselt number
measurements are 0.57% and 0.39% respectively, indicating an excellent
repeatability.
Table 5-17. Repeatability test

IFS insert
e
P
(mm)
(mm)
0.21
2.1
0.15
2.25
0.15
0.75
0.15
1.5
0.15
3.0

Flow
Rate
(L/min)
2.00
3.00
4.00
6.00
7.00

Heat
Flux
(W/cm2)
53.0
53.0
53.0
53.0
53.0

121

Discrepancy in
Pressure Drop
(%)
0.36
0.57
0.05
0.46
-0.16

Discrepancy in
Nusselt number
(%)
-0.17
-0.39
0.16
0.36
-0.12
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Results for the Plain Microchannel

This chapter presents the measured results for the Plain annular microchannel,
with a gap size of 300 µm. The first section demonstrates that high heat transfer
coefficient values, which are comparable to those in a typical microchannel,
can be achieved in macro geometry without involving complex and costly
manufacturing methods. The second and third sections compare the measured
results with predictions from the classical theory, and discuss the possible
reasons for any deviation. The fourth section identifies the laminar-to-turbulent
flow transition regime in the present study based on the flow and heat transfer
behaviour, and compares it with those from the classical theory. The fifth
section distinguishes the flow regime based on the hydrodynamic and thermal
entrance lengths.

6.1 Overview of Measured Results for the Plain Microchannel
Figure 6-1 shows the variation of convective heat transfer coefficient h with
flow rate for the Plain microchannel. For single-phase liquid water in
conventionally-sized channels, the typical h values are at most 10 kW/m2·K
[14,27]. In the present study, the heat transfer coefficient for the Plain
microchannel ranges from 10.9 to 27.1 kW/m2·K, for flow rates between 2 and
7 L/min. This confirms the feasibility of achieving microscale heat transfer
effects in macro geometry.
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Figure 6-1: Heat transfer coefficient against flow rate for Plain microchannel

6.2 Comparison of Friction Factor with Classical Theory
For hydrodynamic considerations, Figure 6-2 compares the measured friction
factor with the values predicted by classical theory. For laminar flow, friction
factor predictions from Shah and London for circular pipes (Eqn. 2-11) and
parallel plates (Eqn. 2-49) are used. They are valid for both developing and
fully developed flow. The Hagen–Poiseuille theory (Eqn. 2-12) is not used as it
is applicable to fully developed flow, and therefore does not consider the
entrance effect which is significant in the present study. For turbulent flow, the
Phillips correlation (Eqn. 2-13) is used, as it is applicable to both developing
and fully developed flow, and for smooth pipes.
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Figure 6-2: Comparison of measured friction factor with classical correlations

It is observed that the measured friction factor values are higher than those
predicted by classical theory, for both laminar and turbulent flow. Upon closer
scrutiny, the friction factor in the present study is derived by evaluating all the
fluid properties at the mean fluid temperature, using the data reduction
procedure in Section 5.9. However, when there is a large temperature difference
between the wall and the bulk fluid, the variation in fluid properties becomes
important. Specifically, the viscosity of the fluid next to the heated wall is
lower than that of the bulk fluid. Hence, the average friction factor of the
microchannel would be lower.

Kakaç et al. [14] proposed a property correction factor for dynamic viscosity:
𝑓𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 𝑓(𝜇𝑏 /𝜇𝑤 )−0.58 , where the subscripts b and w stand for bulk and
wall, respectively. Using the aforementioned equation, the adjusted friction
factor is approximated to be 74% of the original data. As shown in Figure 6-3,
125

Results for the Plain Microchannel

Chapter 6

the adjusted friction factor values agree with the correlations by Shah and
London for laminar flow in parallel plates, and by Phillips for turbulent flow.
This suggests that it is important to consider property correction factors in
microchannel flows, and that this could be a factor for the discrepancies among
earlier studies regarding the deviation from classical theory.

Figure 6-3: Comparison of adjusted measured friction factor with classical correlations

6.3 Comparison of Nusselt Number with Classical Theory
For thermal considerations, Figure 6-4 compares the measured Nusselt number
with the values predicted by classical theory. For laminar flow, Nusselt number
correlations by Shah and London for circular pipes (Eqn. 2-28) and parallel
plates (Eqn. 2-51) are used. They are applicable to thermally developing flow,
subject to constant wall heat flux conditions. Although the Hausen prediction
(Eqn. 2-25) is commonly used by many researchers as highlighted in Chapter 2,
it is only applicable for constant wall temperature conditions. Hence, it is not
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applicable in the present study, where the flow is subjected to constant heat flux
conditions.
For turbulent flow, the Gnielinski’s correlation (Eqn. 2-34) is used. This
correlation is applicable to fully developed flow in smooth pipes, and hold for
both constant wall temperature and heat flux boundary conditions. Although it
is proposed for fully developed flow, it is sufficient as an approximation in the
present study. This is because the entrance effects are less significant in
turbulent flow, due to the fact that the hydrodynamic and thermal entrance
lengths are much shorter. The detailed calculation is presented in Section 6.5.

Figure 6-4: Comparison of measured Nusselt number with classical correlations

It is observed that the correlation by Shah and London for circular pipes is in
good agreement with the measured Nusselt number, while the Gnielinski’s
correlation is slightly higher than the measured data. Similarly, the Nusselt
number in the present study is derived by evaluating all the fluid properties at
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the mean fluid temperature. If the large temperature difference between the wall
and the bulk fluid were considered, the fluid near the wall would be less viscous
than the bulk fluid. This means that the velocity gradient at the wall would be
greater, leading to higher local Nusselt number near the wall. Hence, the
average Nusselt number of the microchannel would be higher.

Sider and Tate [31] provided a property correction factor for dynamic viscosity:
𝑁𝑢𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 𝑁𝑢(𝜇𝑏 /𝜇𝑤 )0.14, where the subscripts b and w stand for bulk and
wall, respectively. Using the aforementioned equation, the adjusted Nusselt
number is approximated to be 7% higher than the original data. As shown in
Figure 6-5, the adjusted Nusselt number values agree with the correlations by
Shah and London for laminar flow, and Gnielinski’s correlation for turbulent
flow. This again suggests that property correction factors are important in
microchannel flows.

Figure 6-5: Comparison of adjusted measured Nusselt number with classical correlations
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6.4 Laminar-to-turbulent Transition
Figure 6-6 presents both the variation of measured friction factor and Nusselt
number with Reynolds number in the same figure, in order to accurately
determine the Reynolds number range for flow transition. As discussed in
Sections 2.1 and 2.2, the critical Reynolds number corresponding to laminar-toturbulent flow transition for parallel plates ranges between 2,200 and 3,400
[14,165], while that in circular pipes is approximately 2,300 [13]. It is clear that
both the friction factor and Nusselt number data agree on the same critical
Reynolds number range for the Plain microchannel in the present study, and
that this range agrees with those for the conventionally-sized macro-scale
channels.

Figure 6-6: Identification of flow transition from the flow and heat transfer behaviour
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6.5 Classification of Flow Regime
In order to understand whether the flow is developing or fully developed, the
hydrodynamic and thermal entrance lengths are computed. For the laminar flow
regime, Shah and London [18] proposed that the dimensionless hydrodynamic
and thermal entrance lengths for an annular channel are 0.0108 and 0.04101,
respectively. The equations to determine the corresponding dimensional lengths
are provided by Eqns. (2-45) and (2-50) in Section 2.2. Since the flow condition
has been determined to be laminar up to a Reynolds number of 2,200 in the
present study, the entrance lengths are computed accordingly.

Figure 6-7 shows the estimated hydrodynamic and thermal entrance lengths
under laminar conditions. At the lowest Reynolds number of 350, the
hydrodynamic and thermal entrance lengths are approximately 2 and 45 mm,
respectively. Given that the microchannel length is 30 mm in the present study,
it implies that 8% of the microchannel length is occupied by the hydrodynamic
entrance region, and the flow is thermally developing for the entire
microchannel length. On the other hand, at the highest Reynolds number of
about 2,200, the hydrodynamic and thermal entrance lengths are approximately
14 and 292 mm, respectively. This implies that 47% of the microchannel length
is occupied by the hydrodynamic entrance region, and the flow is thermally
developing for the entire microchannel length. In other words, the laminar flow
for the Plain microchannel in the present study falls largely in the thermally
developing region with fully developed velocity boundary layer.
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Figure 6-7: Estimated hydrodynamic and thermal entrance lengths under laminar
conditions

For turbulent flow, the boundary layers develop much faster, at approximately
10 times the hydraulic diameter of the flow channels [13,17]. In the present
study, the hydrodynamic and thermal entrance lengths are therefore 6 mm,
implying that 20% of the microchannel length is in the entrance region. In other
words, the turbulent flow for the Plain microchannel in the present study falls
largely in the fully developed regime, both hydrodynamically and thermally.
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Results for the Inverted Fish Scale
Microchannels

The Inverted Fish Scale profile was conceptualised in view that fishes are
naturally streamlined to minimise flow disturbance when they swim forward.
However, flow disturbances are crucial to enhance heat transfer. Therefore, the
scaly profile is designed to oppose the flow direction, as shown in Figure 7-1,
so as to cause maximum flow disruption, hence the name “Inverted” Fish Scale.
The IFS geometrical profile is quantified by the scale height (e) and scale pitch
(P). For a fair comparison with the Plain microchannel, the mean flow gap (H)
is kept constant at 300 µm. The results suggest that the IFS profile would be
useful for heat transfer applications, where a high heat transfer coefficient is
warranted, with less stringent pressure drop restrictions.

Figure 7-1: Inverted Fish Scale profile

This chapter presents the results for the Inverted Fish Scale (IFS) microchannel
series. First, the measured heat transfer coefficient and pressure drop for all
the IFS microchannels is presented. Second, a comparison between the
measured and numerical results is presented. Third, the effects of e/H ratio and
P/e ratio on Nusselt number, friction factor and thermo-hydraulic performance
are studied. The physical mechanisms behind the heat transfer and flow
phenomena are examined using the flow field, as well as velocity and
temperature distributions, from the numerical results.
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7.1 Overview of Measured Results for the IFS Microchannels
Figure 7-2 shows the variation of convective heat transfer coefficient h with
flow rate, for all the IFS and Plain microchannels. The measured data indicates
that the IFS profiles generally enhance heat transfer. For flow rates above 3.5
L/min, all the IFS microchannels yield heat transfer coefficient values higher
than those of the Plain microchannel. The highest heat transfer coefficient
achieved in the present study is 52.8 kW/m2·K, at 6.5 L/min using the
IFS_e0.21-P2.1 insert. This is 2.1 times the value of 25.0 kW/m2·K, achieved
with the Plain microchannel at the same flow rate. This demonstrates the
effectiveness of the IFS profile in enhancing heat transfer performance.
Furthermore, with a convective heat transfer coefficient of 52.8 kW/m2·K, the
system is able to remove heat flux of up to 375 W/cm2 for a temperature
difference of 71 K.

As the subsequent analysis focuses on two parts, namely the effects of the scale
height (e) to mean channel height (H) ratio and scale pitch (P) to scale height (e)
ratio, the data points are symbolised accordingly to enhance the visual
understanding. This is so that the effects of e/H ratio and P/e ratio can be
obvious at a glance. For the e/H ratio study, the IFS_e0.03-P0.3, IFS_e0.09P0.9, and IFS_e0.21-P2.1 profiles are represented by hollow symbols. They
correspond to an e/H ratio of 0.1, 0.3 and 0.7, respectively, with a P/e ratio of
10. For the P/e ratio study, the IFS_e0.15-P3.00, IFS_e0.15-P2.25 and
IFS_e0.15-P0.75 profiles are represented by solid symbols. They correspond to
a P/e ratio of 20, 15 and 5, respectively, with an e/H ratio of 0.5. The
IFS_e0.15-P1.5 profile, being involved in both studies, is represented by a
hollow symbol with a cross. It corresponds to an e/H ratio of 0.5 and a P/e ratio
of 10.
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Figure 7-2: Heat transfer coefficient against flow rate for all IFS and Plain microchannels

Figure 7-3 shows the variation of pressure drop across the microchannel with
flow rate, for all the IFS and Plain microchannels. It is observed that the
maximum pressure drop for the IFS microchannel series is 3.3 bars. This value
is also the maximum pressure drop in the whole study. The pressure drop of 3.3
bars does not present itself to be a practical issue at all, since it can be easily
overcome by a commercially available pump, which is readily available in the
market for use in a macro system.
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Figure 7-3: Pressure drop against flow rate for all IFS and Plain microchannels

7.2 Comparison between Measured and Numerical Results
Figure 7-4 compares the measured and predicted pressure drop, for various
insert profiles at flow rates between 2 and 7 L/min. It is observed that about 80%
of the predictions agree well with the measurements, with the deviations falling
within the ±10% band. This demonstrates that the classical momentum and
continuity equations are capable of predicting single-phase microscale flow in
the IFS microchannels. Nonetheless, the numerical model generally underpredicts the pressure drop.

136

Results for the Inverted Fish Scale Microchannels

Chapter 7

Figure 7-4: Predicted pressure drop against measured pressure drop (IFS series)

Similarly, Figure 7-5 compares the measured and predicted Nusselt number, for
various insert profiles at Reynolds numbers approximately between 1,300 and
4,600. It is observed that about 80% of the predictions agree with the
measurements within the ±30% deviation band. For heat transfer predictions in
single-phase microscale flow, the deviation band is generally expected to be
larger than that for pressure drop. As concurred by Kong and Ooi [11], the
classical governing equations employed in numerical analyses may be less
adequate in predicting the heat transfer behaviour of single-phase flow in
microscale channels. Overall, the numerical model generally over-predicts the
Nusselt number.
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Figure 7-5: Predicted Nusselt number against measured Nusselt number (IFS series)

7.3 Scale Height (e) to Mean Channel Height (H) Ratio Study
In order to investigate the effect of the scale protrusion height on the heat
transfer and flow characteristics, the scale height (e) to mean channel height (H)
ratio is varied, where H is fixed at 0.3 mm. In this parametric study, four e/H
ratios of 0.1, 0.3, 0.5 and 0.7 are studied, with a fixed scale pitch (P) to scale
height (e) ratio of 10. A larger e/H ratio corresponds to a narrower minimum
gap through which the fluid flows. The schematic diagram explaining these
terminologies can be found in Section 3.2.1.
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Figure 7-6 shows the variation of Nusselt number with Reynolds number, for
different e/H ratio. It is observed that Nusselt number increases with Reynolds
number and e/H ratio. This will be considered in the formulation of the Nusselt
number correlation. The maximum Nusselt number achieved is 52, at Reynolds
number of 4,280 using the IFS profile with e/H ratio of 0.7. This is also the
maximum Nusselt number achieved in the whole study, due to the imposed
pressure drop limit of 3.5 bars.

The Nusselt number is plotted with a y-axis range of 0 to 60 throughout the
thesis. This is useful for a meaningful comparison across the three different
microchannel series.

Figure 7-6: Nusselt number against Reynolds number, for different e/H ratio (IFS series)
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Figure 7-7 shows the variation of normalised Nusselt number with Reynolds
number, for different e/H ratio. The Nusselt number is normalised with respect
to that of the Plain microchannel. The IFS profile with e/H ratio of 0.7 is
observed to achieve a Nusselt number of nearly 2.5 times that of the Plain
microchannel. For the IFS profiles with e/H ratio of 0.3, 0.5 and 0.7, the heat
transfer enhancement starts to become significant when Reynolds number
exceeds 600. This is likely due to the onset of turbulence, since the
corresponding friction factor to be presented in Figure 7-15 also exhibits a
change in flow behaviour at Reynolds number of 600. In other words, the
presence of a sufficiently high scale height in the IFS microchannel promotes
early laminar-to-turbulent flow transition, thereby enhancing heat transfer.

Another interesting observation is that the normalised Nusselt number declines
beyond a Reynolds number of 3,400. This is due to the fact that the Nusselt
number of the Plain microchannel increases more rapidly with Reynolds
number upon reaching a turbulent flow state. Based on Figure 7-6, the absolute
difference between the Nusselt number values for the IFS microchannel and the
Plain microchannel appears to be relatively constant. Given that the normalised
Nusselt number is defined as 𝑁𝑢/𝑁𝑢𝑃𝑙𝑎𝑖𝑛 , it would logically decrease when
𝑁𝑢𝑃𝑙𝑎𝑖𝑛 increases, while 𝑁𝑢 − 𝑁𝑢𝑃𝑙𝑎𝑖𝑛 remains relatively constant. This
implies that when both the IFS and Plain microchannels have reached a
turbulent flow state, the IFS profile becomes less effective in improving the
heat transfer relative to the Plain microchannel. In other words, the IFS profile
is most effective in improving the heat transfer if it promotes early laminar-toturbulent flow transition at a Reynolds number lower than 3,400.

For a meaningful comparison across the three different microchannel series, the
normalised Nusselt number is plotted with a y-axis range of 0.8 to 3.0
throughout the thesis.
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Figure 7-7: Normalised Nusselt number against Reynolds number, for different e/H ratio
(IFS series)

Figure 7-8 presents the same data from Figure 7-6 in a different manner to show
the variation of Nusselt number with e/H ratio. Nusselt number is observed to
increase with e/H ratio, for the same P/e ratio and Reynolds number. For e/H
ratio=0, which is the Plain microchannel, the Nusselt number is 15 at Re≈2,664.
As the e/H ratio increases to 0.1 and 0.7, the Nusselt number increases to 16
and 37 respectively, at the same Reynolds number.
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Figure 7-8: Nusselt number against e/H ratio, at different Reynolds number (IFS series)

The increase of Nusselt number with e/H ratio is caused by the narrowing of the
minimum gap through which the fluid flows. As the incompressible fluid is
forced through a narrower gap at the same flow rate, the local fluid velocity
becomes higher by virtue of mass conservation. As illustrated in Figure 7-9,
when the e/H ratio=0, which is the Plain microchannel, the channel height is
constant at 0.3 mm, and the maximum fluid velocity is about 4.9 m/s. When the
e/H ratio increases slightly to 0.1, the minimum channel height reduces slightly
to 0.285 mm, and the maximum fluid velocity remains close to 4.9 m/s, as
illustrated in Figure 7-10. However, when the e/H ratio increases further to 0.7,
the minimum channel height reduces significantly to 0.195 mm, and the
maximum fluid velocity increases to about 7.5 m/s, as illustrated in Figure 7-11.
This maximum fluid velocity occurs slightly downstream of the minimum
channel height. The mean channel height, as denoted by the horizontal red
dotted line, is fixed at 0.3 mm in the whole study.
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For a meaningful comparison, the range for the fluid velocity in the figures is
set to be from 0 to 7.5 m/s throughout the thesis. This is so that the fluid
velocities can be easily distinguished from the changes in the colour contours.
The figures are drawn to scale, at a section length of 3 mm. They are a good
representation of the whole microchannel length of 30 mm.

Figure 7-9: Flow field of Plain microchannel at Re ≈ 2,664

Figure 7-10: Flow field of IFS microchannel with e/H ratio of 0.1 at Re ≈ 2,664

Figure 7-11: Flow field of IFS microchannel with e/H ratio of 0.7 at Re ≈ 2,664
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The high local fluid velocity causes the thermal boundary layer near the heated
copper wall to become very thin. In accordance with classical theory, for a
channel of constant height, the thermal boundary layer keeps developing along
the channel until it reaches a fully developed state. At some point, it develops
into a thick layer, as illustrated in Figure 7-12. The constant development of
thermal boundary layer in the Plain microchannel results in a low Nusselt
number of 15. When the e/H ratio increases slightly to 0.1, the low scale height
is insufficient to cause significant thinning of the thermal boundary layer, as
illustrated in Figure 7-13. Thus the Nusselt number remains low at 16. However,
when the e/H ratio increases further to 0.7, significant thinning of the thermal
boundary layer near the heated copper wall occurs slightly downstream of the
scale tip, as illustrated in Figure 7-14. Hence, the near wall fluid temperature
gradient, and therefore the local Nusselt number, becomes high. Since there are
14 scale tips over the entire microchannel length for e/H ratio of 0.7, this
repeated thinning effect results in a high average Nusselt number of 37.

For a meaningful comparison, the range for the fluid temperature in the figures
is set to be from 301 to 320 K throughout the thesis. This is so that the fluid
temperatures can be easily compared by observing the changes in the colour
contours. The figures are drawn to scale at a section length of 3 mm, and all of
them are located 6 mm downstream of the microchannel entrance. They are a
good representation of the whole microchannel length of 30 mm.
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Figure 7-12: Temperature distribution of Plain microchannel at Re ≈ 2,664

Figure 7-13: Temperature distribution of IFS microchannel with e/H ratio of 0.1, at Re ≈
2,664

Figure 7-14: Temperature distribution of IFS microchannel with e/H ratio of 0.7, at Re ≈
2,664
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Figure 7-15 shows the variation of friction factor with Reynolds number, for
different e/H ratio. It is observed that the friction factor decreases with
Reynolds number and increases with e/H ratio. This will be considered in the
formulation of the friction factor correlation. The maximum friction factor of
0.73 occurs at Reynolds number of 350, using the IFS_e0.21-P2.1 insert. The
friction factor is plotted using logarithmic scales with the y-axis ranging from
0.05 to 1 throughout the thesis. This is useful for identifying the laminar,
transition and turbulent flow regimes. The same y-axis range also allows for a
meaningful comparison across the three different microchannel series.

As mentioned in Section 7.3.1, the heat transfer enhancement starts to become
significant when Reynolds number exceeds 600, for the IFS profile with e/H
ratio of 0.3, 0.5 and 0.7. This corresponds to the change in flow behaviour as
displayed in Figure 7-15. At lower Reynolds numbers, the trend line for the
friction factor has a gradient similar to that of the laminar trend line for the
Plain microchannel. At Reynolds number of approximately 600, the gradient of
the friction factor values starts to deviate from that of the laminar trend line,
indicating the onset of turbulence. Furthermore, there is another distinct trend
line at higher Reynolds numbers, which has a gradient similar to the turbulent
trend line of the Plain microchannel. This confirms that the presence of a
sufficiently high scale height in the IFS microchannel promotes early laminarto-turbulent flow transition.

On the other hand, a lower scale height with e/H ratio of 0.1 is insufficient to
promote early transition. Hence the flow transition occurs at a Reynolds number
close to that of the Plain microchannel. The flow remains laminar at lower
Reynolds numbers, because the disturbances caused by the low scale height are
dissipated by the dominant viscous forces, and the friction factor is similar to
that of the Plain microchannel. At higher Reynolds numbers, however, the
146

Results for the Inverted Fish Scale Microchannels

Chapter 7

inertia forces become sufficiently large to amplify the flow disturbances caused
by the tip of the low scale height. This results in higher turbulence such that the
friction factor is higher than that of the Plain microchannel.

Figure 7-15: Friction factor against Reynolds number, for different e/H ratio (IFS series)

Figure 7-16 shows the variation of normalised friction factor with Reynolds
number, for different e/H ratio. It is observed that the normalised friction factor
increases with Reynolds number. For 350≲Re≲2,200, the increase is relatively
steep. This is due to the steep decline of friction factor with Reynolds number
for the Plain microchannel in the laminar flow regime, while the friction factor
of the IFS microchannels decreases at a slower rate upon the early transition to
turbulent flow. For Re≳3,400 when the Plain microchannel also transits to
turbulent flow, the corresponding friction factor decreases at a slower rate with
Reynolds number. Hence, the normalised friction factor increases gradually
with Reynolds number.
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The normalised friction factor is plotted with a y-axis range of 0 to 8 throughout
the thesis, so as to facilitate comparison across the different microchannels.

Figure 7-16: Normalised Friction factor against Reynolds number, for different e/H ratio
(IFS series)

Figure 7-17 presents the same data from Figure 7-15 in a different manner to
show the variation of friction factor with e/H ratio. The friction factor is
observed to increase with e/H ratio, for the same P/e ratio and Reynolds number.
For e/H ratio=0, which is the Plain microchannel, the friction factor is 0.08 at
Re≈2,664. When the e/H ratio increases slightly to 0.1, the friction factor
remains close to 0.08. When the e/H ratio increases further to 0.7, the friction
factor increases to 0.36 at the same Reynolds number.
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Figure 7-17: Friction factor against e/H ratio, at different Reynolds number (IFS series)

The increase of friction factor with e/H ratio is physically reasonable,
considering that the minimum gap through which the fluid flows decreases and
the local fluid velocity increases as e/H ratio increases, as explained earlier
using Figures 7-9 to 7-11. The high local fluid velocity causes the velocity
boundary layer near the copper wall to become very thin. As a result, the near
wall fluid velocity gradient, and therefore the local friction factor, becomes
significant.
In accordance with classical theory, for a channel of constant height, the
velocity boundary layer keeps developing along the channel until it reaches a
fully developed state. The thick velocity boundary layer in the Plain
microchannel, as illustrated in Figure 7-18, results in a relatively low friction
factor of 0.08. When the e/H ratio increases slightly to 0.1, the low scale height
is insufficient to cause significant thinning of the velocity boundary layer, as
illustrated in Figure 7-19. Thus the friction factor remains close to 0.08.
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However, when the e/H ratio increases further to 0.7, significant thinning of the
velocity boundary layer near the copper wall occurs slightly downstream of the
scale tip, as illustrated in Figure 7-20. Since there are 14 scale tips over the
microchannel length for e/H ratio of 0.7, this repeated thinning effect results in
a higher friction factor of 0.37.

Figure 7-18: Velocity distribution of Plain microchannel at Re ≈ 2,664

Figure 7-19: Velocity distribution of IFS microchannel with e/H ratio of 0.1 at Re ≈ 2,664

Figure 7-20: Velocity distribution of IFS microchannel with e/H ratio of 0.7 at Re ≈ 2,664
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Thermo-hydraulic Performance

Figure 7-21 shows the variation of thermo-hydraulic performance factor with
Reynolds number, for different e/H ratio. In the design of practical heat
exchangers, the thermo-hydraulic performance factor represents the increased
heat transfer capacity for equal heat transfer surface area and pumping power.

It is observed that the IFS microchannels perform significantly better than the
Plain microchannel when the critical Reynolds number is exceeded, due to the
onset of turbulence as discussed earlier in Sections 7.3.1 and 7.3.2. This is
because the Inverted Fish Scale profile promotes early laminar-to-turbulent
flow transition, thereby enhancing the thermo-hydraulic performance. However,
when the flow in the Plain microchannel becomes more turbulent at higher
Reynolds numbers, the Inverted Fish Scale profile becomes less effective in
improving the thermo-hydraulic performance relative to the Plain microchannel.
This accounts for the decrease in thermo-hydraulic performance at higher
Reynolds numbers.

In this parametric study, a larger e/H ratio generally exhibits higher thermohydraulic performance, and the IFS profile with the largest e/H ratio of 0.7
performs the best. Given a fixed heat transfer surface area and pumping power,
this IFS profile improves the heat transfer capacity by 54% relative to the Plain
profile, at Reynolds number of 1,800.

The thermo-hydraulic performance is plotted with a y-axis range of 0.8 to 1.8
throughout the thesis, to facilitate the comparison across the three different
microchannel series.
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Figure 7-21: Thermo-hydraulic performance against Reynolds number, for different e/H
ratio (IFS series)

7.4 Scale Pitch (P) to Scale Height (e) Ratio Study
In order to investigate the effect of the number of scale protrusions on the heat
transfer and flow characteristics, the scale pitch (P) to scale height (e) ratio is
varied. Four P/e ratios of 5, 10, 15 and 20 are studied, with a fixed scale height
(e) to mean channel height (H) ratio of 0.5. A lower P/e ratio corresponds to a
larger number of scale protrusions of the same height and therefore implies
more flow disruptions within a fixed channel length (L) of 30 mm. The
schematic diagram explaining these terminologies can be found in Section 3.2.1.
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Figure 7-22 shows the variation of Nusselt number with Reynolds number for
different P/e ratio. The maximum Nusselt number achieved is 50, at Reynolds
number of about 4,000 using the IFS profile with P/e ratio of 5.

Figure 7-22: Nusselt number against Reynolds number, for different P/e ratio (IFS series)

Figure 7-23 shows the variation of normalised Nusselt number with Reynolds
number, for different P/e ratio. The IFS profile with P/e ratio of 5 is able to
achieve a Nusselt number of about 2.6 times that of the Plain profile. For all the
IFS profiles, the heat transfer enhancement starts to become significant when
Reynolds number exceeds 600. This is likely due to the onset of turbulence,
which can be seen from the change in flow behaviour at Re≈600, using the
friction factor variation in Figure 7-29. Once again, this confirms the
postulation that the IFS profile promotes early laminar-to-turbulent flow
transition, thereby enhancing heat transfer.
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Figure 7-23: Normalised Nusselt number against Reynolds number, for different P/e ratio
(IFS series)

Figure 7-24 presents the same data from Figure 7-22 in a different manner to
show the variation of Nusselt number with P/e ratio. The Nusselt number is
observed to increase when P/e ratio decreases, for the same e/H ratio and
Reynolds number. For example, the Nusselt number increases from 27 to 40,
when the P/e ratio decreases from 20 to 5, at Reynolds number≈2,664. This will
also be considered in the formulation of the Nusselt number correlation.
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Figure 7-24: Nusselt number against P/e ratio, at different Reynolds number (IFS series)

The increase in Nusselt number with decreasing P/e ratio is physically
reasonable, considering that the number of scales of the same height increases
for the same channel length. As illustrated in Figure 7-25 and Figure 7-26, the
number of scales increases from 1 to 4 for a section length of 3 mm, as the P/e
ratio decreases from 20 to 5. Since the scale height is fixed at 0.15 mm and the
minimum channel height is fixed at 0.225 mm, the maximum fluid velocity is
comparable at about 6.2 m/s for both P/e ratio of 5 and 20.

However, for a larger P/e ratio of 20, there is insignificant flow recirculation, as
illustrated in Figure 7-25. Hence, the fluid flows through the microchannel at
high and low bulk fluid velocities based on the small and large flow area, by
virtue of mass conservation. Consequently, the thermal boundary layer near the
heated copper wall becomes thicker at the region of low bulk fluid velocity, as
illustrated in Figure 7-27. This results in a low Nusselt number of 27.
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On the other hand, for a smaller P/e ratio of 5, significant flow recirculation
occurs on the non-heated insert surface between the scale tips, as illustrated in
Figure 7-26. Due to these regions of flow recirculation, the fluid path
effectively narrows and the incompressible fluid is constantly accelerated
through the microchannel at a high bulk fluid velocity. Consequently, the
thermal boundary layer near the heated copper wall is constantly kept thin, as
illustrated in Figure 7-28. This results in a high Nusselt number of 40.

Figure 7-25: Flow field of IFS microchannel with P/e ratio of 20, at Re ≈ 2,664

Figure 7-26: Flow field of IFS microchannel with P/e ratio of 5, at Re ≈ 2,664
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Figure 7-27: Temperature distribution of IFS microchannel with P/e ratio of 20, at Re ≈
2,664

Figure 7-28: Temperature distribution of IFS microchannel with P/e ratio of 5, at Re ≈
2,664

7.4.2

Hydrodynamic Considerations

Figure 7-29 shows the variation of friction factor with Reynolds number, for
different P/e ratio. As discussed in Section 7.4.1, the heat transfer enhancement
starts

to

become significant

when Reynolds

number exceeds

600.

Correspondingly, the friction data values starts to deviate from the laminar
trend line at Reynolds number of approximately 600, indicating the onset of
turbulence. The turbulent flow regime is characterised by another distinct trend
line of a lower gradient.
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Figure 7-29: Friction factor against Reynolds number, for different P/e ratio (IFS series)

Figure 7-30 shows the variation of normalised friction factor with Reynolds
number, for different P/e ratio. The normalised friction factor is observed to
increase with Reynolds number, with the increase being relatively steep for
350≲Re≲2,200 and gradual for Re≳3,400. The reason for this has been
explained earlier in Section 7.3.2.

Additionally, it is observed that the IFS profile induces high friction losses. In
particular, the normalised friction factor can reach a value of 6.7 for the IFS
microchannel with a P/e ratio of 5 at Re≈3,953.
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Figure 7-30: Normalised friction factor against Reynolds number, for different P/e ratio
(IFS series)

Figure 7-31 presents the same data from Figure 7-29 in a different manner to
show the variation of friction factor with P/e ratio. The friction factor is
observed to increase when P/e ratio decreases, for the same e/H ratio and
Reynolds number. For example, the friction factor increases from 0.16 to 0.47,
when the P/e ratio decreases from 20 to 5, at Reynolds number≈2,664. This will
also be considered in the formulation of the friction factor correlation.
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Figure 7-31: Friction factor against P/e ratio, at different Reynolds number (IFS series)

The increase in friction factor with decreasing P/e ratio can be explained by
looking at the corresponding velocity distributions. As illustrated in Figure 7-32,
the velocity boundary layer becomes thicker at the region of low bulk fluid
velocity, resulting in a low friction factor of 0.16 for a larger P/e ratio of 20. On
the other hand, for a smaller P/e ratio of 5, the velocity boundary layer is
constantly kept thin due to the high bulk fluid velocity, as characterised by the
yellow region in Figure 7-33. This results in a high friction factor of 0.47.
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Figure 7-32: Velocity distribution of IFS microchannel with P/e ratio of 20, at Re ≈ 2,664

Figure 7-33: Velocity distribution of IFS microchannel with P/e ratio of 5, at Re ≈ 2,664

7.4.3

Thermo-hydraulic Performance

Figure 7-34 shows the variation of thermo-hydraulic performance with
Reynolds number, for different P/e ratio. In general, a smaller P/e ratio exhibits
higher thermo-hydraulic performance, and the IFS profile with the smallest P/e
ratio of 5 performs the best. Given a fixed heat transfer surface area and
pumping power, this IFS profile improves the heat transfer capacity by 54%
relative to the Plain profile, at Reynolds number of 1,500.
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Figure 7-34: Thermo-hydraulic performance against Reynolds number, for different P/e
ratio (IFS series)

It is also observed that increasing the number of scale protrusions by decreasing
the P/e ratio is more effective in improving the thermo-hydraulic performance
at lower Reynolds numbers. This can be explained by studying the variation of
normalised Nusselt number and friction factor with Reynolds number in Figures
7-23 and 7-30, respectively. While a decrease in P/e ratio consistently increases
𝑁𝑢/𝑁𝑢𝑃𝑙𝑎𝑖𝑛 at all Reynolds numbers, the increase in 𝑓/𝑓𝑃𝑙𝑎𝑖𝑛 varies with the
Reynolds number. At lower Reynolds numbers, the flow disturbances caused by
the increase in number of scale protrusions are partially dissipated by the
dominant viscous forces, resulting in a smaller increase in friction losses. On
the other hand, at higher Reynolds numbers, the flow disturbances are amplified
by the dominant inertia forces, leading to a larger increase in friction losses.
Consequently, the improvement in Nusselt number is outweighed by the surge
in friction factor, such that the decrease in P/e ratio has a minimal effect on the
thermo-hydraulic performance at higher Reynolds numbers.
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Chapter 8

Results for the Fish Scale
Microchannels

In Chapter 7, the friction factor of the Inverted Fish Scale (IFS) microchannel
can reach 6.7 times higher than that of the Plain microchannel. In view of the
high friction losses incurred when the scaly IFS profile opposes the flow
direction, the Fish Scale (FS) profile is designed to mimic the natural forward
swimming direction of fishes, as shown in Figure 8-1, to investigate its
streamlined flow characteristics. The results suggest that the FS profile would
be useful for heat transfer applications where low pressure drop is of higher
importance.

Figure 8-1: Fish Scale profile

This chapter focuses on the results for the Fish Scale (FS) microchannel series.
While the organisation of this chapter is similar to that of the preceding chapter,
the differences between the results for the IFS and FS microchannels are also
highlighted.
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8.1 Overview of Measured Results for the FS Microchannels
Figure 8-2 shows the variation of convective heat transfer coefficient h with
flow rate, for the Fish Scale (FS) and Plain microchannels. Similar to the IFS
profiles, the FS profiles also enhance heat transfer. For flow rates above 3
L/min, all the FS profiles, with the exception of FS_e0.03-P0.3, yield higher h
values than those of the Plain microchannel. The highest heat transfer
coefficient achieved is 47.9 kW/m2·K, at 6.75 L/min using FS_e0.21-P2.1
profile.
On the other hand, the maximum h achieved for the IFS series is 52.8 kW/m2·K,
at 6.5 L/min using the IFS_e0.21-P2.1 profile. At the flow rate 6.5 L/min, the
FS_e0.21-P2.1 profile only attains a h value of 46.8 kW/m2·K. This verifies the
postulation that the disruptive IFS profile causes more flow disturbances,
thereby enhancing heat transfer.

Within the FS series, the effect of scale height (e) to mean channel height (H)
ratio is significant, while the effect of scale pitch (P) to scale height (e) ratio is
considerably less significant, especially at higher flow rates. This is unlike the
phenomena with the IFS series, as illustrated in Figure 7-2, where both ratios
have a significant effect on the convective heat transfer coefficient. In addition,
the FS_e0.03-P0.3 profile exhibits the same heat transfer behaviour as the Plain
profile, while the IFS_e0.03-P0.3 profile yields higher h than the Plain profile
at flow rates above 3.5 L/min. This implies that for the same scale height and
scale pitch, the IFS profile is able to disrupt the flow and enhance heat transfer
more significantly than the FS profile, particularly at high flow rates.
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Figure 8-2: Heat transfer coefficient against flow rate for all FS and Plain microchannels

Figure 8-3 shows that the maximum pressure drop for the FS series is only 2.6
bars, which is well below the imposed pressure drop limit of 3.5 bars. On the
other hand, the maximum pressure drop for the IFS microchannel series is 3.3
bars, at 6.0 L/min using the IFS_e0.15-P0.75 profile. At the same flow rate, the
FS_e0.15-P0.75 profile incurs a pressure drop of only 2.1 bars. This
demonstrates that the FS profile is indeed better suited for heat transfer
applications where a low pressure drop is desired.

165

Results for the Fish Scale Microchannels

Chapter 8

Figure 8-3: Pressure drop against flow rate for all FS and Plain microchannels

8.2 Comparison between Measured and Numerical Results
Figure 8-4 compares the measured and predicted pressure drop, for various
insert profiles at flow rates between 2 and 7 L/min. It is observed that all the
predictions agree well with the measurements, with the deviations falling within
the ±10% band. Once again, the numerical model generally under-predicts the
pressure drop.
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Figure 8-4: Predicted pressure drop against measured pressure drop (FS series)

Figure 8-5 compares the measured and predicted Nusselt number, for various
insert profiles at Reynolds numbers approximately between 1,300 and 4,600. It
is observed that all the predictions agree with the measurements, within the ±30%
deviation band. Once again, the numerical model generally over-predicts the
Nusselt number.
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Figure 8-5: Predicted Nusselt number against measured Nusselt number (FS series)

8.3 Scale Height (e) to Mean Channel Height (H) Ratio Study

8.3.1

Thermal Considerations

Figure 8-6 shows the variation of Nusselt number with Reynolds number, for
different e/H ratio, using the FS microchannel series. Similar to the phenomena
with the IFS series, Nusselt number increases with Reynolds number and e/H
ratio. The maximum Nusselt number achieved is 47, at Reynolds number of
about 4,430 using the FS profile with e/H ratio of 0.7.

In addition, the FS profile with e/H ratio of 0.1 is observed to resemble the heat
transfer behaviour of the Plain microchannel for the Reynolds number range
investigated. On the other hand, the FS profile with e/H ratio of 0.3 assumes the
168

Results for the Fish Scale Microchannels

Chapter 8

heat transfer behaviour of the Plain microchannel at lower Reynolds numbers
up to 1,850, after which the Nusselt number becomes significantly higher than
that of the Plain microchannel. Similarly, the FS profile with e/H ratio of 0.5
and 0.7 exhibits a change in heat transfer behaviour at Reynolds number of
1,300 and 700, respectively.

The aforementioned Reynolds number values match those representing the
onset of transition, as shown in the friction factor variation to be presented in
Figure 8-13. Clearly, the critical Reynolds number reduces as the e/H ratio
increases. It can thus be inferred that an increase in scale height relative to mean
channel height promotes early laminar-to-turbulent flow transition, thereby
enhancing the heat transfer. This agrees well with the conclusions of other
studies [69,70].

Figure 8-6: Nusselt number against Reynolds number, for different e/H ratio (FS series)
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Figure 8-7 shows the variation of normalised Nusselt number with Reynolds
number, for different e/H ratio, using the FS microchannel series. The FS
profile with e/H ratio of 0.7 is observed to achieve a Nusselt number of at most
2.2 times that of the Plain profile. This is lower than the maximum value of 2.5
achieved by the IFS profile with the same e/H ratio, within the same range of
Reynolds number from 350 to 4,280.

In addition, the normalised Nusselt number for the FS microchannels with e/H
ratio of 0.3, 0.5 and 0.7 increases rapidly after their respective critical Reynolds
number, after which it begins to flatten and then decrease after the Reynolds
number exceeds 3,400. As discussed in Section 7.3.1 for the IFS microchannel
series, the decrease of 𝑁𝑢/𝑁𝑢𝑃𝑙𝑎𝑖𝑛 is caused by the rapid growth in Nusselt
number of the Plain microchannel upon entering a turbulent flow state.

Figure 8-7: Normalised Nusselt number against Reynolds number, for different e/H ratio
(FS series)
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Figure 8-8 shows the variation of Nusselt number with e/H ratio for the FS
microchannel series. Nusselt number is again observed to increase with e/H
ratio, for the same P/e ratio and Reynolds number, albeit to a less extent as
compared to the IFS microchannel series. For example, when the e/H ratio
increases from 0.1 to 0.7 at Re≈2,664, the Nusselt number increases from 15 to
33 for the FS series, while it increases from 16 to 37 for the IFS series.

An analysis of the flow field and temperature distribution for the Plain
microchannel and FS microchannels with e/H ratio of 0.1 and 0.7 suggests that
the heat transfer enhancement mechanisms are the same as that for the IFS
microchannel series, which has been discussed in Section 7.3.1. For
completeness, the numerical results are presented in Figures C-1 to C-6 in
Appendix C.

Figure 8-8: Nusselt number against e/H ratio, at different Reynolds number (FS series)
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It is also observed that the IFS profile is able to achieve a higher Nusselt
number than the FS profile. Using an e/H ratio of 0.7 at Re≈2,664, the Nusselt
number is 37 and 33, respectively, for the IFS and FS series. This can be
explained by comparing the corresponding flow field and temperature
distribution for the IFS and FS microchannels. For the purpose of comparison,
Figures 7-11 and 7-14 are re-presented in this section as Figures 8-9 and 8-11,
respectively. Figures 8-9 and 8-10 show that the IFS profile induces a higher
maximum local fluid velocity than the FS profile. With the same e/H ratio of
0.7 at Re≈2,664, the maximum fluid velocity is 7.5 and 6.7 m/s, respectively,
for the IFS and FS microchannel. This is because there is a sudden constriction
of the flow channel at the minimum channel gap in the IFS microchannel,
whereas there is a sudden expansion of the flow channel at the same location in
the FS microchannel.

Figure 8-9: Flow field of IFS microchannel with e/H ratio of 0.7 at Re ≈ 2,664

Figure 8-10: Flow field of FS microchannel with e/H ratio of 0.7, at Re ≈ 2,664
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A higher local fluid velocity results in thinner thermal boundary layer for the
IFS profile as compared to the FS profile, as shown in Figures 8-11 and 8-12.
This accounts for the higher Nusselt number for the IFS profile.

Figure 8-11: Temperature distribution of IFS microchannel with e/H ratio of 0.7, at Re ≈
2,664

Figure 8-12: Temperature distribution of FS microchannel with e/H ratio of 0.7, at Re ≈
2,664
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Hydrodynamic Considerations

Figure 8-13 shows the variation of friction factor with Reynolds number, for
different e/H ratio, using the FS microchannel series. Similar to the phenomena
with the IFS microchannel series, the friction factor is observed to decrease
with Reynolds number and increase with e/H ratio. The maximum friction
factor is 0.58 at Reynolds number of 350 using FS_e0.21-P2.1 profile. This
value is lower than the value of 0.73 at the same flow condition, when
IFS_e0.21-P2.1 profile is used. This proves that the more streamlined FS
profile causes less flow disturbances and thus incurs lower friction losses, as
compared to the disruptive IFS profile.

The FS profile with e/H ratio of 0.1 is observed to resemble the hydrodynamic
behaviour of the Plain microchannel for the Reynolds number range
investigated. In other words, the Reynolds number corresponding to the onset
of transition is 2,200. For the FS profiles with e/H ratio of 0.3, 0.5, and 0.7, the
critical Reynolds number is 1,850, 1,300 and 700, respectively. The transition is
characterised by a region where the friction factor data can be described by
neither the laminar nor turbulent trend line. Once again, this verifies the
postulation that an increase in scale height relative to mean channel height
promotes early laminar-to-turbulent flow transition.
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Figure 8-13: Friction factor against Reynolds number, for different e/H ratio (FS series)

Figure 8-14 shows that the normalised friction factor for the FS microchannel
series increases with Reynolds number. Similar observations have been made
using the IFS microchannel series. With the same y-axis range of 0 to 8 across
the three microchannel series, it can be seen that the normalised friction factor
is relatively low for the FS microchannel series. The maximum normalised
friction factor for the FS series is 4.4, with an e/H ratio of 0.7.
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Figure 8-14: Normalised Friction factor against Reynolds number, for different e/H ratio
(FS series)

Figure 8-15 shows the variation of friction factor with e/H ratio for the FS
microchannel series. The friction factor is again observed to increase with e/H
ratio, for the same P/e ratio and Reynolds number, but to a less extent as
compared to the IFS microchannel series. For example, when the e/H ratio
increases from 0.1 to 0.7 at Re≈2,664, the friction factor increases from 0.08 to
0.31 for the FS series, while it increases from 0.08 to 0.36 for the IFS series.

The explanation for the increase in friction factor with e/H ratio is the same as
that with the IFS microchannel series, which has been discussed in Section
7.3.2. The corresponding velocity distributions are presented in Figures C-7 to
C-9 in Appendix C for completeness.
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Figure 8-15: Friction factor against e/H ratio, at different Reynolds number (FS series)

Similarly, the higher friction factor of the IFS profile can be explained by
Figure 8-16, where there is significant thinning of the velocity boundary layer.
On the other hand, the lower friction factor of the FS profile can be explained
by Figure 8-17, where there is less significant thinning of the velocity boundary
layer.
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Figure 8-16: Velocity distribution of IFS microchannel with e/H ratio of 0.7 at Re ≈ 2,664

Figure 8-17: Velocity distribution of FS microchannel with e/H ratio 0.7, at Re ≈ 2,664

8.3.3

Thermo-hydraulic Performance

Figure 8-18 shows the variation of thermo-hydraulic performance with
Reynolds number, for different e/H ratio. As expected, the FS microchannels
perform better than the Plain microchannel after the critical Reynolds number,
due to the early transition to turbulent flow. It decreases at higher Reynolds
number, particularly after 3,400.

Once again, this parametric study concludes that the largest e/H ratio of 0.7
exhibits the highest thermo-hydraulic performance. Given a fixed heat transfer
surface area and pumping power, this FS profile improves the heat transfer
capacity by 43% relative to the Plain profile, at Reynolds number of 1,850.
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Figure 8-18: Thermo-hydraulic performance against Reynolds number, for different e/H
ratio (FS series)

8.4 Scale Pitch (P) to Scale Height (e) Ratio Study

8.4.1

Thermal Considerations

Figure 8-19 shows the variation of Nusselt number with Reynolds number for
different P/e ratio. The maximum Nusselt number achieved is 41, at Reynolds
number of 4,430 using the FS profile with P/e ratio of 5.

There is again a visible change in heat transfer behaviour at a particular
Reynolds number. The critical Reynolds number is 800, 1,300, 1,600 and 1,600,
respectively, for the FS microchannels with P/e ratio of 5, 10, 15 and 20. In
other words, as the P/e ratio decreases, the critical Reynolds number reduces.
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This means that increasing the number of scale protrusions for a fixed
microchannel length by decreasing the P/e ratio helps to promote early laminarto-turbulent flow transition. This postulation is also supported by the flow
characteristics, as will be discussed using Figure 8-26 in Section 8.4.2.

Figure 8-19: Nusselt number against Reynolds number, for different P/e ratio (FS series)

Figure 8-20 shows the variation of normalised Nusselt number with Reynolds
number, for different P/e ratio, using the FS microchannel series. Using the
same y-axis range of 0.8 to 3.0 across the three microchannel series, the
normalised Nusselt number is visibly lower for the FS series in the P/e ratio
study. The FS profile with P/e ratio of 5 is observed to achieve a Nusselt
number of at most 1.9 times that of the Plain profile. For the same P/e ratio, the
IFS profile can improve the Nusselt number by 2.6 times, within the same range
of Reynolds number from 350 to 3,948.
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Figure 8-20: Normalised Nusselt number against Reynolds number, for different P/e ratio
(FS series)

Within the FS microchannel series, Figure 8-21 again shows that Nusselt
number increases when P/e ratio decreases, for the same e/H ratio and Reynolds
number. For example, the Nusselt number increases from 27 to 29, when the
P/e ratio decreases from 20 to 5, at Reynolds number≈2,664. Interestingly,
however, the effect of P/e ratio on Nusselt number for the FS microchannel
series is considerably less.
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Figure 8-21: Nusselt number against P/e ratio, at different Reynolds number (FS series)

To understand the reason behind, the respective flow field and temperature
distribution are analysed. Due to the geometrical configuration of the Fish Scale
profile, there is a sudden expansion of the flow channel immediately after the
scale tip. The flow channel then narrows gradually until the next sudden
expansion. The sudden flow channel expansion results in a localised region of
flow recirculation. For a larger P/e ratio of 20, there is only one region of flow
recirculation, as illustrated in Figure 8-22. The fluid then flows at low and high
bulk fluid velocities through the large and small channel flow paths, by virtue
of mass conservation. At the region of low bulk fluid velocity, the thermal
boundary layer near the heated copper wall develops rapidly into a thick layer,
as illustrated in Figure 8-24. This results in a low Nusselt number of 27.
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On the other hand, there are four regions of flow recirculation for a smaller P/e
ratio of 5, as illustrated in Figure 8-23. These localised regions of flow
recirculation narrow the bulk flow path, such that the incompressible fluid is
constantly accelerated through the microchannel at a higher bulk fluid velocity.
However, due to the flow channel expansion immediately after the scale tip, the
fluid flows at a moderate bulk fluid velocity in between the scale tips, as
characterised by the green region in Figure 8-23. This results in a moderately
thin thermal boundary layer, as illustrated in Figure 8-25. Hence, the Nusselt
number increases only slightly to 29.

Figure 8-22: Flow field of FS microchannel with P/e ratio of 20, at Re ≈ 2,664

Figure 8-23: Flow field of FS microchannel with P/e ratio of 5, at Re ≈ 2,664

183

Results for the Fish Scale Microchannels

Chapter 8

Figure 8-24: Temperature distribution of FS microchannel with P/e ratio of 20, at Re ≈
2,664

Figure 8-25: Temperature distribution of FS microchannel with P/e ratio of 5, at Re ≈
2,664

8.4.2

Hydrodynamic Considerations

Figure 8-26 shows the variation of friction factor with Reynolds number, for
different P/e ratio, using the FS microchannel series. As expected, the critical
Reynolds number for each profile matches those listed in Section 8.4.1. The
maximum friction factor is 0.63 at Re≈350 using the FS_e0.15-P0.75 profile.
Conversely, the IFS_e0.15-P0.75 profile incurs a friction factor of 0.73 at the
same flow condition. This implies that the more streamlined FS profile is able
to reduce friction losses by 14%, as compared to the disruptive IFS profile.
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Figure 8-26: Friction factor against Reynolds number, for different P/e ratio (FS series)

As mentioned in the beginning of this chapter, the FS profile is investigated in
view of the high friction losses incurred with the IFS profile. In particular, the
maximum normalised friction factor for the IFS profile is 6.7 with a P/e ratio of
5 at Re≈3,953. Conversely, the normalised friction factor for the FS profile is
only 4.2 for the same conditions, as shown in Figure 8-27. Hence, the more
streamlined FS profile has been demonstrated to incur lower friction losses than
those for the disruptive IFS profile.
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Figure 8-27: Normalised Friction factor against Reynolds number, for different P/e ratio
(FS series)

Within the FS microchannel series, the friction factor is also observed to
increase when P/e ratio decreases, as shown in Figure 8-28. For example, the
friction factor doubles from 0.15 to 0.3, when the P/e ratio decreases from 20 to
5, at Re≈2,664. Since the explanation is similar to that for the IFS microchannel
series, the velocity distributions for the FS microchannels with P/e ratio of 20
and 5 are presented in Figures C-10 and C-11 in Appendix C instead.
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Figure 8-28: Friction factor against P/e ratio, at different Reynolds number (FS series)

It is again observed that the effect of P/e ratio on friction factor for the FS
microchannel series is considerably less as compared to that for the IFS
microchannel series. For example, the friction factor increases by two times
from 0.15 to 0.3 for the FS microchannel series, while it increases by about
three times from 0.16 to 0.47 for the IFS microchannel series, when the P/e
ratio decreases from 20 to 5 at Reynolds number≈2,664. This is likely due to
the different flow patterns induced by the IFS and FS profiles. As mentioned
earlier, there is a sudden constriction of the flow channel at the minimum
channel gap in the IFS microchannel, whereas there is a sudden expansion of
the flow channel at the same location in the FS microchannel.
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Thermo-hydraulic Performance

Figure 8-29 shows the variation of thermo-hydraulic performance with
Reynolds number, for different P/e ratio. As expected, the performance of the
each FS microchannel surpasses that of the Plain microchannel after the
respective critical Reynolds number is exceeded, when the flow transits to the
non-laminar region. This reinforces the postulation that the FS profile promotes
early laminar-to-turbulent flow transition, thereby enhancing the thermohydraulic performance. The thermo-hydraulic performance consistently
decreases with Reynolds number for Re≳3,400.

In this parametric study, the effect of P/e ratio on the thermo-hydraulic
performance is unclear at lower Reynolds numbers. At higher Reynolds
numbers, a larger P/e ratio exhibits higher thermo-hydraulic performance, and
the FS profile with the largest P/e ratio of 20 performs the best. Given a fixed
heat transfer surface area and pumping power, this FS profile improves the heat
transfer capacity by 44% relative to the Plain profile, at Reynolds number of
2,800. This is because the decreasing the P/e ratio improves the Nusselt number
minimally, and yet increases the friction factor considerably. This means that
increasing the number of scale protrusions by decreasing the P/e ratio has a
detrimental effect on the thermo-hydraulic performance at higher Reynolds
numbers, for the FS microchannel series.
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Figure 8-29: Thermo-hydraulic performance against Reynolds number, for different P/e
ratio (FS series)

This finding seems to contradict the results from the IFS microchannel series,
where a smaller P/e ratio exhibits a higher thermo-hydraulic performance.
However, a closer scrutiny reveals that the aforementioned effect is only
applicable for Re≲1,400. In fact, the effect of P/e ratio on performance
diminishes with an increase in Reynolds number. For Re≳3,400, the P/e ratio
has an insignificant effect on the performance. The observations from both the
IFS and FS microchannel series point to the fact that, at higher Reynolds
number above 3,400, increasing the number of scale protrusions does not
improve the thermo-hydraulic performance, since it has at best an insignificant
effect, if not a detrimental one.
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Results for the Thorny Durian
Microchannels

While the IFS profile is able to achieve high heat transfer coefficients, the
accompanying friction losses are high. Conversely, lower friction losses are
incurred by the FS profile, along with lower heat transfer coefficients. In view
that that there is either a sudden constriction or expansion of the flow area for
the scale-inspired microchannel series, which results in flow recirculation and
possibly unnecessary friction losses, another new configuration is considered.

Inspired by the thorn-covered husk of a tropical fruit, which is regarded as the
king of fruits in Southeast Asia, the thorny Durian (D) microchannel shows
potential to create flow disturbances and enhance heat transfer, while keeping
the friction losses low due to the wavy flow path, as shown in Figure 9-1. The
results suggest that the D profile is the best candidate for heat exchanger
applications where the aim is to achieve a significant increase in heat transfer
capacity for a fixed heat transfer surface area and pumping power.

Figure 9-1: Thorny Durian (D) profile

This chapter presents the results for the thorny Durian (D) microchannel series.
While the organisation of this chapter is similar to that of the two preceding
chapters, the differences between the results for the durian-inspired D
microchannels and the scale-inspired IFS and FS microchannels are also
highlighted.
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9.1 Overview of Measured Results for the D Microchannels
Similar to the scale-inspired IFS and FS profiles, the thorny D profiles enhance
heat transfer as well. As shown in Figure 9-2, for flow rates above 3 L/min, all
the D microchannels, with the exception of D_e0.03-P0.3, yield higher heat
transfer coefficients than the Plain microchannel. The highest heat transfer
coefficient achieved for the D series is 51 kW/m2·K, at 7 L/min using the
D_e0.21-P2.1 profile.

Within the D microchannel series, the effect of e/H ratio on the heat transfer is
visibly significant, with reference to the hollow symbols. However, the effect of
P/e ratio, as represented by the solid symbols, is less significant especially at
higher flow rates. In comparison with the scale-inspired microchannel series,
the effect of e/H ratio is generally significant for all the three different
microchannel series. On the other hand, the effect of P/e ratio on the heat
transfer for the D microchannel series lies in between that of the IFS and FS
microchannel series, where the effect is significant for the IFS microchannel
series and considerably less significant for the FS microchannel series,
particularly at higher flow rates.

The maximum pressure drop for the D series is 2.7 bars, as shown in Figure 9-3.
This is well below the imposed pressure drop limit of 3.5 bars.
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Figure 9-2: Heat transfer coefficient against flow rate for all D and Plain microchannels

Figure 9-3: Pressure Drop against flow rate for all D and Plain microchannels
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9.2 Comparison between Measured and Numerical Results
Figure 9-4 compares the measured and predicted pressure drop, for various
insert profiles at flow rates between 2 and 7 L/min. It is observed that about 90%
of the predictions agree well with the measurements, with the deviations falling
within the ±10% band. Once again, the numerical model generally underpredicts the pressure drop.

Figure 9-4: Predicted pressure drop against measured pressure drop (D series)

Figure 9-5 compares the measured and predicted Nusselt number, for various
insert profiles at Reynolds numbers approximately between 1,300 and 4,600. It
is observed that about 90% of the predictions agree with the measurements,
with the deviations falling within the ±30% band. Once again, the numerical
model generally over-predicts Nusselt number.
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Figure 9-5: Predicted Nusselt number against measured Nusselt number (D series)

9.3 Thorn Height (e) to Mean Channel Height (H) Ratio Study

9.3.1

Thermal Considerations

Similar to the phenomena with the scale-inspired microchannel series, Nusselt
number increases with Reynolds number and e/H ratio for the D microchannel
series. In addition, Figure 9-6 shows that an increase in thorn height relative to
mean channel height promotes early laminar-to-turbulent flow transition. The
critical Reynolds number is 2,200, 1,500, 1,000 and 750, respectively, for the D
microchannels with e/H ratio of 0.1, 0.3, 0.5, and 0.7. This postulation is also
supported by the flow characteristics, as will be discussed using Figure 9-15 in
Section 9.3.2.
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Figure 9-6: Nusselt number against Reynolds number, for different e/H ratio (D series)

As shown in Figure 9-7, the D microchannel with e/H ratio of 0.7 is observed to
achieve a Nusselt number of up to nearly 2.5 times that of the Plain
microchannel. The variation of normalised Nusselt number with Reynolds
number is similar to that discussed for the scale-inspired microchannel series.
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Figure 9-7: Normalised Nusselt number against Reynolds number, for different e/H ratio
(D series)

As shown in Figure 9-8, the Nusselt number increases from 16 to 37,
respectively, when the e/H ratio increases from 0.1 to 0.7 at Re≈2,664. Since
the heat transfer enhancement mechanisms are similar to that for the scaleinspired microchannel series, the flow field and temperature distribution for the
Plain microchannel and D microchannels with e/H ratio of 0.1 and 0.7 are
presented in Figures D-1 to D-6 in Appendix D instead.
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Figure 9-8: Nusselt number against e/H ratio, at different Reynolds number (D series)

Comparing across the three microchannel series, the Nusselt number is 37, 33
and 37, respectively, for the IFS, FS and D microchannel profiles with e/H ratio
of 7 at Re≈2,664. This can be explained by comparing the corresponding flow
fields and temperature distributions, as shown in Figures 9-9 to 9-14. As
explained in the earlier sections, the IFS profile induces a high maximum fluid
velocity of 7.5 m/s, which results in a high Nusselt number of 37.
On the other hand, the FS and D profiles incur a comparable maximum fluid
velocity at about 6.65 m/s, as shown in Figures 9-10 and 9-11. However, a close
examination of the D flow field reveals that the flow channel contracts and
expands in a more gradual manner due to the wavy D profile. As a result, the D
microchannel has a larger region of higher bulk fluid velocity both upstream
and downstream of the thorn tip, as characterised by the yellow and orange
colour contours in Figure 9-11. This results in a larger region of thinner thermal
boundary layer, as illustrated in Figure 9-14, and therefore a higher Nusselt
number for the D microchannel. On the other hand, the FS profile has a smaller
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region of higher bulk fluid velocity due to the expansion of the flow channel
downstream of the scale tip. This results in a smaller region of thinner thermal
boundary layer, as illustrated in Figure 9-13, and therefore lower Nusselt
number for the FS microchannel.

Figure 9-9: Flow field of IFS microchannel with e/H ratio of 0.7 at Re ≈ 2,664

Figure 9-10: Flow field of FS microchannel with e/H ratio of 0.7, at Re ≈ 2,664

Figure 9-11: Flow field of D microchannel with e/H ratio of 0.7, at Re ≈ 2,664
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Figure 9-12: Temperature distribution of IFS microchannel with e/H ratio of 0.7, at Re ≈
2,664

Figure 9-13: Temperature distribution of FS microchannel with e/H ratio of 0.7, at Re ≈
2,664

Figure 9-14: Temperature distribution of D microchannel with e/H ratio of 0.7, at Re ≈
2,664
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Hydrodynamic Considerations

As shown in Figure 9-15, the D_e0.21-P2.1 profile yields a maximum friction
factor of 0.56, at Reynolds number of 350. This value is lower than those of the
scale-inspired microchannel series, where the FS_e0.21-P2.1 and IFS_e0.21P2.1 profiles yield 0.58 and 0.73, respectively, at the same flow condition.

As listed in Section 9.3.1, the critical Reynolds number is 2,200, 1,500, 1,000
and 750, respectively, for the D profile with e/H ratio of 0.1, 0.3, 0.5, and 0.7.
This is supported by the change in flow behaviour in Figure 9-15. Additionally,
the D microchannel with e/H ratio of 0.1 is observed to resemble the flow
characteristics of the Plain microchannel up to Reynolds number of 3,400,
beyond which the friction factor becomes slightly higher. This is because at
higher Reynolds numbers, the flow disturbances caused by the thorn
protrusions, albeit of a low height, are amplified by the dominant inertia forces.

Figure 9-15: Friction factor against Reynolds number, for different e/H ratio (D series)
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Referring to Figure 9-16, the normalised friction factor for the D series is
visibly low, using the same y-axis range of 0 to 8 throughout the thesis. In
particular, the maximum normalised friction factor is only 3.2.

Figure 9-16: Normalised Friction factor against Reynolds number, for different e/H ratio
(D series)

Figure 9-17 shows that the friction factor increases from 0.08 to 0.25, when the
e/H ratio increases from 0.1 to 0.7 at Re≈2,664. The increase of friction factor
with e/H ratio has been explained in earlier sections using the scale-inspired
microchannel series. The supporting velocity distributions for the D
microchannel series can be found in Figures D-7 to D-9 in Appendix D.
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Figure 9-17: Friction factor against e/H ratio, at different Reynolds number (D series)

In addition, the friction factor is 0.36, 031 and 0.25, respectively, for the IFS,
FS and D profiles with e/H ratio of 0.7 at Re≈2,664. The lowest friction factor
for the D microchannel is likely due to the more gradual wavy profile, which
causes the least pressure drop as can be seen from the pressure distribution
presented in Figure 9-20. On the other hand, the flow disruptions caused by the
sudden flow channel constriction/expansion in the IFS/FS microchannel result
in a larger pressure drop, as can be seen from the pressure distributions
presented in Figures 9-18 and 9-19.
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Figure 9-18: Pressure distribution of IFS microchannel with e/H ratio of 0.7 at Re ≈ 2,664

Figure 9-19: Pressure distribution of FS microchannel with e/H ratio 0.7, at Re ≈ 2,664

Figure 9-20: Pressure distribution of D microchannel with e/H ratio 0.7, at Re ≈ 2,664
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Thermo-hydraulic Performance

Once again, this parametric study concludes that the largest e/H ratio of 0.7
exhibits the highest thermo-hydraulic performance, as shown in Figure 9-21.
Given a fixed heat transfer surface area and pumping power, the D
microchannel with e/H ratio of 0.7 improves the heat transfer capacity by 67%
relative to the Plain microchannel, at Reynolds number of 2,350.

Figure 9-21: Thermo-hydraulic performance against Reynolds number, for different e/H
ratio (D series)
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9.4 Thorn Pitch (P) to Thorn Height (e) Ratio Study

9.4.1

Thermal Considerations

As shown in Figure 9-22, the maximum Nusselt number achieved is 43, at
Reynolds number of 4,110 using the D microchannel with P/e ratio of 5. The
critical Reynolds number is 800, 1,000, 1,500, 1,800, respectively, for the D
microchannels with P/e ratio of 5, 10, 15 and 20. This indicates that the
increase in number of thorn protrusions helps to promote early laminar-toturbulent flow transition. This postulation is also supported by the flow
characteristics, as will be discussed using Figure 9-25 in Section 9.4.2.

Figure 9-22: Nusselt number against Reynolds number, for different P/e ratio (D series)
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Using the same y-axis range of 0.8 to 3.0 throughout the thesis, Figure 9-23
shows that the normalised Nusselt number is moderately high in the P/e ratio
study for the D microchannel series. The D microchannel with P/e ratio of 5 is
observed to achieve a Nusselt number of up to 2.2 times that of the Plain
microchannel. For the same P/e ratio and within the same range of Reynolds
number from 350 to 3,948, the normalised Nusselt number of the FS and IFS
microchannels are 1.9 and 2.6, respectively,

Figure 9-23: Normalised Nusselt number against Reynolds number, for different P/e ratio
(D series)

Figure 9-24 shows that Nusselt number increases from 25 to 33, when the P/e
ratio decreases from 20 to 5, at Reynolds number≈2,664. Since the heat transfer
enhancement mechanisms are similar to that for the IFS microchannel series,
the flow field and temperature distribution for the D microchannels with P/e
ratio of 20 and 5 are thus presented in Figures D-10 to D-13 in Appendix D.
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Figure 9-24: Nusselt number against P/e ratio, at different Reynolds number (D series)

9.4.2

Hydrodynamic Considerations

The friction factor variation, as presented in Figure 9-25, shows that the critical
Reynolds number for each D profile matches those listed in Section 9.4.1. It is
also observed that the D_e0.15-P0.75 profile yields a maximum friction factor
of 0.55, at Reynolds number of 350. This value is lower than those of the scaleinspired microchannel series, where the FS_e0.15-P0.75 and IFS_e0.15-P0.75
profiles yield 0.63 and 0.73, respectively, at the same flow condition. In other
words, the D profile with P/e ratio of 5 exhibits the lowest friction factor at
lower Reynolds numbers. This is likely due to the more gradual wavy profile,
as explained earlier in Section 9.3.2.
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Figure 9-25: Friction factor against Reynolds number, for different P/e ratio (D series)

However, the D profile with P/e ratio of 5 does not exhibit the lowest friction
factor at higher Reynolds numbers. Figure 9-26 shows that the normalised
friction factor for the D profile with P/e ratio of 5 is moderately high, with a
value of 5.1 at Re≈3948. While it is lower than the value of 6.7 for the IFS
profile, it is higher than the value of 4.2 for the FS profile, at the same flow
conditions. Hence, it appears that increasing the number of thorn protrusions by
decreasing the P/e ratio has a strong effect in increasing the friction factor at
higher Reynolds numbers.
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Figure 9-26: Normalised friction factor against Reynolds number, for different P/e ratio
(D series)

The strong influence of the number of thorns on friction factor for the D
microchannel series is analysed using the numerical results. The pressure
distributions for the IFS, D and FS microchannel with P/e ratio of 5 at
Re≈2,664 are respectively presented in Figures 9-27 to 9-29. It is observed that
the region of pressure recovery for the D microchannel becomes smaller when
there are more thorn protrusions. Since the pressure recovery for the D
microchannel is less than that for the FS microchannel, the friction factor for
the D microchannel is higher than that of the FS microchannel.
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Figure 9-27: Pressure distribution of IFS microchannel with P/e ratio of 5, at Re ≈ 2,664

Figure 9-28: Pressure distribution of D microchannel with P/e ratio of 5, at Re ≈ 2,664

Figure 9-29: Pressure distribution of FS microchannel with P/e ratio of 5, at Re ≈ 2,664
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Similarly, the friction factor is observed to increase when P/e ratio decreases for
the D microchannel series, as shown in Figure 9-30. For example, the friction
factor increases from 0.12 to 0.36, when the P/e ratio decreases from 20 to 5, at
Reynolds number≈2,664. The figures illustrating the velocity boundary layers
for the D microchannels with P/e ratio of 20 and 5 are presented in Figures D14 and D-15 in Appendix D.

Figure 9-30: Friction factor against P/e ratio, at different Reynolds number (D series)
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Thermo-hydraulic Performance

Figure 9-31 shows that there is no clear relationship between thermo-hydraulic
performance and P/e ratio, at constant Reynolds numbers. This is contrary to a
distinct relationship for the IFS microchannel series, where a smaller P/e ratio
corresponds to a higher thermo-hydraulic performance at lower Reynolds
numbers, and that for the FS microchannel series, where a larger P/e ratio
corresponds to a higher thermo-hydraulic performance at higher Reynolds
numbers. The D microchannel series seems to display both aforementioned
characteristics. The D microchannel with P/e ratio of 15 performs the best at
Re≈2,750. Given a fixed heat transfer surface area and pumping power, this D
profile improves the heat transfer capacity by 52% relative to the Plain profile,
at Reynolds number of 2,750. This could be due in part to the relatively low
friction losses while the Nusselt number remains relatively high.

Figure 9-31: Thermo-hydraulic performance against Reynolds number, for different P/e
ratio (D series)

213

New Correlations

Chapter 10

Chapter 10 New Correlations

This chapter presents the newly proposed working correlations to evaluate the
average Nusselt number and friction factor for the nature-inspired enhanced
microchannels. Both the laminar and turbulent flow regimes are discussed. The
mathematical form of the new correlations follows that of existing classical
correlations, but with an additional term added to account for the effect of the
scale or thorn protrusions. The correlations are formulated based on about 600
steady-state measurements, as well as the underlying physics which governs the
heat transfer and flow behaviours, within the scope of investigation. These
correlations are useful in the design of compact microchannel heat exchangers.

10.1 Proposed Correlations for Average Nusselt Number

10.1.1 Laminar Flow Regime
As discussed in Section 6.3, the Shah and London’s correlation for circular
pipes, as presented using Eqn. (2-28) in Section 2.1.3.2, can be used to predict
the Nusselt number for the Plain microchannel in the laminar flow regime. The
Reynolds number range for the laminar flow regime has been identified as
350≲Re≲2,200 in Section 6.4.

For the Inverted Fish Scale (IFS) series, the IFS profile with e/H ratio of 0.1
exhibits similar heat transfer behaviour to that of the Plain microchannel for
350≲Re≲2,200. The other six profiles exhibit early laminar-to-turbulent flow
transition at Re≈600. Hence, the heat transfer behaviour can be largely
predicted by the correlation proposed for the turbulent flow regime in Section
10.1.2.
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For the Fish Scale (FS) series, the FS profiles with e/H ratio of 0.1, 0.3, 0.5, and
0.7 exhibit laminar-to-turbulent flow transition at Reynolds number of about
2,200, 1,850, 1,300 and 700, respectively. The FS profiles with P/e ratio of 20,
15, 10 and 5 exhibit laminar-to-turbulent flow transition at Reynolds number of
about 1,600, 1,600, 1,300 and 800, respectively. Before the onset of transition
at the respective critical Reynolds number, the FS profiles exhibit similar heat
transfer behaviour to that of the Plain microchannel in the laminar flow regime.

For the Durian (D) series, the D profiles with e/H ratio of 0.1, 0.3, 0.5, and 0.7
exhibit laminar-to-turbulent flow transition at Reynolds number of about 2,200,
1,500, 1,000 and 750, respectively. The D profiles with P/e ratio of 20, 15, 10
and 5 exhibit laminar-to-turbulent flow transition at Reynolds number of about
1,800, 1,500, 1,000 and 800, respectively. Before the onset of transition at the
respective critical Reynolds number, the D profiles also exhibit similar heat
transfer behaviour to that of the Plain microchannel in the laminar flow regime.

Since the enhanced microchannels exhibit similar heat transfer behaviour to that
of the Plain microchannel in the laminar flow regime, which can be predicted
by the Shah and London’s correlation for circular pipes, there is no need to
propose any new Nusselt number correlations for the laminar flow regime. For
the purpose of convenience, Table 10-1 re-presents the Shah and London’s
correlation for circular pipes. The applicable Reynolds number ranges for the
enhanced microchannels are listed in Table 10-2.

Table 10-1: Nusselt number correlation for laminar flow regime

Thermal conditions
Thermally
developing,
constant qs

Correlation

Applicable range

̅̅̅̅
𝑁𝑢 = 1.953(𝑅𝑒 𝑃𝑟 𝐷ℎ ⁄𝐿)1/3
Shah and London, 1978 [18]

𝑅𝑒 𝑃𝑟 𝐷ℎ ⁄𝐿 ≥ 33.3
𝑅𝑒 < 2,200

216

New Correlations

Chapter 10

Table 10-2: Applicable Re range of Nusselt number correlation for laminar flow regime

e/H ratio

P/e ratio

0.1
0.3
0.5
0.7
0.5
0.5
0.5

10
10
10
10
20
15
5

Reynolds number range
IFS series
FS series
D series
350≲Re≲2,200
350≲Re≲2,200
350≲Re≲2,200
350≲Re≲1,850
350≲Re≲1,500
350≲Re≲1,300
350≲Re≲1,000
350≲Re≲700
350≲Re≲750
350≲Re≲1,600
350≲Re≲1,800
350≲Re≲1,600
350≲Re≲1,500
350≲Re≲800
350≲Re≲800

10.1.2 Turbulent Flow Regime
As discussed in Section 6.3, the Gnielinski’s correlation, as presented using Eqn.
(2-34) in Section 2.1.3.2, is sufficient as a first approximation to predict the
Nusselt number for the Plain microchannel in the turbulent flow regime. The
Reynolds number range for the turbulent flow regime has been identified as
3,400≲Re≲4,600 in Section 6.4. However, the Gnielinski’s correlation is
relatively complex, and a simpler form as presented in Eqn. (10-1) has been
suggested and used by several resources [12,14,17,166]. The terms outside the
square brackets represent the general expression for Nusselt number in fullydeveloped internal turbulent flow, and A, B and C are coefficients to be
determined. The last term within the square brackets accounts for the entrance
effect, since the entrance length is a function of L/Dh, while D is another
coefficient to be determined.

𝑁𝑢𝑃𝑙𝑎𝑖𝑛,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 𝐴𝑅𝑒 𝐵 𝑃𝑟 𝐶 [1 +
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A non-linear least-squares curve-fitting approach is performed on the measured
Nusselt number data for the Plain microchannel in the range 3,400≲Re≲4,600.
The Nusselt number correlation for the Plain microchannel is then proposed as
follows:

𝑁𝑢𝑃𝑙𝑎𝑖𝑛,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 0.034𝑅𝑒 0.7 𝑃𝑟1/3 [1 +

7
]
𝐿/𝐷ℎ

(10-2)

Applicable for: 3,400≲Re≲4,600;
Pr≈5.5;
L/Dh =50
Type of fluid: Single-phase water
Maximum discrepancy: 5%
Mean discrepancy: 3%
The proposed Nusselt number correlation for the Plain microchannel for
turbulent flow serves as the basis for the derivation of new correlations for the
enhanced microchannels. An additional term is added to account for the
increase in Nusselt number due to the scale/thorn protrusions, which promote
early laminar-to-turbulent flow transition and cause significant thinning of the
velocity and thermal boundary layers. When the scale/thorn protrusion height (e)
becomes zero, the Nusselt number correlation reduces to that for the Plain
microchannel. The new Nusselt number correlation for the enhanced
microchannels is of the form:

𝑁𝑢𝑝𝑟𝑜𝑓𝑖𝑙𝑒 = 0.034𝑅𝑒 0.7 𝑃𝑟 1/3 [1 +

7
𝐸(𝑒/𝐻)𝐹
+
]
(𝑃/𝑒)𝐺
𝐿/𝐷ℎ

(10-3)

where e/H refers to the scale/thorn height (e) to mean channel height (H) ratio,
P/e refers to the scale/thorn pitch (P) to scale/thorn height (e) ratio, and E, F
and G are coefficients to be determined.
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A non-linear least-squares curve-fitting approach is performed on the measured
Nusselt number for each of the three nature-inspired enhanced microchannel
series in their respective turbulent regime. The Nusselt number correlation for
the IFS microchannel series is proposed as follows:

𝑁𝑢𝐼𝐹𝑆 = 0.034𝑅𝑒

0.7

𝑃𝑟

1/3

7
8(𝑒/𝐻)1.1
[1 +
+
]
(𝑃/𝑒)0.6
𝐿/𝐷ℎ

(10-4)

Applicable for: Pr≈5.5; L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 16%
Mean discrepancy: 3%
The applicable Reynolds number range of the proposed correlation for each IFS
microchannel profile is listed in Table 10-3.

Table 10-3: Applicable Reynolds number range for the NuIFS correlation in Eqn. (10-4)

e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5

Re range
3,400≲Re≲4,600
350≲Re≲4,600
350≲Re≲4,600
350≲Re≲4,600
350≲Re≲4,600
350≲Re≲4,600
350≲Re≲4,600

The proposed Nusselt number correlation for the IFS microchannel series fits
the measured values well, as illustrated in Figure 10-1 and Figure 10-2.
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Figure 10-1: Proposed NuIFS correlation in Eqn. (10-4) applied to the e/H ratio study

Figure 10-2: Proposed NuIFS correlation in Eqn. (10-4) applied to the P/e ratio study
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The Nusselt number correlation for the FS microchannel series is proposed as
follows:

𝑁𝑢𝐹𝑆 = 0.034𝑅𝑒 0.7 𝑃𝑟1/3 [1 +

7
2.75(𝑒/𝐻)1.5
+
]
(𝑃/𝑒)0.15
𝐿/𝐷ℎ

(10-5)

Applicable for: Pr≈5.5; L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 16%
Mean discrepancy: 4%
The applicable Reynolds number range of the proposed correlation for each FS
microchannel profile is listed in Table 10-4.

Table 10-4: Applicable Reynolds number range for the NuFS correlation in Eqn. (10-5)

e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5

Re range
3,400≲Re≲4,600
2,500≲Re≲4,600
1,600≲Re≲4,600
1,200≲Re≲4,600
2,200≲Re≲4,600
2,200≲Re≲4,600
1,600≲Re≲4,600

The proposed Nusselt number correlation for the FS microchannel series fits the
measured values well, as illustrated in Figure 10-3 and Figure 10-4.
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Figure 10-3: Proposed NuFS correlation in Eqn. (10-5) applied to the e/H ratio study

Figure 10-4: Proposed NuFS correlation in Eqn. (10-5) applied to the P/e ratio study
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The Nusselt number correlation for the D microchannel series is proposed as
follows:

𝑁𝑢𝐷 = 0.034𝑅𝑒 0.7 𝑃𝑟 1/3 [1 +

7
5(𝑒/𝐻)1.4
+
]
𝐿/𝐷ℎ (𝑃/𝑒)0.375

(10-6)

Applicable for: Pr≈5.5; L/Dh =50
Type of fluid: Single-phase water
Maximum discrepancy: 13%
Mean discrepancy: 3%
The applicable Reynolds number range of the proposed correlation for each D
microchannel profile is listed in Table 10-5.

Table 10-5: Applicable Reynolds number range for the NuD correlation in Eqn. (10-6)

e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5

Re range
3,400≲Re≲4,600
2,000≲Re≲4,600
1,300≲Re≲4,600
1,000≲Re≲4,600
2,600≲Re≲4,600
2,000≲Re≲4,600
1,300≲Re≲4,600

The proposed Nusselt number correlation for the D microchannel series fits the
measured values well, as illustrated in Figure 10-5 and Figure 10-6.
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Figure 10-5: Proposed NuD correlation in Eqn. (10-6) applied to the e/H ratio study

Figure 10-6: Proposed NuD correlation in Eqn. (10-6) applied to the P/e ratio study
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Several interesting observations can be made from the coefficients used in Eqns.
(10-3) to (10-6).
The coefficient F represents the effect of the scale/thorn height (e) on the heat
transfer performance, for a fixed mean channel height (H) and P/e ratio. It is 1.1
and 1.5 for the scale-inspired IFS and FS microchannel series, respectively.
This implies that increasing the scale height has a stronger influence in
increasing the Nusselt number for the FS microchannel series, as compared to
the IFS microchannel series. This is logical because the Fish Scale profile
naturally causes the least disruption to the flow. Hence, the decrease in
minimum channel gap by increasing the scale height plays a more dominant
role in enhancing heat transfer by promoting early transition to turbulent flow
and thinning of thermal boundary layer. On the other hand, the Inverted Fish
Scale profile naturally causes the most disruption to the flow, such that heat
transfer enhancement is achieved even for the lowest e/H ratio of 0.1 for
Re≳2,200. In addition, early transition to turbulent flow at Re≈600 is observed
for the remaining IFS profiles. Since the heat transfer enhancement mechanisms
are triggered by the naturally disruptive IFS profile, increasing the scale height
plays a less dominant role in further enhancing heat transfer. For the thorny D
microchannel series, the coefficient F is 1.4. This implies that increasing the
thorn height also has a strong influence in increasing the Nusselt number for the
D microchannel series.
Nonetheless, the overall effect of the scale/thorn height (e) on the heat transfer
performance cannot simply be determined from the coefficient F alone. It is
also influenced by the coefficients E and G. As can be seen from Table 10-6,
increasing the scale height from 0 to 0.21 mm results in the least increment in
Nusselt number from 15 to 33 for the FS microchannel series, even though the
coefficient F is the highest. This is because the coefficient E is the lowest at
only 2.75, as compared to 8 and 5 for the IFS and D microchannel series,
respectively.
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Table 10-6: Effect of e/H ratio on Nusselt number at Re≈2,664

e/H ratio

P/e ratio

0 (Plain)
0.1
0.7

10
10
10

Scale height
(mm)
0
0.03
0.21

Nusselt number
IFS
FS
D
15
15
15
16
15
16
37
33
37

The coefficient G represents the effect of the number of scales/thorns of the
same height (e) on the heat transfer performance, for a fixed channel length (L)
and mean channel height (H). The coefficient G is 0.6 and 0.15 for the scaleinspired IFS and FS microchannel series, respectively. This implies that
increasing the number of scales by decreasing the scale pitch (P) has a stronger
influence in increasing the Nusselt number for the IFS microchannel series, as
compared to the FS microchannel series. This is logical because the IFS profile
is naturally the most disruptive and the FS profile is naturally the least
disruptive. For the thorny D microchannel series, the coefficient G is 0.375.
This implies that increasing the number of thorns by decreasing the thorn pitch
(P) has a relatively strong influence in increasing the Nusselt number for the D
microchannel series.

It appears that the overall effect of the number of scales/thorns of the same
height (e) on the heat transfer performance can be observed from the coefficient
G alone, at least within the scope of investigation. As can be seen from Table
10-7, increasing the number of scales/thorns from 10 to 40 results in the largest
increment in Nusselt number from 27 to 40 for the IFS microchannel series, and
the least increment in Nusselt number from 27 to 29 for the FS microchannel
series. The D microchannel series falls in between with Nusselt number
increment from 25 to 33.
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Table 10-7: Effect of P/e ratio on Nusselt number at Re≈2,664

P/e ratio

e/H ratio

20
5

0.5
0.5

Number of
scales/thorns
10
40

Nusselt number
IFS
FS
D
27
27
25
40
29
33

To determine the possibility of applying the correlations in Eqns. (10-4) to (106) beyond the measurement limits of the present study, the coefficient E is
examined. The coefficient E can be interpreted as the effect of the scale/thorn
profile on the heat transfer performance, when both ratios of e/H and P/e are set
to unity. Referring to Eqns. (10-4) to (10-6), the right hand side (RHS) term
within the square brackets is reduced to the coefficient E alone, which are 8,
2.75 and 5, respectively, for the IFS, FS and D microchannel series. Since the
mean channel height (H) is fixed at 0.3 mm, the ratios of e/H and P/e equal
unity implies that the scale/thorn height (e) and scale/thorn pitch (P) are both
0.3 mm. In other words, there would be 100 protrusions with a scale/thorn
height (e) of 0.3 mm for a microchannel length of 30 mm. As can be seen from
Table 10-8, the correlation predicts that the Nusselt number is 137, 58 and 92
for the IFS, FS and D microchannel series, respectively.

Table 10-8: Prediction of Nusselt number for e/H ratio and P/e ratio of 1, at Re≈2,664

P/e ratio

e/H ratio

1

1

Scale height
(mm)
0.3

Number of
scale/thorns
100

Nusselt number
IFS FS
D
137 58
92

This seems logical in theory, since the Inverted Fish Scale profile is the most
effective in disrupting the flow and enhancing heat transfer, followed by the
Durian and Fish Scale profiles. However, this may not make practical sense,
because if there were to be 100 scale/thorn protrusions within a microchannel
length of 30 mm, the profiles would converge into a plain profile of higher
height with a very rough surface, as shown in Figure 10-7. In this case, the
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Nusselt number values are expected to converge to a single value for the three
different profiles. Hence, the correlations must be used with caution beyond the
current measurement limits.

Figure 10-7: Front view of the profiles when both ratios of e/H and P/e equal unity

10.2 Proposed Correlations for Average Friction Factor
10.2.1

Laminar Flow Regime

Throughout the whole study, the variation of thermo-hydraulic performance
with Reynolds number exhibits the same relationship, in which the natureinspired enhanced microchannels perform better than the Plain microchannel
only after the critical Reynolds number is exceeded. This is because the Nusselt
number of the nature-inspired enhanced microchannels is similar to that of the
Plain microchannel in the laminar flow regime. Conversely, the friction factor
of the nature-inspired enhanced microchannels is higher than that of the Plain
microchannel in the laminar flow regime. As a result, the thermo-hydraulic
performance of the nature-inspired enhanced microchannels can be less than 1.0.
In other words, there is no increased heat exchange capacity for equal heat
transfer surface area and pumping power in the laminar flow regime.

As such, it is of no real benefit to consider the flow in the laminar regime.
Hence, the friction factor correlation in the laminar flow regime is not proposed.

228

New Correlations
10.2.2

Chapter 10

Turbulent Flow Regime

As discussed in Section 6.2, the Phillips correlation (Eqn. 2-13) is used to
compare with the friction factor for the Plain microchannel in the turbulent flow
regime. The Reynolds number range for the turbulent flow regime has been
identified as 3,400≲Re≲4,600 in Section 6.4. It is of the form:
𝑓𝑃𝑙𝑎𝑖𝑛,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 =

1
𝑅𝑒

𝑃[

𝑄+

𝑅
]
𝐿/𝐷ℎ

(10-7)

A non-linear least-squares curve-fitting approach is performed on the measured
friction factor data for the Plain microchannel in the range 3,400≲Re≲4,600.
The friction factor correlation for the Plain microchannel is then proposed as
follows:
𝑓𝑃𝑙𝑎𝑖𝑛,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 =

1
𝑅𝑒

0.15

[0.2 +

2
]
𝐿/𝐷ℎ

(10-8)

Applicable for: 3,400≲Re≲4,600;
L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 2%
Mean discrepancy: 2%
The proposed friction factor correlation for the Plain microchannel for turbulent
flow serves as the basis for the derivation of new correlations for the enhanced
microchannels. An additional term is added to account for the increase in
friction factor due to the scale/thorn protrusions, which cause significant
thinning of the velocity boundary layer and promote early transition to turbulent
flow. When the scale/thorn protrusion height (e) becomes zero, the friction
factor correlation reduces to that for the Plain microchannel. The new friction
factor correlation for the enhanced microchannels is of the form:

𝑓𝑝𝑟𝑜𝑓𝑖𝑙𝑒 =

1
𝑅𝑒

[𝑄 +
𝑃

𝑅
𝑆(𝑒/𝐻)𝑇
+
]
𝐿/𝐷ℎ (𝑃/𝑒)𝑈
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where e/H refers to the scale/thorn height (e) to mean channel height (H) ratio,
P/e refers to the scale/thorn pitch (P) to scale/thorn height (e) ratio, and S, T
and U are coefficients to be determined.

A non-linear least-squares curve-fitting approach is performed on the measured
friction factor for each of the three enhanced microchannel series in their
respective turbulent regime. The friction factor correlation for the IFS
microchannel series is proposed as follows:

𝑓𝐼𝐹𝑆 =

1
𝑅𝑒

[0.2 +
0.15

2
15(𝑒/𝐻)1.2
+
]
(𝑃/𝑒)1
𝐿/𝐷ℎ

(10-10)

Applicable for: Pr≈5.5; L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 13%
Mean discrepancy: 4%
The applicable Reynolds number range of the proposed correlation for each IFS
microchannel profile is listed in Table 10-9.

Table 10-9: Applicable Re range for the fIFS correlation in Eqn. (10-10)

e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
Re range
10
4,000≲Re≲4,600
10
900≲Re≲4,600
10
700≲Re≲4,600
10
600≲Re≲4,600
20
1,300≲Re≲4,600
15
800≲Re≲4,600
5
800≲Re≲4,600

The proposed friction factor correlation for the IFS microchannel series fits the
measured values well, as illustrated in Figure 10-8 and Figure 10-9. The
labelled number of 600 inside the figures represents the critical Reynolds
number for all but the IFS profile with e/H ratio of 0.1. The critical Reynolds
number corresponds to the onset of laminar-to-turbulent flow transition.
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Figure 10-8: Proposed fIFS correlation in Eqn. (10-10) applied to the e/H ratio study

Figure 10-9: Proposed fIFS correlation in Eqn. (10-10) applied to the P/e ratio study
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The friction factor correlation for the FS microchannel series is proposed as
follows:

𝑓𝐹𝑆 =

1
𝑅𝑒

[0.2 +
0.15

2
7(𝑒/𝐻)1.6
+
]
(𝑃/𝑒)0.7
𝐿/𝐷ℎ

(10-11)

Applicable for: Pr≈5.5; L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 11%
Mean discrepancy: 3%

The applicable Reynolds number range of the proposed correlation for each FS
microchannel profile is listed in Table 10-10.

Table 10-10: Applicable Re range for the fFS correlation in Eqn. (10-11)

e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5

Re range
3,400≲Re≲4,600
2,400≲Re≲4,600
1,800≲Re≲4,600
700≲Re≲4,600
2,300≲Re≲4,600
2,300≲Re≲4,600
1,800≲Re≲4,600

The proposed friction factor correlation for the FS microchannel series fits the
measured values well, as illustrated in Figure 10-10 and Figure 10-11. Similarly,
the labelled numbers inside the figures represent the critical Reynolds number
for each FS profile.
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Figure 10-10: Proposed fFS correlation in Eqn. (10-11) applied to the e/H ratio study

Figure 10-11: Proposed fFS correlation in Eqn. (10-11) applied to the P/e ratio study
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The friction factor correlation for the D microchannel series is proposed as
follows:

𝑓𝐷 =

1
𝑅𝑒

[0.2 +
0.15

2
18(𝑒/𝐻)1.1
+
]
𝐿/𝐷ℎ
(𝑃/𝑒)4/3

(10-12)

Applicable for: Pr≈5.5; L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 12%
Mean discrepancy: 4%

The applicable Reynolds number range of the proposed correlation for each D
microchannel profile is listed in Table 10-11.

Table 10-11: Applicable Re range for the fD correlation in Eqn. (10-12)

e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5

Re range
Not applicable
2,000≲Re≲4,600
1,000≲Re≲4,600
1,300≲Re≲4,600
2,000≲Re≲4,600
1,800≲Re≲4,600
1,800≲Re≲4,600

The proposed friction factor correlation for the D microchannel series fits the
measured values well, as illustrated in Figure 10-12 and Figure 10-13. Once
again, the labelled numbers inside the figures represent the critical Reynolds
number for each D profile.
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Figure 10-12: Proposed fD correlation in Eqn. (10-12) applied to the e/H ratio study

Figure 10-13: Proposed fD correlation in Eqn. (10-12) applied to the P/e ratio study
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Several interesting observations can be made from the coefficients used in Eqns.
(10-9) to (10-12).
The coefficient T represents the effect of the scale/thorn height (e) on the
friction losses, for a fixed mean channel height (H) and P/e ratio. It is 1.2 and
1.6 for the scale-inspired IFS and FS microchannel series, respectively. This
implies that increasing the scale height has a stronger influence in increasing
the friction factor for the FS microchannel series, as compared to the IFS
microchannel series. The reasoning is similar to that with the coefficient F in
the Nusselt number correlation. For the thorny D microchannel series, the
coefficient T is 1.1. This implies that increasing the thorn height has the least
influence in increasing the friction factor for the D microchannel series, as
compared to the scale-inspired microchannel series.
Similarly, the overall effect of the scale/thorn height (e) on the heat transfer
performance cannot simply be determined from the coefficient T alone. It is
also influenced by the coefficients S and U. As can be seen from Table 10-12,
increasing the scale height from 0 to 0.21 mm results in a moderate increment
in friction factor from 0.08 to 0.31 for the FS microchannel series, even though
the coefficient T is the highest. This is because the coefficient S is the lowest at
only 7, as compared to 15 and 18 for the IFS and D microchannel series,
respectively.

Table 10-12: Effect of e/H ratio on friction factor at Re≈2,664

e/H ratio

P/e ratio

0 (Plain)
0.1
0.7

10
10
10

Scale height
(mm)
0
0.03
0.21
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Friction factor
IFS
FS
D
0.08 0.08 0.08
0.08 0.08 0.08
0.36 0.31 0.25
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The coefficient U represents the effect of the number of scale/thorn protrusions
of the same height (e) on the friction losses, for a fixed channel length (L) and
mean channel height (H). The coefficient U is 1 and 0.7 for the scale-inspired
IFS and FS microchannel series, respectively. This implies that increasing the
number of scales by decreasing the scale pitch (P) has a stronger influence in
increasing the friction factor for the IFS microchannel series, as compared to
the FS microchannel series. This is logical since the Inverted Fish Scale profile
is naturally more disruptive than the Fish Scale profile. For the thorny D
microchannel series, the coefficient U is 4/3. This implies that increasing the
number of thorns by decreasing the thorn pitch (P) has the strongest influence
in increasing the friction factor for the D microchannel series. This is likely due
to the smaller region of pressure recovery as discussed in Section 9.4.2.

Similarly, it appears that the overall effect of the number of scales/thorns of the
same height (e) on the friction losses can be observed from the coefficient G
alone. As can be seen from Table 10-13, increasing the number of scales/thorns
from 10 to 40 results in a 3 times increment in friction factor from 0.12 to 0.36
for the D microchannel series. The friction factor increases by 2.9 times from
0.16 to 0.47 for the IFS microchannel series, and increases by only 2 times from
0.15 to 0.30 for the FS microchannel series.

Table 10-13: Effect of P/e ratio on friction factor at Re≈2,664

P/e
ratio
20
5

e/H
Number of
ratio scales/thorns
0.5
10
0.5
40
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Friction factor
IFS
FS
D
0.16 0.15 0.12
0.47 0.30 0.36
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To determine the possibility of applying the correlations in Eqns. (10-10) to
(10-12) beyond the measurement limits of the present study, the coefficient S is
examined. It represents the effect of the scale/thorn profile on the friction losses,
when both ratios of e/H and P/e are set to unity. Referring to Eqns. (10-10) to
(10-12), the RHS term within the square brackets is reduced to the coefficient S
alone, which are 15, 7 and 18, respectively, for the IFS, FS and D microchannel
series. As can be seen from Table 10-14, the correlation predicts that the
friction factor is 4.67, 2.22 and 5.59 for the IFS, FS and D microchannel series,
respectively, when there are 100 protrusions with a scale/thorn height (e) of 0.3
mm for a microchannel length of 30 mm.
Table 10-14: Prediction of friction factor for e/H ratio and P/e ratio of 1, at Re≈2,664

P/e
ratio
1

e/H
ratio
1

Scale height
(mm)
0.3

Friction factor
Number of
scale/thorns IFS FS
D
100
4.67 2.22 5.59

Once again, this may not make practical sense, since the profiles would
converge into a plain profile of higher height with a very rough surface, as
previously shown in Figure 10-7. The friction factor values are therefore
expected to converge to a single value for the three different microchannel
profiles. Hence, the correlations must be used with caution beyond the current
measurement limits.
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Chapter 11 Conclusions and Recommendations

This chapter concludes the work accomplished by the author during the course
of the Ph.D. research study, and summarises the key findings of this research.
The results for the Plain, Inverted Fish Scale (IFS), Fish Scale (FS) and Durian
(D) microchannels are first individually concluded, before the newly proposed
correlations for the average Nusselt number and friction factor are listed. After
a thoughtful reflection on the key findings from the present study, the
opportunities and strategies for future work are identified and recommended.

11.1 Conclusions
In essence, the present Ph.D. research study aims to develop a novel natureinspired configuration to enhance the microscale heat transfer in macro
geometry using conventional machining processes, and formulate working
correlations to evaluate the heat transfer and pressure drop for practical
applications. The enhancement profiles are the IFS and FS microchannel series
inspired by fish scales, as well as the D microchannel series inspired by the
thorny husk of the durian fruit. The research focuses on the forced convective
steady-state internal flow of single-phase liquid water in an annular microscale
passage, which is created by securing a cylindrical insert of mean diameter 19.4
mm within a cylindrical pipe of internal diameter 20 mm. The present study
considers the flow of a constant-property incompressible Newtonian fluid
through a stationary, nonporous channel, where the continuum mechanics
theory is still valid.

Both physical measurements and numerical simulations have been carried out.
A measurement system has been designed, fabricated, instrumented and
commissioned for data collection. The system provides accurate pressure and
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heat transfer measurements with a mean discrepancy of 7.8% and 13.4%,
respectively, as well as consistent pressure and heat transfer measurements
within 0.57% and 0.39%, respectively. In addition, a conjugate heat transfer
numerical model has been developed using a Computational Fluid Dynamics
(CFD) code. The numerical model is validated through the comparison of its
predictions with the measurements, which shows a mean discrepancy of 8.5%
and 20.2%, respectively, for the pressure and heat transfer predictions.

The investigations have been carried out for plain and enhanced annular
microchannels, with a fixed mean gap size (H) of 300 µm and length (L) of 30
mm, using liquid-phase distilled water. About 600 steady-state measurements
have been collected for a total of 22 microchannel profiles, using up to 27 flow
conditions for each profile, and 2 wall heat fluxes of 13.3 and 53.0 W/cm2.
With a Reynolds number range of 350-4600, the laminar, transitional and
turbulent flow regimes are studied. The 22 microchannel profiles include 7 for
each of the three nature-inspired IFS, FS and D microchannel series, and the
Plain microchannel. The measurements for the Plain microchannel are used as
the basis to determine the extent of heat transfer enhancement.

Within the nature-inspired enhanced IFS, FS and D microchannel series, the
effects of two geometrical ratios are studied. They are the ratio of scale/thorn
height (e) to mean channel height (H), and the ratio of scale/thorn pitch (P) to
scale/thorn height (e). In the first study, four e/H ratios of 0.1, 0.3, 0.5 and 0.7
are employed, with a fixed P/e ratio of 10. In the second study, four P/e ratios
of 5, 10, 15 and 20 are employed, with a fixed e/H ratio of 0.5. A larger e/H
ratio corresponds to a narrower minimum gap through which the fluid flows,
while a lower P/e ratio corresponds to a larger number of scale/thorn
protrusions, of the same protrusion height, for a given microchannel length.
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The dependent variables include the convective heat transfer coefficient,
pressure drop, Nusselt number, friction factor, and thermo-hydraulic
performance factor. The thermo-hydraulic performance factor is computed from
the normalised Nusselt number and normalised friction factor, with respect to
the Plain microchannel. In the design of practical heat exchangers, this
performance factor represents the increased heat transfer capacity for equal heat
transfer surface area and pumping power.

The results show that enhanced microscale heat transfer effects have indeed
been achieved in macro geometry, using conventional machining processes. The
highest convective heat transfer coefficient achieved in the whole study is 52.8
kW/m2·K, at 6.5 L/min (Re≈4280) using the IFS microchannel with a scale
height (e) of 0.21 mm and scale pitch (P) of 2.1 mm. This means that the
system is able to remove heat flux of up to 375 W/cm2, for a temperature
difference of 71 K. The highest pressure drop in the whole study is 3.3 bars,
which can be easily overcome by a commercially available pump. In terms of
the thermo-hydraulic performance, the D microchannel performs the best, with
a thorn height (e) of 0.21 mm and thorn pitch (P) of 2.1 mm. Given a fixed heat
transfer surface area and pumping power, this profile can improve the heat
transfer capacity by 67% relative to the Plain microchannel, at Reynolds
number of 2,350.

Most importantly, working correlations have been proposed to evaluate the
Nusselt number and friction factor for each of the nature-inspired enhanced IFS,
FS and D microchannel series. The mathematical form of the new correlations
follows that of existing classical correlations, but with an additional term added
to account for the effect of the scale or thorn protrusions. The correlations are
formulated based on about 600 steady-state measurements, as well as the
underlying physics which governs the heat transfer and flow behaviours, within
the scope of investigation.
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11.1.1 Plain Microchannel
 For single-phase liquid water in conventionally-sized channels, the
typical convective heat transfer coefficient h values are at most 10
kW/m2·K [14,27]. In the present study, the heat transfer coefficient for
the 300 µm Plain microchannel ranges from 10.9 to 27.1 kW/m2·K, for
flow rates between 2 and 7 L/min. This confirms the feasibility of
achieving microscale heat transfer effects in macro geometry.
 Comparison of Nusselt number and friction factor with classical theory
confirms the applicability of the continuum theory to microchannel
flows. The results also suggest that the variation in fluid properties due
to a large temperature difference between the wall and the bulk fluid in
microchannel flows could possibly account for the deviation from the
classical theory.
 The critical Reynolds number corresponding to laminar-to-turbulent
flow transition for the Plain microchannel is found to range between
2,200 and 3,400. This range agrees well with those for the macro-scale
channels, which is 2,200–3,400 for parallel plates and approximately
2,300 for circular pipes.
 If the scale-inspired and durian-inspired microchannel profiles are able
to trigger early laminar-to-turbulent flow transition at a Reynolds
number lower than 2,200, heat transfer enhancement may be achieved.

11.1.2 Inverted Fish Scale (IFS) Microchannels
 The IFS microchannel series is best suited for applications where high
convective heat transfer coefficient values are of utmost priority, with
less stringent pressure drop restrictions.
 The highest
kW/m2·K, at
scale height
comparison
effectiveness

convective heat transfer coefficient achieved is 52.8
6.5 L/min (Re≈4280) using the IFS microchannel with a
(e) of 0.21 mm and scale pitch (P) of 2.1 mm. In
to the Plain microchannel, this demonstrates the
of the Inverted Fish Scale profile in enhancing heat
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transfer performance. In addition, a microchannel study conducted on a
MEMS-based pin fin heat sink using water flow reported a maximum
heat transfer coefficient of around 55 kW/m2·K at Re≈112 [133].
Therefore, the present study demonstrates that the nature-inspired
enhanced microscale flow in macro geometry can achieve high heat
transfer coefficient values comparable to those in a typical microchannel,
without involving complex and costly manufacturing methods.
 The highest pressure drop is 3.3 bars, at 6 L/min using the IFS
microchannel with a scale height (e) of 0.15 mm and scale pitch (P) of
0.75 mm. It is also the highest pressure drop incurred for the whole
study, which is below the imposed pressure drop limit of 3.5 bars.
 The highest Nusselt number is 52, at Reynolds number of 4,280 using
the IFS microchannel with a scale height (e) of 0.21 mm and scale pitch
(P) of 2.1 mm.
 The highest friction factor is 0.73, at Reynolds number of 343 using the
IFS microchannel with a scale height (e) of 0.15 mm and scale pitch (P)
of 0.75 mm, as well as at Reynolds number of 349 using the IFS
microchannel with a scale height (e) of 0.21 mm and scale pitch (P) of
2.1 mm.
 For the ease of reference, the above data is summarised in Table 11-1.
Table 11-1: Summary of results for the IFS microchannel series

IFS profile
(H = 0.3 mm)
Height e = 0.21 mm
Pitch P = 2.1 mm
Height e = 0.15 mm
Pitch P = 0.75 mm

h
(kW/m2·K)

Δp
(bars)

Flow rate
(L/min)

Nu

Re

f

Re

52.8

3.0

6.5

52

4,280

0.73

349

51.5

3.3

6.0

50

3,953

0.73

343
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 In the e/H ratio parametric study, a larger e/H ratio corresponds to
higher Nusselt number and friction factor. Table 11-2 shows the effect
of e/H ratio on Nusselt number and friction factor for Reynolds number
of approximately 2,664.
Table 11-2: Effect of e/H ratio on Nusselt number and friction factor for IFS
microchannel (Re≈2,664)

e/H ratio
0 (Plain)
0.1
0.7

Nusselt number
15
16
37

Friction factor
0.08
0.08
0.36

 In addition, a larger e/H ratio exhibits higher thermo-hydraulic
performance for 350≲Re≲4,600. Given a fixed heat transfer surface
area and pumping power, the IFS microchannel with the largest e/H
ratio of 0.7 can improve the heat transfer capacity by 54% relative to the
Plain microchannel, at Reynolds number of 1,800.
 For an e/H ratio larger than 0.3, the Inverted Fish Scale profile is able to
promote early laminar-to-turbulent flow transition at Re≈600, as shown
in Table 11-3.
Table 11-3: Effect of e/H ratio on critical Reynolds number for IFS microchannel

e/H ratio
0.1
0.3
0.5
0.7

Critical Reynolds number
2,200
600
600
600

 In the P/e ratio parametric study, a lower P/e ratio corresponds to higher
Nusselt number and friction factor. Table 11-4 shows the effect of P/e
ratio on Nusselt number and friction factor for Reynolds number of
approximately 2,664.
Table 11-4: Effect of P/e ratio on Nusselt number and friction factor for IFS
microchannel (Re≈2,664)

P/e ratio
5
20

Nusselt number
40
27
244

Friction factor
0.47
0.16
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 In addition, a smaller P/e ratio exhibits higher thermo-hydraulic
performance for 350≲Re≲3,000. Given a fixed heat transfer surface
area and pumping power, the IFS microchannel with the smallest P/e
ratio of 5 can improve the heat transfer capacity by 54% relative to the
Plain microchannel, at Reynolds number of 1,500.
 For a scale height to mean channel height ratio of 0.5, the Inverted Fish
Scale profile is able to promote early laminar-to-turbulent flow
transition at Re≈600, regardless of the number of scales, as shown in
Table 11-5.
Table 11-5: Effect of P/e ratio on critical Reynolds number for IFS microchannel

P/e ratio
5
10
15
20

Critical Reynolds number
600
600
600
600

11.1.3 Fish Scale (FS) Microchannels
 The FS microchannel series is best suited for heat transfer applications
where low pressure drop values are of higher priority.
 The highest convective heat transfer coefficient is 47.9 kW/m2·K, at
6.75 L/min using the FS microchannel with a scale height (e) of 0.21
mm and scale pitch (P) of 2.1 mm.
 The highest pressure drop for the FS series is 2.6 bars, at 6.75 L/min
using the FS microchannel with a scale height (e) of 0.21 mm and scale
pitch (P) of 2.1 mm as well as the FS microchannel with a scale height
(e) of 0.15 mm and scale pitch (P) of 0.75 mm.
 The highest Nusselt number is 47, at Reynolds number of 4,433 using
the FS microchannel with a scale height (e) of 0.21 mm and scale pitch
(P) of 2.1 mm.
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 The highest friction factor is 0.63, at Reynolds number of 341 using the
FS microchannel with a scale height (e) of 0.15 mm and scale pitch (P)
of 0.75 mm.
 For the ease of reference, the above data is summarised in Table 11-6.
Table 11-6: Summary of results for the FS microchannel series

FS profile
(H = 0.3 mm)
Height e = 0.21 mm
Pitch P = 2.1 mm
Height e = 0.15 mm
Pitch P = 0.75 mm

h
(kW/m2·K)

Δp
(bars)

Flow rate
(L/min)

Nu

Re

f

Re

47.9

2.6

6.75

47

4,433

0.57

341

42.3

2.6

6.75

41

4,435

0.63

341

 In the e/H ratio parametric study, a larger e/H ratio corresponds to
higher Nusselt number and friction factor, as shown in Table 11-7 for
Reynolds number of approximately 2,664.
Table 11-7: Effect of e/H ratio on Nusselt number and friction factor for FS microchannel
(Re≈2,664)

e/H ratio Nusselt number Friction factor
0 (Plain)
15
0.08
0.1
15
0.08
0.7
33
0.31
 In addition, a larger e/H ratio exhibits higher thermo-hydraulic
performance, after the critical Reynolds number for each profile is
exceeded, due to the early transition to non-laminar flow. Given a fixed
heat transfer surface area and pumping power, the FS microchannel with
the largest e/H ratio of 0.7 can improve the heat transfer capacity by 43%
relative to the Plain microchannel, at Reynolds number of 1,850.
 An increase in scale height (e) for a fixed mean channel height (H)
promotes early laminar-to-turbulent flow transition, as shown in Table
11-8.
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Table 11-8: Effect of e/H ratio on critical Reynolds number for FS microchannel

e/H ratio Critical Reynolds number
0.1
2,200
0.3
1,850
0.5
1,300
0.7
700
 In the P/e ratio parametric study, a lower P/e ratio corresponds to higher
Nusselt number and friction factor, as shown in Table 11-9 for Reynolds
number of approximately 2,664.
Table 11-9: Effect of P/e ratio on Nusselt number and friction factor for FS
microchannel (Re≈2,664)

P/e ratio Nusselt number Friction factor
5
29
0.30
20
27
0.15
 In addition, a larger P/e ratio exhibits higher thermo-hydraulic
performance for 2,500≲Re≲4,600. Given a fixed heat transfer surface
area and pumping power, the FS microchannel with the largest P/e ratio
of 20 can improve the heat transfer capacity by 44% relative to the Plain
microchannel, at Reynolds number of 2,800.
 Increasing the number of scales of the same height (e) by decreasing the
scale pitch (P) for a fixed microchannel length helps to promote early
laminar-to-turbulent flow transition, as shown in Table 11-10.
Table 11-10: Effect of P/e ratio on critical Reynolds number for FS microchannel

P/e ratio Critical Reynolds number
5
800
10
1,300
15
1,600
20
1,600
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11.1.4 Durian (D) Microchannels
 The D microchannel series is best suited for heat exchanger applications
where the highest heat transfer capacity (in Watts) for a given heat
transfer surface area and pumping power is desired.
 The highest convective heat transfer coefficient is 50.8 kW/m2·K, at 7
L/min using the D microchannel with a thorn height (e) of 0.21 mm and
thorn pitch (P) of 2.1 mm.
 The highest pressure drop is 2.7 bars, at 6.25 L/min using the D
microchannel with a thorn height (e) of 0.15 mm and thorn pitch (P) of
0.75 mm.
 The highest Nusselt number is 50, at Reynolds number of 4,600 using
the D microchannel with a thorn height (e) of 0.21 mm and thorn pitch
(P) of 2.1 mm.
 The highest friction factor is 0.56, at Reynolds number of 342 using the
D microchannel with a thorn height (e) of 0.21 mm and thorn pitch (P)
of 2.1 mm.
 For the ease of reference, the above data is summarised in Table 11-11.
Table 11-11: Summary of results for the D microchannel series

D profile
(H = 0.3 mm)
Height e = 0.21 mm
Pitch P = 2.1 mm
Height e = 0.15 mm
Pitch P = 0.75 mm

h
(kW/m2·K)

Δp
(bars)

Flow rate
(L/min)

Nu

Re

f

Re

50.8

2.0

7

50

4,600

0.56

342

44.1

2.7

6.25

43

4,114

0.55

344

 In the e/H ratio parametric study, a larger e/H ratio corresponds to
higher Nusselt number and friction factor, as shown in Table 11-12 for
Reynolds number of approximately 2,664.
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Table 11-12: Effect of e/H ratio on Nusselt number and friction factor for D microchannel
(Re≈2,664)

e/H ratio Nusselt number Friction factor
0 (Plain)
15
0.08
0.1
16
0.08
0.7
37
0.25
 In addition, a larger e/H ratio exhibits higher thermo-hydraulic
performance, after the critical Reynolds number for each profile is
exceeded, due to the early transition to non-laminar flow. Given a fixed
heat transfer surface area and pumping power, the D microchannel with
the largest e/H ratio of 0.7 can improve the heat transfer capacity by 67%
relative to the Plain microchannel, at Reynolds number of 2,350.
 An increase in thorn height (e) for a fixed mean channel height (H)
promotes early laminar-to-turbulent flow transition, as shown in Table
11-13.
Table 11-13: Effect of e/H ratio on critical Reynolds number for D microchannel

e/H ratio Critical Reynolds number
0.1
2,200
0.3
1,500
0.5
1,000
0.7
750
 In the P/e ratio parametric study, a lower P/e ratio corresponds to higher
Nusselt number and friction factor, as shown in Table 11-14.
Table 11-14: Effect of P/e ratio on Nusselt number and friction factor for D
microchannel (Re≈2,664)

P/e ratio Nusselt number Friction factor
5
33
0.36
20
25
0.12
 In addition, a smaller P/e ratio exhibits higher thermo-hydraulic
performance for 350≲Re≲1,500, while a larger P/e ratio exhibits higher
thermo-hydraulic performance for 3,250≲Re≲4,600. Given a fixed heat
transfer surface area and pumping power, the D microchannel with P/e
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ratio of 15 can improve the heat transfer capacity by 52% relative to the
Plain microchannel, at Reynolds number of 2,750.
 Increasing the number of thorns of the same height (e) by decreasing the
thorn pitch (P) for a fixed microchannel length helps to promote early
laminar-to-turbulent flow transition, as shown in Table 11-15.
Table 11-15: Effect of P/e ratio on critical Reynolds number for D microchannel

P/e ratio Critical Reynolds number
5
800
10
1,000
15
1,500
20
1,800

11.1.5 Thermo-hydraulic Performance
For the ease of reference, the thermo-hydraulic performance for the three
nature-inspired microchannel series are summarised in Table 11-16. The results
indicate that the increased heat transfer capacity for equal heat transfer surface
area and pumping power occurs when the flow transits to the non-laminar
region after the critical Reynolds number is exceeded. The D microchannel with
e/H ratio of 0.7 exhibits the best performance of 67%, at Re ≈ 2,350.

Table 11-16: Thermo-hydraulic Performance for the nature-inspired microchannel series

IFS microchannel
e/H ratio = 0.7
P/e ratio = 5
FS microchannel
e/H ratio = 0.7
P/e ratio = 20
D microchannel
e/H ratio = 0.7
P/e ratio = 15

Increased heat transfer
capacity for equal heat
transfer surface area and
pumping power

Corresponding
Re

Critical
Re

54%
54%

1,800
1,500

600
600

43%
44%

1,850
2,800

700
1,600

67%
52%

2,350
2,750

750
1,500
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11.1.6 New Correlations for Average Nusselt Number
New correlations have been proposed to evaluate the average Nusselt number of
the nature-inspired enhanced microscale flow in macro geometry under a
constant heat flux condition.

Plain microchannel

𝑁𝑢𝑃𝑙𝑎𝑖𝑛,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 0.034𝑅𝑒 0.7 𝑃𝑟1/3 [1 +

7
]
𝐿/𝐷ℎ

Applicable for: 3,400≲Re≲4,600;
Pr≈5.5;
L/Dh =50
Type of fluid: Single-phase water
Maximum discrepancy: 5%
Mean discrepancy: 3%

Inverted Fish Scale (IFS) microchannels

𝑁𝑢𝐼𝐹𝑆 = 0.034𝑅𝑒

0.7

𝑃𝑟

1/3

7
8(𝑒/𝐻)1.1
[1 +
+
]
(𝑃/𝑒)0.6
𝐿/𝐷ℎ

Applicable for: Pr≈5.5; L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 16%
Mean discrepancy: 3%
e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5
251

Applicable Re range
3,400≲Re≲4,600
350≲Re≲4,600
350≲Re≲4,600
350≲Re≲4,600
350≲Re≲4,600
350≲Re≲4,600
350≲Re≲4,600
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Fish Scale (FS) microchannels

𝑁𝑢𝐹𝑆 = 0.034𝑅𝑒 0.7 𝑃𝑟1/3 [1 +

7
2.75(𝑒/𝐻)1.5
+
]
(𝑃/𝑒)0.15
𝐿/𝐷ℎ

Applicable for: Pr≈5.5; L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 16%
Mean discrepancy: 4%
e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5

Applicable Re range
3,400≲Re≲4,600
2,500≲Re≲4,600
1,600≲Re≲4,600
1,200≲Re≲4,600
2,200≲Re≲4,600
2,200≲Re≲4,600
1,600≲Re≲4,600

Durian (D) microchannels
𝑁𝑢𝐷 = 0.034𝑅𝑒 0.7 𝑃𝑟 1/3 [1 +

7
5(𝑒/𝐻)1.4
+
]
𝐿/𝐷ℎ (𝑃/𝑒)0.375

Applicable for: Pr≈5.5; L/Dh =50
Type of fluid: Single-phase water
Maximum discrepancy: 13%
Mean discrepancy: 3%
e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5

Applicable Re range
3,400≲Re≲4,600
2,000≲Re≲4,600
1,300≲Re≲4,600
1,000≲Re≲4,600
2,600≲Re≲4,600
2,000≲Re≲4,600
1,300≲Re≲4,600
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11.1.7 New Correlations for Average Friction Factor
Similarly, new correlations have been proposed to predict the average friction
factor of the nature-inspired enhanced microscale flow in macro geometry.

Plain microchannel

𝑓𝑃𝑙𝑎𝑖𝑛,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 =

1
𝑅𝑒

[0.2 +
0.15

2
]
𝐿/𝐷ℎ

Applicable for: 3,400≲Re≲4,600;
L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 2%
Mean discrepancy: 2%

Inverted Fish Scale (IFS) microchannels

𝑓𝐼𝐹𝑆 =

1
𝑅𝑒

[0.2 +
0.15

2
15(𝑒/𝐻)1.2
+
]
(𝑃/𝑒)1
𝐿/𝐷ℎ

Applicable for: Pr≈5.5; L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 13%
Mean discrepancy: 4%
e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5

Applicable Re range
4,000≲Re≲4,600
900≲Re≲4,600
700≲Re≲4,600
600≲Re≲4,600
1,300≲Re≲4,600
800≲Re≲4,600
800≲Re≲4,600
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Fish Scale (FS) microchannels
2
7(𝑒/𝐻)1.6
𝑓𝐹𝑆 = 0.15 [0.2 +
+
]
(𝑃/𝑒)0.7
𝐿/𝐷ℎ
𝑅𝑒
1

Applicable for: Pr≈5.5; L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 11%
Mean discrepancy: 3%
e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5

Applicable Re range
3,400≲Re≲4,600
2,400≲Re≲4,600
1,800≲Re≲4,600
700≲Re≲4,600
2,300≲Re≲4,600
2,300≲Re≲4,600
1,800≲Re≲4,600

Durian (D) microchannels

𝑓𝐷 =

1
𝑅𝑒

[0.2 +
0.15

2
18(𝑒/𝐻)1.1
+
]
𝐿/𝐷ℎ
(𝑃/𝑒)4/3

Applicable for: Pr≈5.5; L/Dh=50
Type of fluid: Single-phase water
Maximum discrepancy: 12%
Mean discrepancy: 4%
e/H ratio
0.1
0.3
0.5
0.7
0.5
0.5
0.5

P/e ratio
10
10
10
10
20
15
5

Applicable Re range
Not applicable
2,000≲Re≲4,600
1,000≲Re≲4,600
1,300≲Re≲4,600
2,000≲Re≲4,600
1,800≲Re≲4,600
1,800≲Re≲4,600
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11.2 Recommendations for Future Work

11.2.1 Extend the Applicability Range of the New Correlations
The newly proposed correlations are only applicable for a limited range, and
may not be useful for predictions beyond the current measurement limits. The
range of e/H ratio in the present study is from 0 to 0.7. However, the upper limit
of the e/H ratio can reach up to 2. As illustrated in Figure 11-1, e/H ratio = 0
corresponds to the Plain microchannel, whereas e/H ratio = 2 corresponds to the
case where the tip of the scale is in contact with the heated copper wall, and the
fluid cannot flow through.

Figure 11-1: Practical limits of e/H ratio

The range of P/e ratio in the present study is from 5 to 20. However, the lower
and upper limits of the P/e ratio are 0 and infinity, respectively. For a given
scale height (e), P/e ratio = 0 implies that the scale pitch is 0. This corresponds
to a Plain microchannel with a reduced gap size of (300 – e/2) µm. There are
two cases where the P/e ratio tends to infinity, namely when the scale height is
0 and when the scale pitch tends to infinity. Both cases are reduced to the Plain
microchannel with a gap size of 300 µm.
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Table 11-17 shows the predictions of Nusselt number and friction factor by the
newly proposed correlations at Re≈2,664. For the first three cases, the
predictions need to be further verified. For case 4 where e/H ratio = 2, the
correlations predict a finite value for both the Nusselt number and friction
factor, even though there is no flow. For case 5 where P/e ratio = 0, the
correlations predict an infinite value for both the Nusselt number and friction
factor, when it should be a finite value. For the last two cases, the correlations
offer reliable predictions. Therefore, further numerical and/or experimental
investigations are recommended to extend the applicability range of the newly
proposed correlations.
Table 11-17: Prediction of Nusselt number and friction factor by new correlations at
Re≈2,664

e/H
ratio

P/e
ratio

1
2
3
4
5
6

1
0.5
1
2
(0,2)
(0,2)

7

0

10
1
1
10
0
Infinity
(0,
infinity)

Case

Scale
height
(mm)
0.3
0.15
0.3
0.6
(0,0.6)
(0,0.6)
0

10
200
100
5
-

Nusselt
number
IFS FS D
47 46 49
73 32 46
137 58 92
Finite
Infinity
Plain

IFS FS
D
0.53 0.50 0.33
2.07 0.78 2.65
4.67 2.22 5.59
Finite
Infinity
Plain

-

Plain

Plain

Number of
scales/thorns

Friction factor

11.2.2 Translate the New Correlations for Practical Applications
For practical use by design engineers, it is recommended to present the
correlations as a graphical plot of Nusselt number/friction factor as a function
of Re, e/H and P/e, similar to the well-established Moody diagram. As such, the
Nusselt number/friction factor can be easily and quickly determined by
referring to the graphical plots, for specified values of Re, e/H and P/e.
Conversely, for a desired value of Nusselt number/friction factor, the
corresponding geometrical dimensions to be used at various flow conditions
could be promptly known without involving complex calculations.
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For the correlations to be practically usable in design applications, they must be
insensitive to machining tolerance. The predictions from the correlations should
give roughly the same value, when the geometrical parameters are fabricated
within a specified machining tolerance. It is recommended to verify this first
before publishing the graphical plots for real-world applications.

11.2.3 Combine the Three Microchannel Series into One Series
It appears that the three enhanced microchannel series could possibly be
combined into one series, where the profiles could be mathematically described
by two additional angles, α and β. As illustrated in Figure 11-2, α = tan-1 (e/P)
and β = 90° for the FS profile, while α = β = tan-1 (2e/P) for the D profile. On
the other hand, α = 90° and β = tan-1 (e/P) for the IFS profile.

Figure 11-2: Profile parameters for the nature-inspired microchannel series
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However, it may not be possible to simply classify all the profiles into one
series, since the nature of flow differs among the IFS, FS and D microchannel
series. Nonetheless, it would be practically useful to have a single correlation to
describe the flow/heat transfer behaviour for all the three nature-inspired
enhanced microchannel series.

11.2.4 Investigate Configurations with Varying Angles of Attack
The current investigation deals with a maximum α/β value of 90°. Further
investigations could be conducted on configurations where α/β exceeds 90°, as
illustrated in Figure 11-3. However, caution must be taken when designing the
insert profiles, such that they can be practically fabricated using conventional
machining processes.

Figure 11-3: New configurations with α/β > 90°
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11.2.5 Extend the Range of the Measurement System
The current measurement system is designed for a flow rate of up to 10 L/min,
pressure drop of 3.5 bars, and heat rate of 2000 W or heat flux of 106 W/cm2.
As a result of the pressure drop limit, the Reynolds number range in the present
study is between 350 and 4,600. It would be useful to extend the Reynolds
number range to more than 4,600, in order to study the flow in the turbulent
regime. In addition, the higher heat transfer coefficient values which could be
achieved at higher Reynolds number are yet to be known. Hence, it is
recommended to improve the measurement system to allow for a higher
pressure drop, in order to extend the Reynolds number range to beyond 4,600.

11.2.6 Apply the Enhancement Profiles on the Heat Transfer Surface
In the present study, the enhancement profiles are introduced on the non-heated
insert surface, while the heat is supplied to the opposite copper surface. The
design intention is to increase the heat transfer coefficient by using the
enhancement profiles to disturb the velocity and thermal boundary layers, thus
improving the heat transfer for a fixed heat transfer surface area. Furthermore, it
is practically simpler and relatively straightforward to fabricate the test module
for the purpose of this study. By fixing the heating cable onto the copper block,
the test pieces i.e. the inserts with the enhancement profiles could easily be
removed and installed into the test module, without the tricky issue of having to
supply heat to the test pieces.

On the other hand, future work could focus on introducing the enhancement
profiles on the heat transfer surface. The new test module could be designed to
supply heat to the test pieces. Should this tricky issue be resolved, there is great
potential to achieve a significant improvement in heat transfer, since the heat
transfer coefficient and heat transfer surface area are simultaneously increased.
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11.2.7 Reducing the Friction Factor using Constructal Theory
While the pressure drop values are less than 3.5 bars in the present study, it is
observed that the friction factor of the enhanced IFS microchannel can reach up
to 6.7 times that of the Plain microchannel. In addition, the normalised friction
factor is often higher than the normalised Nusselt number. This means that the
percentage increase in friction factor is often higher than the percentage
increase in Nusselt number. It is worthy to look into a new enhancement profile
which can achieve a lower percentage increase in friction factor relative to the
percentage increase in Nusselt number. This would result in a high thermohydraulic performance in excess of 67%, which is the maximum value achieved
in the present study.

It is interesting to consider the Constructal theory [118–120] in the design of
the new enhancement profiles. Introduced by Bejan in 1996 [167], the
Constructal law states that “For a finite-size system to persist in time (to live), it
must evolve in such a way that it provides easier access to the imposed currents
that flow through it.” In essence, the Constructal theory can be understood as
the inverse of biomimicry. Instead of looking to nature/biology to guide design,
the Constructal theory involves understanding the Constructal law, and
applying the rules and principles of this law in the design process.

A preliminary study has been conducted, in which two insert enhancement
profiles were designed based on the Constructal theory, in the attempt to reduce
the flow resistance of the microscale flow. The two designs, namely the Tree
and Cfin inserts, are shown in Figure 11-4 and Figure 11-5.
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Figure 11-4: Tree insert

Figure 11-5: Constructal fin (Cfin) insert

The preliminary results show that the heat transfer coefficient increased by at
least 30% with only 20% increase in pressure drop at 2 L/min using the Cfin
insert, relative to a control insert. Analysis of the results suggests that the
bifurcation of flow is effective in reducing the increment in pressure drop
relative to heat transfer enhancement. More details can be found in the
conference publication [168].

The research on designing new enhancement profiles based on the Constructal
theory is still ongoing. Since the Cfin insert shows potential to achieve a high
thermo-hydraulic performance, the ongoing research is focused on the variation
of the fin height and the bifurcation angle. Optimising the geometrical
parameters of the Constructal fins on the insert surface could possibly lead to
exciting breakthroughs in the research on enhanced microscale heat transfer in
macro geometry.
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Appendix A – Calibration Procedures

Calibration of Type-J thermocouples

The Type-J thermocouples are connected to the DAQ system, and calibration is
carried out for the whole system. Four-point calibration is carried out for the 12
Type-J thermocouples, from 120 °C to 30 °C at an interval of 30 °C. For each
calibration point, three sets of readings are taken and then averaged. The
temperature reading is recorded when the following two conditions are met.
First, the reference probe reading is stable, i.e. fluctuations are within tolerance
of 0.05 °C for 1 minute. Second, the reference probe reading is accurate, i.e. the
probe reading is within the setpoint temperature ± 0.05 °C.
After collecting the raw data, the variation of the standard known temperature
with DAQ reading is plotted for each thermocouple using the calibration points.
Next, a best fit line is plotted based on the calibration points, obtaining a best fit
equation and R-squared value. The best fit equation provides the relationship
between the temperature reading captured by the DAQ system and the known
fluid temperature in which the thermocouple is immersed. For the purpose of
illustration, the graph for the TC-J-01 thermocouple is shown in Figure A-1.

Figure A-1: Known temperature against DAQ reading for Type-J Thermocouple
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The best fit equations for the Type-J thermocouples are then programmed into
the LabVIEW software, such that it displays a more accurate temperature
reading. In order to verify that the DAQ system works as intended, the
thermocouples are immersed into the calibration bath and tested again. For a
quick verification, the highest and lowest calibration points were sampled. The
temperature readings provided by the DAQ system are found to be closer to the
known temperature values than before, as shown in Figure A-2. This implies
that the DAQ temperature readings are indeed more accurate after calibration.

Figure A-2: Known temperature against DAQ reading for Type-J thermocouple after
inputting the best fit equation

Calibration of Type-T thermocouples
Since the Type-T thermocouples are used to measure the temperature of liquid
water only, the calibration points are different. Preliminary calculations suggest
that the temperature range of water along the flow loop is 30 to 40 °C. Hence,
the calibration points are chosen as: 85, 65, 45, 35 and 25 °C. The same
procedure as described for the Type-J thermocouples was carried out for the
Type-T thermocouples. For the purpose of illustration, Figure A-3 shows the
variation of the standard known temperature with the DAQ reading, using the
TC-T-01 thermocouple.
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Figure A-3: Known temperature against DAQ reading for Type-T Thermocouple

After inputting the best fit equations into the LabVIEW software, the
temperature readings provided by the DAQ system are found to be more
accurate, as shown in Figure A-4.

Figure A-4: Known temperature against DAQ reading for Type-T Thermocouple after
inputting the best fit equation
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Calibration of Pressure transducer
The pressure transducer to be calibrated is connected to its respective channel in
the NI 9208 module, and calibration is carried out for the whole DAQ system.
The pressure transducer to be calibrated is connected to the dead weight tester
via a gauge connector. It is exposed to the pressurised gas inside the container,
of which the pressure is known through the use of dead weights. Once the dead
weights corresponding to a certain pressure level are purely supported by the
pressurised gas, the pressure reading recorded by the pressure transducer is
captured as a current output by the DAQ system.

After collecting the raw data, a graph of pressure against current is plotted for
each pressure transducer using the calibration points. Next, a best fit line is
plotted based on the calibration points, obtaining a best fit equation and Rsquared value. The best fit equation provides the relationship between the
current output reading of the DAQ system and the actual fluid pressure being
measured by the pressure transducer. For the purpose of illustration, the graph
for the PT-01 pressure transducer is shown in Figure A-5.

Figure A-5: Pressure-current relationship for the pressure transducers
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The best fit equations for the pressure transducers are then programmed into the
LabVIEW software, such that the screen displays the actual pressure readings.
In order to verify that the system works as intended and the pressure
transducers correctly measures the applied pressure load, the pressure
transducer is again connected to the dead weight tester, and the procedure
described above is repeated. Figure A-6 shows the graph of applied known
pressure against the DAQ pressure readings. The results indicate that the
pressure readings provided by the DAQ system are accurate.

Figure A-6: Known pressure against DAQ pressure readings after inputting the best fit
equation
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Appendix B – Uncertainty Calculations

Uncertainty calculation for Type J thermocouple
Sources of uncertainty
- Maximum deviation from best fit line (maximum S.E.E.)
- Lack of repeatability due to unsteadiness
Combined standard uncertainty
Expanded uncertainty (°C)

0.179
0.00631
0.179
0.358

Uncertainty calculation for Type T thermocouple
Sources of uncertainty
Maximum deviation from best fit line (maximum S.E.E.)
Lack of repeatability due to unsteadiness
Combined standard uncertainty
Expanded uncertainty (°C)

0.0611
0.000691
0.0611
0.122

Uncertainty calculation for pressure transducer
Sources of uncertainty
Maximum deviation from best fit line (maximum S.E.E.)
Lack of repeatability due to unsteadiness
Combined standard uncertainty
Expanded uncertainty (barg)

0.00230
0.000487
0.00235
0.00470

Uncertainty calculation for flow meter
Sources of uncertainty
Uncertainty provided by calibration certificate (maximum)
Lack of repeatability due to unsteadiness
Combined standard uncertainty
Expanded uncertainty (L/min)

B-1

0.1% of reading
0.0000977
(negligible)
0.1% of reading
0.2% of reading
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Uncertainty calculation for dimensions

Intec electronic internal micrometer

0.0005

Standard
uncertainty
(mm)
0.000289

Intec electronic calliper

0.005

0.00289

Measuring Instrument

Half-width
a (mm)

B-2

Expanded
uncertainty
(mm)
0.000577
0.00577
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Appendix C – Numerical Results for the
Fish Scale Microchannels

Figure C-1: Flow field of Plain microchannel at Re ≈ 2,664

Figure C-2: Flow field of FS microchannel with e/H ratio of 0.1, at Re ≈ 2,664

Figure C-3: Flow field of FS microchannel with e/H ratio of 0.7, at Re ≈ 2,664
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Figure C-4: Temperature distribution of Plain microchannel at Re ≈ 2,664

Figure C-5: Temperature distribution of FS microchannel with e/H ratio of 0.1, at Re ≈
2,664

Figure C-6: Temperature distribution of FS microchannel with e/H ratio of 0.7, at Re ≈
2,664
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Figure C-7: Velocity distribution of Plain microchannel at Re ≈ 2,664

Figure C-8: Velocity distribution of FS microchannel with e/H ratio of 0.1, at Re ≈ 2,664

Figure C-9: Velocity distribution of FS microchannel with e/H ratio 0.7, at Re ≈ 2,664

C-3

Appendix C

Figure C-10: Velocity distribution of FS microchannel with P/e ratio of 20, at Re ≈ 2,664

Figure C-11: Velocity distribution of FS microchannel with P/e ratio of 5, at Re ≈ 2,664
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Appendix D – Numerical Results for the
Durian Microchannels

Figure D-1: Flow field of Plain microchannel at Re ≈ 2,664

Figure D-2: Flow field of D microchannel with e/H ratio of 0.1, at Re ≈ 2,664

Figure D-3: Flow field of D microchannel with e/H ratio of 0.7, at Re ≈ 2,664
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Figure D-4: Temperature distribution of Plain microchannel at Re ≈ 2,664

Figure D-5: Temperature distribution of D microchannel with e/H ratio of 0.1, at Re ≈
2,664

Figure D-6: Temperature distribution of D microchannel with e/H ratio of 0.7, at Re ≈
2,664
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Figure D-7: Velocity distribution of Plain microchannel at Re ≈ 2,664

Figure D-8: Velocity distribution of D microchannel with e/H ratio of 0.1, at Re ≈ 2,664

Figure D-9: Velocity distribution of D microchannel with e/H ratio 0.7, at Re ≈ 2,664
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Figure D-10: Flow field of D microchannel with P/e ratio of 20, at Re ≈ 2,664

Figure D-11: Flow field of D microchannel with P/e ratio of 5, at Re ≈ 2,664
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Figure D-12: Temperature distribution of D microchannel with P/e ratio of 20, at Re ≈
2,664

Figure D-13: Temperature distribution of D microchannel with P/e ratio of 5, at Re ≈
2,664
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Figure D-14: Velocity distribution of D microchannel with P/e ratio of 20, at Re ≈ 2,664

Figure D-15: Velocity distribution of D microchannel with P/e ratio of 5, at Re ≈ 2,664
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