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Abstract

With advancing technology, the demand for effective cooling techniques for thermal
management applications has increased significantly over the last years. Open-celled porous
metals are ideal and effective cooling solutions due to their superior thermal properties
allied with their permeability for fluid flow. In particular, porous copper produced by the
Lost Carbonate Sintering (LCS) process is an excellent candidate for thermal management
applications due to its ability to transport a high amount of heat over a small volume, when
allied with fluid flow.

This study aims to develop LCS porous copper with tailored, non-homogeneous structures to
maximise the heat transfer performance for use in thermal management. The structural,
fluid flow and heat transfer properties were studied on a number of LCS porous copper
samples with different pore size, porosity and structure.

Structural analysis showed that the pore morphology within the LCS porous copper
specimens closely resembled that of the potassium carbonate (space-holder) powder used
in LCS. Necking between the copper particles in the matrix ensured good mechanical
strength and resulted in inter-particle pores connecting the larger pores formed by the
space-holder. In addition to homogeneous porous structure, non-homogeneous porous
structures, such as horizontal bilayer (HB), segmented vertical bilayer (SVB), integrated
vertical bilayer (IVB), multi-boundary segmented structures (SS) and structures with
directional porosity (DP), were successfully produced using the LCS process.

The fluid flow properties of the LCS porous structures were measured using a purpose-built
apparatus. The pressure drop fitted well with the Forchheimer’s equation and the resulting
air and water permeabilities were found to be independent of the sample’s length. For
homogeneous structures, the permeability increased with increasing porosity and
decreasing pore size. For horizontal bilayer structures, the majority of the flow preferred the
higher porosity layer. For both segmented vertical bilayer and integrated vertical bilayer
structures, the lower porosity layer limited the overall permeability. For segmented vertical
bilayer and multi-boundary segmented structures, the presence of hard boundaries had
negligible effect on the overall permeability. For directional porosity structures, a greater
permeability was observed due to the addition of the open tubular channels.

The heat transfer performance of the LCS porous copper structures was characterised by
the heat transfer coefficient. For homogeneous structures, an optimum porosity of 60% was
found to offer the highest heat transfer coefficient. For horizontal bilayer structures, a
higher heat transfer performance was observed when the higher porosity layer was placed
next to the heat source. For vertical bilayer structures, the layer porosity combination
greatly affected the heat transfer performance. For integrated vertical bilayer structures,
optimum porosity combinations had an overall porosity in the range of 55% - 65%, and
having the higher porosity layer by the water inlet gave a higher heat transfer coefficient.
For segmented vertical bilayer structures, the presence of the 80% layer allied with the
presence of a hard boundary resulted in the best heat transfer performance. Unlike in the
integrated vertical bilayer structures, having the lower porosity layer by the water inlet



offered better heat transfer performance for segmented vertical bilayer structures. For
multi-boundary segmented structures, increasing the number of hard boundaries increased
the overall heat transfer performance. Samples with directional porosity showed a three- to
eight-fold increase in heat transfer coefficient compared to their homogeneous
counterparts. Apart from the horizontal bilayer structures, the heat transfer performance of
the non-homogeneous structures was greater than their homogeneous counterparts.
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Chapter 1 Introduction

Porous metals are multi-functional materials that offer a combination of properties. Porous
metals have proven to be highly suitable for thermal management applications, such as
compact heat exchangers, due to their high surface area density and superior
thermodynamic properties, together with permeability for fluid flow. The heat transfer
performance of porous metals depends greatly on their structural property, which is
dictated by the manufacturing process. The present study focuses on the fluid flow and heat
transfer performance of porous copper produced by the Lost Carbonate Sintering (LCS)

process.

1.1 Background and Motivation of the Research

As technologies become more advanced, they use more energy and hence generate a lot of
heat as waste product. For example, the high demand for faster computers has led to high
amounts of heat generated at chip level. This could lead to damage to the chip and decrease
in the system’s performance. Another example is found in a proton exchange membrane
fuel cell (PEMFC) - deemed as the next generation power source for a wide range of
applications like transportation and portable devices. Even though PEMFCs have very high
energy conversion efficiency, they generate a significant amount of heat as waste energy.
This high amount of heat could lead to membrane degradation. Therefore, it is important to
remove the waste heat generated to avoid overheating, hence prevent damage to a system
and increase a system’s performance. As a consequence, the demand for effective cooling
techniques for thermal management (i.e. more efficient heat exchangers) has increased

dramatically over the recent years. Effective cooling, however, is very challenging. Porous

1



metals are promising effective cooling solutions due to their superior thermodynamic

characteristics and good mechanical properties.

Porous metals have attracted a lot of attention in the academic field, as well as in industry
due to their excellent mechanical, chemical, electrical and thermal properties (Banhart et al.
1999, Zhao et al. 2005). Porous metals are used in numerous applications such as
mechanical damping, lightweight and sandwich structures, energy and sound absorption,
catalyst supports and filtration. In addition, porous metals are highly valuable for thermal
management applications due to their high internal surface area and high permeability for
fluids. As a result, porous metals have the ability to transport large amount of heat over a

small volume, making them the ideal materials for compact heat exchangers.

There have been several investigations in the past on the use of porous metals in cooling
systems for electronic devices (Ogushi et al. 2006, Bourantas et al. 2014, Carpenter and da
Silva 2014). The cooling system is typically made up of a liquid or gas coolant flowing
through the internal pores of a porous metal medium. The coolant transports heat away
from the medium by heat conduction and convection and consequently, cools the system.
The ideal porous metal used for this application is porous copper due to its high thermal

conductivity.

Currently, there are several methods used to manufacture porous metals. The most popular

method is by powder metallurgy through sintering copper particles together without using



fillers. This method was found to produce porous copper of low and narrow porosity range
(below 50%) (Zhang et al. 2009). Investment casting has also been used to produce porous
metals, whereby a ceramic mould is used to cast the porous metal. The investment casting
route can produce porous metals of excellent quality and with a high and narrow porosity
range (above 80%) (Zhang et al. 2009). However, the cost of producing porous metals by
investment casting is extremely high. Currently existing porous metals, in particular porous
copper, have a porosity of either more than 80% or less than 50% (Zhang et al. 2009),
limited by the manufacturing methods. There is few report on porous copper of porosity in

the range of 50% to 80%.

Lost Carbonate Sintering (LCS) is a patented process used for manufacturing micro-porous
metals with controlled pore size, porosity and pore shape. The LCS process was invented in
the University of Liverpool (Zhao et al. 2005). LCS has provided a way in which porous
copper can be produced with various pore sizes and a large range of porosity from 40% to
85% (Zhao et al. 2005, Zhang et al. 2009). LCS porous copper was found to be an excellent
candidate for thermal management applications due to its unique pore morphology,

excellent sintered strength and the homogeneity of its structure (Zhang et al. 2009).

So far, research on LCS has been focused mainly on process development and evaluation of
the physical and mechanical properties of the structures produced. The thermal properties
of the LCS structures produced have also been analysed. However, this limited research has

only been confined to homogeneous porous structures. The LCS process has now matured



making it suitable for industrial scale production and the development of novel structures,

maximising the potential of the LCS porous metals for various applications.

For homogeneous LCS structures, the thermal conductivity and fluid permeability are highly
dependent on the porosity and pore size. The structural parameters of the porous LCS
metals, therefore, dictate their thermal properties. As such, by optimising the structural
parameters through changing the structure, the thermal exchange performance of the LCS

porous metals can be further improved.

1.2 Research Aims and Objectives

This project aims to study and develop LCS porous copper with good thermal conductivity
allied with good fluid permeability to maximise the heat exchange performance, intended
for use in thermal management applications. This project explores the ways in which the
heat exchange performance of LCS porous copper can be optimised by using tailored, non-

homogeneous structures.

One of the project’s objectives is to optimise the process conditions of the LCS process for
manufacturing tailored porous copper structures. The fluid flow and heat transfer
performance of the homogeneous and non-homogeneous LCS porous structures will be
studied and compared. Another objective is to investigate how the structural parameters
(pore size, porosity and pore distribution) affect the heat transfer coefficient of the

homogeneous and non-homogeneous porous copper structures. This will allow the



formulation of a correlation between the structural parameters and the heat exchange

performance in both homogeneous and non-homogeneous LCS structures.

1.3 Thesis Structure

This thesis includes seven chapters. Chapter 2 is a literature review of the work relevant to
this study. A variety of open-cell or close-cell porous metals and their respective production
methods are reviewed. Particular attention is given to porous metals for thermal
management applications, which is highly relevant to this study. The fluid flow and heat
transfer properties of porous metals are discussed in detail. Additionally, studies on porous
metals produced by the LCS process are also reviewed, exploring the great potential of LCS

porous copper for thermal management applications.

Chapter 3 details the experimental procedures involved in this study. The preparation
conditions of the porous copper samples with homogeneous and non-homogeneous
structures using the LCS process are presented. The techniques used for structural analysis
and the experimental procedures for the measurement of fluid permeability and heat

transfer coefficient are also described in detail.

Chapter 4 presents the results obtained from the structural analysis of the LCS porous
copper with homogeneous and non-homogeneous structures. The microstructure and pore

parameters of these LCS porous copper samples are discussed and analysed in detail.



Chapter 5 presents and discusses the results from the fluid permeability tests for
homogenous and non-homogeneous structures. The effects of the pore structure
parameters on the fluid permeability of homogeneous samples are presented and
expounded. In addition, the effects of non-homogeneous structures on the fluid flow are
also evaluated in this chapter. Comparative analysis of the fluid flow between the LCS
porous copper samples and other existing porous metals available in literature is also

presented.

Chapter 6 presents and discusses the results obtained from the heat transfer experiments.
The heat transfer coefficients of both homogeneous and non-homogenous LCS porous
copper samples are evaluated. The influence of the fluid flow properties on the heat
transfer performance of the LCS structures is also discussed in detail. Moreover, the
correlations between the fluid flow and heat transfer performance of the as-produced LCS

structures are explored.

Finally, Chapter 7 concludes this study. Important results and findings are summarised in

this chapter. Recommendations for future work are also presented.



Chapter 2 Literature Review

2.1 Introduction to Porous Metals

Porous metals have garnered a lot of attention in engineering research fields over the past
years owing to the wide range of applications. Porous metal by definition is a porous
medium consisting of a solid metal matrix and pores/voids. Porous metals are low cost and
lightweight structures with distinctive mechanical, thermal, electrical and acoustical
properties. With the rapid progress in the development of manufacturing processes, it is

possible to tailor the structures of porous metal to produce the desired properties.

Porous metals are also multi-functional materials, and as such, they are currently being used
in a very wide range of applications, including applications in aviation (e.g. sandwich parts
and reinforcements for load-bearing structures), transportation (e.g. soot-loading and crash
elements), civil (e.g. sound absorption materials) and biomedical engineering (e.g. dental
and orthopaedic implants) (Dukhan 2013, Ashby et al. 2000, Banhart 2001). With the
continued advancement of this field, many more applications of porous metals are

expected.

There are two types of porous metals: closed-cell and open-cell. The voids in open-cell
porous metals are interconnected, providing pathways for fluid flow and making them
useful for heat exchanger applications. The voids in closed-cell porous metals are not
connected and are separated by the solid metal matrix. Closed-cell porous metals are

typically used for impact-absorption applications.



Since the 1990’s, the research and development of porous metals has become highly
popular (Dukhan 2013). Currently, there is a vast number of manufacturing processes
capable of producing high quality porous metals, with the powder metallurgy routes being

one of the most common production methods.

2.2 Production Methods of Porous Metals

A numerous number of production methods have been developed to produce porous
metals with either open-cell or closed-cell structures. Each of these methods produces
porous metals with unique characteristics, such as distinct cell morphology, cell size,
porosity and/or pore distribution. This section reviews some of the most common

production techniques currently used in industry.

Banhart (2001) developed a system to classify these production methods according to the
initial state of the metal. The initial metal states can be in the form of a liquid, solid/powder,
metal vapour/gas or metal ion solution. Table 2.1 shows some examples of the production
methods that fall into these categories. The following sections compare and describe these

methods.

Table 2.1: Examples of metal foam production methods (Banhart 2001, Dukhan 2013).

Classes Liquid Metal Solid/Powdered Metal Metal lons
Metal Vapour
Examples | - direct foaming -sintering of metal | -vapour -electrochemical
-solid-gas eutectic powders/fibres deposition deposition
solidification -slurry foaming
-powder metallurgy | -pressing around
-investment casting | space-holder
- space-holder fillings
casting -sintering of
-“Osprey” process metallic hollow
spheres




2.2.1 Liquid State Methods
Metals in their liquid state can be transformed to porous metals by direct foaming, solid-gas
eutectic solidification, powder metallurgy, investment casting, space-holder casting and the

“Osprey” process.

2.2.1.1 Direct Foaming

Direct foaming can be performed in two ways: 1) the gas is injected into the melt directly by
an external force (foaming by gas injection) or 2) the gas is created in-situ by adding gas-
releasing blowing agents to the liquid melt (foaming by blowing agents). Due to the high
buoyancy forces, the gas bubbles created in the high density liquid melt rise to the surface.
Fine ceramic powders or alloying elements (e.g. SiC, Al,0, and MgO) that form stabilising
particles (10-20% vol. fraction) are often added to the melt before foaming to allow the
ascension of the bubbles (Jin et al. 1990, Kenny and Thomas 1994, Banhart 2001). Fig. 2.1 is
an example of metal foam produced by “foaming by gas injection” technique, while Fig. 2.2

is an example of a porous metal produced using the “foaming by blowing agents” technique.

ool ot '*“:'f' e & P . S— |
Figure 2.1: “METCOMB” aluminium foam manufactured by direct foaming (Babcsan,
Leitimeier and Banhart 2005).



2 mm

Figure 2.2: “Alporas” aluminium foam manufactured by “foaming using blowing agents”
(Hakamada et al. 2007).

The resulting solid foam can be continuously produced with up to 10 cm in thickness.
However, the distribution of the stabilising particles can be inhomogeneous which can lead
to defects in the foam structure (Lloyd et al. 1991, Banhart 2001). The resulting foam can

also be brittle due to the reinforcing particles in the cell walls.

2.2.1.2 Solid-Gas Eutectic Solidification

The solid-gas eutectic solidification process involves melting the metal (e.g. Cu, Ni, Al and
Mg) in the hydrogen atmosphere (50 atm) to obtain a homogeneous melt charged with
hydrogen (Banhart 2001). A eutectic transition to a solid+gas phase occurs when the
temperature is lowered. This leads to directional solidification advancing through the liquid
melt. The hydrogen content close to the plane of solidification is enhanced and as a
consequence, gas bubbles are created. Fig. 2.3 is an image of the resultant foam, also
known as “gasars” or “lotus-type” foam, which contains large directional pores with

diameters of 10 um — 10 mm and pore length of 100 um — 30 cm (Shapovalov 1998).
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Figure 2.3: Gasar copper manufactured using the solid-gas eutectic solidification method (Du
etal 2015).

2.2.1.3 Powder Metallurgy

In the powder metallurgy, or powder-compact melting process, the blowing agents (e.g.
TiH, or ZrH,) are homogeneously distributed and embedded into the powdered metal
matrix (e.g. Zn or Al alloys) by compaction (i.e. isostatic compression or rod extrusion),
ensuring that no residual porosity remains. The green compact is then heat treated just
below the matrix metal’s melting point to decompose the blowing agents. The
decomposition releases gas causing the matrix to expand. Fig. 2.4 shows the resulting

structure, which is highly porous with fairly uniform pore morphology.

' d’-‘)

Figure 2.4: Porous lead foam-maofé usin- thepoWder metallurgical process (Banhart 2001).
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2.2.1.4 Investment Casting

In investment casting, a polyurethane foam firstly undergoes thermo-physical shock
treatment (or reticulation) to remove residual closed cells. The resulting foam is then filled
with a refractory moulding material and after curing, the polymer foam is burnt out. The
molten metal (e.g. Al alloys, Cu and Mg) is cast into the resulting cavities, replicating the
structure of the original polymer foam. Once solidified, the mould material is removed,
which leaves a highly porous (80-95% porosity) and open-celled metallic structure, as shown

in Fig. 2.5 (Dukhan 2013).

and Ashby 1999).

2.2.1.5 Space-Holder Casting

The space-holder casting technique can be done in two ways: 1) low density hollow spheres
or inorganic/organic granules can be added into the metallic melt or 2) the molten metal is
cast around the granules. The space-holders need pre-heating to prevent premature
solidification of the melt. Pressurising the melt is also necessary to prevent residual
porosities. The granules can then be removed either by heat treatment or leaching
techniques to produce “sponge-like” foams as displayed in Fig. 2.6. Alternatively, they can
remain in the metal matrix to produce syntactic foams as shown in Fig. 2.7. Currently, a

wide range of metals (e.g. Al, Mg, Pb and Sn) can be processed using this method.
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Figure 2.6: Foam produced using the space holder casting method where the space-holder is
removed (Sharafat 2006).

method where the space-holder remains in the matrix (Li et al. 2009).
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2.2.1.6 Osprey Process

In the Osprey process, also known as the spray forming process, the molten metal is
atomised and sprayed onto a substrate. The droplets deposit and solidify. The resulting
foam, as shown in Fig. 2.8, possesses fine grain size with low oxide content (Banhart 2001).
In addition, the properties of the manufactured foam can be modified by injecting powders
into the spray. For example, gas-releasing powders can be added into the spray to create
larger pores in the deposit. However, the maximum porosity achievable through this
process is only 60%. The pore morphology is also not uniform, and as such, its properties

will differ throughout the structure.

Figure 2.8: Titanium foam made using the osprey pocess (Fujibayashi 2004).

2.2.2 Solid State Methods
Metals in their solid state can be transformed to porous metals by metal hollow

spheres/powders/fibres sintering, using space-holder fillers or slurry foaming.

2.2.2.1 Sintering of Metal Powders or Fibres
The metal powder/fibres (e.g. Ti, bronze, stainless steel) are compacted or moulded to

shape then sintered at an elevated temperature. The resulting foam, as shown in Fig. 2.9,
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can have a relatively low porosity, in the range of 20% to 50% (Banhart 2001). Through

subsequent sintering, its comparatively low strength can be increased.

2.2.2.2 Slurry Foaming

Slurry consisting of the metal powder, blowing agents and reactive additives is prepared and
poured into a mould. It is then heated up causing the slurry to become viscous and expand.
The expanded slurry is dried and the resulting metal foam is sintered to enhance the

strength. A typical structure of the metal foam produced by this process is illustrated in Fig.

2.10.

Figure 2.10: Typical structure of a foam produced by the slurry foaming technique (Gladysz
and Chawla 2015).
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2.2.2.3 Space-Holder Fillings

Highly porous titanium, stainless steel and nickel-based superalloys with 60-80% porosity
can be produced using space-holder fillings. Ceramic particles, polymer grains, salts or
hollow spheres are just some of the types of space-holders currently used. The process
involves mixing the space holder with the metal powder, with the addition of a suitable
solvent/binder. The mixture is then pressed and the space-holder removed by thermal
treatment. The compacts are then sintered in a vacuum atmosphere to produce metal

foams, as displayed in Fig. 2.11, with comparatively high strength.

Figure 2.11: Microstuctre of an Inonel 600 foam produced using caramide space holder
(Bram et al. 2000).

2.2.2.4 Metallic Hollow Spheres

Metallic hollow spheres (e.g. Cu, Ni, Ti) can be produced by electrochemical deposition of
the metal onto a polymer sphere, wherein a metal+binder suspension is coated onto the
polymer spheres. The coated spheres are then sintered to remove the polymer and produce
a dense metal shell. The individual hollow spheres (0.8 mm to 8 mm) are then bonded

together by sintering to produce the metal foam, as shown in Fig. 2.12.
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Figure 2.12: Open hollow spher structure made from stainless steel spheres by sintering:
after and before axial deformation (Banhart 2001).

2.2.3 Vapour State Method (Vapour Deposition)

Metals in their vapour state can be transformed to porous metals by the vapour deposition
technique. A cold solid precursor structure (e.g. polyurethane) is placed in a vacuum
chamber where the metal vapour can be produced. The metal vapour condenses onto the
precursor, coating its surface. The thickness of the coating is dependent on the vapour
density and time of exposure. The polymer is then removed from the metal matrix by
thermal or chemical treatment. The resulting foam can have a very high porosity, as

displayed in Fig. 2.13.

1100 pm
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Figure 2.13: “Incofoam” produced using the “nickel carbonyl process”; a type of vapour
deposition technique (Li, Yang and Zhitornirsky 2008).
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2.2.4 Ionic State Method (Electro-Deposition)

Metals in their ionic state can be transformed to porous metals by electro-deposition
techniques. In this process, the polymer foam precursor is coated with a conductive layer by
dipping into conductive slurry or by cathode sputtering. The metal can then be electrically
deposited onto the electrically conductive polymer foam. The polymer foam is removed by
thermal treatment, leaving a porous metal with hollow struts, as seen in Fig. 2.14. Metal

foams made of nickel, Ni-Cr alloys and copper can be produced using electro-deposition.

o Wi
& Dmem |r_'o£‘..=.i

Figure 2.14: Nickel foams produced by electro-depositon press (Liu and Chen 2014).

2.2.5 Summary

Table 2.2 summarises the production methods presented in this section, including the
achievable structural properties of the foam. It is evident that the structure of the resulting
porous metals is unique to the production method chosen. As a consequence, the

characteristics (e.g. mechanical, thermal and fluid flow properties) are also distinctive.
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Table 2.2: Manufacturing processes for porous metals (Banhart 2001, Dukhan 2013).

Category Method Pore Type | Achievable Advantages Disadvantages
Porosity (%)
Direct Foaming | Closed-cell 80-98 -foam can be produced in large | -brittle foam
volumes - pore morphology prone to defects
-unsuitable for use as porous heat
exchanger
Solid-gas Directional 5-95 -production of directional -unsatisfactory homogeneity of pores
eutectic pores pores -process parameters need to be
solidification carefully controlled
-pores may not be interconnected,
limiting its suitability for use as
porous heat exchanger
Powder Closed-cell 60-90 -near-net shape can be -process parameters need to be
Liquid metallurgy or open- obtained carefully controlled
State celled -mass production
-suitable for use as porous heat
exchanger
Investment Open-cell 80-97 -complex shapes can be -difficulties in removing the mould
casting obtained by pre-forming the material from the metal matrix
polymer foam
-suitable for use as porous heat
exchanger
Space-holder Open-cell <80 -close control of pore -process parameters need to be
casting distribution carefully controlled
-suitable for use as porous heat
exchanger
“Osprey” Open-cell <60 -properties can be modified by | -maximum porosity of 60%
process injecting powders (oxides or -non-uniformity of the pore
gas producing powders) into morphology
the spray -pores may not be interconnected,
limiting its suitability for use as
porous heat exchanger
Sintering of Open-cell 20-50 -strength can be increased -very low porosity range achievable
metal through subsequent sintering -pores may not be interconnected,
powders/fibres limiting its suitability for use as
porous heat exchanger
Slurry foaming | Open-cell <93 -large porosity range -insufficient strength
achievable -cracks may exist
Solid State -suitable for use as porous heat
exchanger
Pressing Open-cell <80 - large porosity range -size limitation for efficient removal
around space- achievable of space-holder
holder fillings suitable for use as porous heat
exchanger
Sintering of Open-cell <96 -produce open/closed porosity -irregular shaped pores
metallic hollow | or Closed- with ordered/disordered pore
spheres cell arrangement
-uniform pore distribution
suitable for use as porous heat
exchanger
Vapour Vapour Open-cell 92-95 -pore morphology can be -only high porosity range achievable
State deposition tailored -high production costs; impractical
for the production of porous heat
exchangers
lonic State | Electro- Open-cell 93-98 -pore morphology can be -only high porosity range achievable
deposition tailored -high production costs; impractical

for the production of porous heat
exchangers
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Open-celled porous metals are highly suitable for heat exchanger application, where a
cooling fluid can flow through the interconnecting voids. The space-holder method, such as
the Lost Carbonate Sintering (LCS) process, is a cost-effective technique that enables the
production of open-celled porous metals with tailored pore structure (e.g. tailored porosity
and pore size). This makes the LCS process highly suitable for the manufacture of open-

celled porous metals for use as heat exchangers.

2.3 Porous Metals for Thermal Management Applications

Open-cell porous metals allied with fluid flow, are utilised in thermal management
applications to improve the convective heat transfer of industrial processes, such as in
power stations, combustion systems and for cooling turbine blades or electronic devices
(Mahdi 2015). Due to their high heat transfer surface area density and superior
thermodynamic characteristics, porous metals are a promising alternative for compact heat

exchangers (Ghosh 2009).

Ejlali et al. (2009) numerically investigated the applicability of high-porosity metal foams as
air-cooled heat exchangers for geothermal power plants and found that metal foam heat
exchangers are superior compared to conventional finned surfaces at no excess cost
(material weight and/or pressure drop). Boomsma, Poulikakos and Zwick (2003) proved
experimentally that compressed open-cell Al metal foam heat exchangers generated
thermal resistances that were 2-3 times lower than the best commercially available heat

exchanger tested under similar pumping power. Similarly, Mao et al (2014) demonstrated
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that the heat transfer capability of metal foam heat exchangers can supersede conventional

compact heat exchangers given optimal scenario (i.e. optimal porosity and foam thickness).

Hutter et al (2011) reviewed the factors that greatly influence the heat transfer
performance of porous metal-coolant heat exchangers. It was reported that the coolant
properties (e.g. heat capacity or thermal conductivity) have a significant influence on the
convective heat transfer of the metal-foam system. Similarly, the choice of the foam
material also influences the heat transfer performance significantly. Apart from the
material’s thermal and mechanical properties, factors such as corrosion and its suitability in
very high temperature environments also need consideration. Lastly, the foam structure
considerably affects the heat transfer performance, with porosity, pore size and surface
area having the greatest weightings on the effective thermal conductivity, convective heat
transfer and fluid flow properties. Zhao (2012) reviewed comprehensively the previous
research progress on the heat transfer in metal foams for thermal management

applications.

2.4 Fluid Flow in Porous Media

Permeability is an important property of porous media. Permeability describes how easy a
fluid can flow through the porous material. By definition, permeability refers to the
conductivity of a porous medium with respect to fluid flow (Pal, Joyce and Fleming 2006). In
addition, permeability is dependent on the nature of the porous material, i.e. its porosity,

the distribution and ‘connectedness’ of the pores, and the pore size.
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The most common theory used to evaluate fluid transport in porous media is Darcy’s law:

2212 (2.1)
AL KA
where AP is the pressure drop (Pa), AL is the flow length (m), K is the permeability (m?), i is
the viscosity of the fluid (Pa.s), Q is the fluid flow rate (m>/s) and A is the cross sectional

area to fluid flow (m?) (Darcy 1856). A material is highly permeable if the permeability value

is large.

Darcy’s law was formulated on the late 18" century while investigating water flow through
sand filters for water filtration (Tiab and Donaldson 2012); however, it was not until recently
that it was applied to other porous structures. In the 19" century, Darcy’s law was modified
several times to fit different applications and conditions (Preziosi and Farina 2002, Gibson

1992, Davis, Olague and Goodrich 1992).

2.4.1 Modification to Darcy’s Equation

Since the formulation of Darcy’s law, researchers repeated the experiment using different
porous media and developed equations to describe the linear flow of incompressible or
slightly compressible fluids through porous media (Tiab and Donaldson 2012), assuming

that:

1) there exists a steady-state flow,

2) viscosity of the fluid remains constant,

3) gravity forces are negligible,

4) permeability and porosity are constant and independent of pressure, and

5) flow is laminar and that turbulent effects are negligible.
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Darcy’s law can be modified to describe the flow of incompressible fluids, such that:

K(Pout—Pin
Vv, =— % (2.2)

where V; = % is the apparent velocity (also known as Darcian velocity), P, is the fluid’s inlet
pressure and P, is the outlet pressure (Pa). For compressible fluids, like air, Darcy’s law can

be revised to:

K (P2, —P?
Vd = — KPout=Pin) (2.3)
2uLPoyt

Various researchers found that a deviation from Darcy’s law arises when the fluid flow
velocity is increased. Wright (1968) explained that this phenomenon is due to the inertial

effects followed by turbulent effects.

The modified Darcy’s law, commonly known as the Forchheimer’s equation, describes the

steady-state flow as:

4P _ Wa 2
- T prCVy (2.4)
where py is the fluid density (kg/m3) and C is the form drag coefficient, also known as the

turbulence factor, non-Darcy factor or Forchheimer factor.

Cornell and Katz (1953) observed that for low flow velocity, linear Darcy’s law applies,
whereas for high flow velocities, turbulent flow is dominant and the use of the quadratic
Forchheimer equation (Eq. 2.4) is recommended to describe the turbulent flow and to

determine the inertial effects. Many researchers also attempted to relate the form drag
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coefficient with the permeability. Table 2.3 lists some of the correlations available in

literature.
Table 2.3: Empirical K-C relations available in literature.
Author Model Unit of K | Unit of C Reference
o 4.11 x 1010
Cornell K3 mD ft? Tiab & Donaldson 2012
Geertsma _485x 10 mD ft Geertsma (1974)
¢5-5\/K
Liu et al. - %104’ mD fi! Liu et al. (1995)
K
. 155 1012 0.449 _
Thauvin & Mohanty =X Km: ¢ mD cm™
. 1.82 x 108 1
Janicek & Katz = ST mD cm
Pascal et al. _ 48x10% mD m Li & Engler (2001)
K1.176
Jones - —6'1;1‘35012 mD ftt
12 40.449 R
Coles and Hartman C= % mD ftt
L cm? cm?
Cooper et al. C = rasgion

Note: where ¢ is the porosity fraction and tis the tortuosity.

It is worth noting that the relations in Table 2.3 are only approximations obtained from

curve fitting of experimental data. Hence, the constants in the relations will vary between

different fluid-foam systems.

2.4.2. Reynolds Number

Reynolds number (Re) is used for Newtonian fluids to describe their viscous behaviour, since

Re is the ratio of the inertia to viscous forces. Reynolds number is dimensionless and can be

described as:
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Re = ”fu’” (2.5)

where py is the fluid density (kg/m?3), v is the flow velocity (m/s) and / is the characteristic
length (m) (White 2009). Alternatively, Reynolds number can also be expressed using

kinematic viscosity, ux, where p;, = pi, such that:
f

Re= 2 2.6
€ Uk ( )

At low Re range, the flow is in the laminar region (Darcy’s regime) where the fluid moves
along smooth streamlines parallel to the pipe wall and the fluid velocity remains the same.
At low Re, inertial effects are very small so the fluid is said to flow in a viscous creeping
motion (White 2009). As the Re increases, a transition occurs where the flow is
unpredictable, and both laminar and turbulent flows are present. At higher Re range on the
other hand, the flow is said to be turbulent due to higher inertial effects present, and the

flow is said to be in the Forchheimer’s regime.

The Re number is dependent on the flow geometry and as such, the distinction between
low, moderate and high Re will vary in different flow systems. In direct pipe flows,
determining the characteristic length (/) is straight-forward. For porous medium, however,
determining the characteristic length is more complex due to the intricate structure. Some
studies described the characteristic length as equivalent to the pore size, some as the
equivalent diameter of the flow channel, while others suggested that it is the square root of
the permeability. As a consequence, a very wide range of Re numbers listed for porous

media can be found in the literature.
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A large amount of research has been conducted in the past to evaluate the Re values of
different flow systems. Kececioglu and Jiang (1994) suggested that Darcy’s law only applies
at extremely low flow viscosities where the Reynolds number is in the range of 0.3 to 0.7.
Farkas, Zhong and Guiochon (1999) investigated the validity of Darcy’s flow at low flow rates
using liquid chromatography and concluded that Darcy’s law only applied to low flow
velocities in the range of Re = 1x10® to 1x10™. Cornell and Katz (1953) found that for gas
flow through consolidated porous medium, the flow regime was laminar at Re < 0.08 where
the pressure drop was directionally proportional to the flow rate. At 0.08 < Re < 8, the
transition region occurred and at Re > 8, the flow became turbulent. Ergun (1952) observed
that the critical Re = 3-10 was found for gas flow through packed beds. Hassanizadeh and
Gray (1987) suggested that Re = 10 is the critical value for non-Darcy flow behaviour due to

the increase of the microscopic viscous force at high velocities.

Numerical models were also used to predict the critical Re where the flow transits to
turbulent flow from laminar. Blick and Civan (1988) used capillary-orifice modelling to
simulate fluid flow in the porous media, and reported that the critical Re is 100 for non-
Darcy behaviour. Du Plessis and Masliyah (1988) on the other hand used a representative
unit cell model and calculated the critical Re = 3-17. Thauvin and Mohanty (1988) used a
network model to simulate the porous media using the pore throat radius, and found the

critical Re to be 0.11.

Table 2.4 summarises the Reynolds numbers listed in this section and their definitions. So

far, calculations for critical Re have been inconsistent due to the varying definitions used. As
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a consequence, there is currently no widely accepted criterion for non-Darcy flow in porous

media (Zeng and Grigg 2006).

Table 2.4: Comparison of Reynolds numbers for Darcy flow and Forchheimer flow regimes of

various porous media reported in literature.

Reference Re Definition Fluid Porous media Darcy’s flow | Transition | Forchheimer’s
Flow
3mm beads 0.3-0.7 0.7-1.6 >1.6
Re — pf'l]\/?
Kececioglu & €= i 6 mm beads 0.6-1 1-3 >3
Jiang (1994) water 3mm beads 0.062-0.120 | 0.120-0.34 >0.34
Re = PrVrVK/ 9
N i 6 mm beads 0.062-0.120 | 0.120-0.34 >0.34
Farkas, Zhong & Re = prvDp Ethylene | Packed 1x10° to - -
Guiochon (1999) u glycol spheres 1x10™
Cornell & Katz _ PrvDp gas Packed beds <0.08 0.08-8 >8
Re = ——
(1953) m
Ergun (1952) Re = prvDp gas Packed beds 0.1-3 3-10 >10
u
Hassanizadeh & o= prvdy gas Packed beds - 10 -
Gray (1987) U
Blick & Civan Re = prvdy gas Capillary tubes <100 100 >4000
(1988) H bundle
Du Plessis & Re — prvd, - Isotropic - 3-17 -
Masliyah (1988) H porous media
Thauvin & Re = Pr77 gas Porous >0.11 0.11-0.17 Re>0.17
Mohanty (1988) V) medium
Bonnet, Topin & Re prvd, Gasand | Metal foams - 200 -
Tradist (2008) m water
Despois & pfv\/ﬁ Water or | Polyurethane 0.5 - -
Mortensen Re = n glycerine | foam (75-
(2005) 400um)
Re = proVK . - 14.2-26.5 -
Boomsma & e= N Water | Aluminium
:’oulika)kos re prvd, foams) (10- - 177-725 B
2001a = - 40PPI
n
Dukhan, Bagci & R pfv\/ﬁ Water Packed - 1-100
Ozdemir (2014) e= spheres
u
Zhong et al. pfv\/ﬁ Gas Sintered metal <0.1 0.1 >0.1
(2014) e= powders
1
Dukhan & Ali _ psvD Gas Open-cell Al - 20000- -
(2012) cT T foam 40000

Note: Vg= interstitial fluid velocity, Dy=particle diameter, d, =pore diameter, d;= average distance from pore to
pore, r=average throat radius and D=sample diameter.
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2.4.3 Influence of Pore Geometry on Fluid Flow

The geometry of the pores within porous metals greatly influences some of the functional
properties, such as the permeability to fluid flow. Factors like porosity, pore
size/characteristic length and pore distribution influence the fluid dynamics within the

porous structure.

2.4.3.1 Porosity
The porosity (¢p) of a porous medium, by definition, is a geometrical property that measures
the fluid storage capacity of the porous structure (Pal, Joyce and Fleming 2006). The

porosity can be described as the fraction of pores within the porous structure:

—1_Pr
p=1 ; (2.7)

where p, is the density of the porous material and p; is the density of the bulk material. The
greater the porosity, the more pores and less solid barrier are present within the structure,

allowing the fluid to flow more freely. As a result, the permeability increases with porosity.

2.4.3.2 Characteristic Length

It is often difficult to accurately determine the characteristic length of a porous medium due
to its complex structure. In some porous media with regular and uniformly distributed
pores, the average pore size is often employed to determine the flow properties. Other
studies use average pore to pore distance, average throat radius or the square-root of

permeability as the porous structure’s characteristic length.

Boomsma and Poulikakos (2001a) found experimentally that the permeability of open-celled

metal foams increased with the characteristic length (average pore diameter), which was
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similar to that found by Bhattacharya et al. (2002). Khayargoli et al. (2004) also observed
increased permeability with increasing pore diameter for “Recemat” metal foams, which has
a similar structure as that used by Boomsma and Poulikakos (2001a) and Bhattacharya et al.
(2002), produced by the electro-deposition process. On the other hand, an opposite trend
where the permeability increased when the pore diameter decreased was found for “IMI”
(Industrial Materials Institute) metal foams produced by direct foaming technique
(Boomsma and Poulikakos 2001a). This opposite trend was reported to be due to the

decrease in tortuosity in IMI foams with smaller pores.

2.4.3.3 Tortuosity

Tortuosity characterises the fluid flow path through a porous medium. Sun, Tang and Cheng
(2013) defined tortuosity simply as the ratio of the average pore length to the length of the
porous medium along the major flow axis. A large tortuosity value indicates a windier
channel for fluid flow, and is often linked to smaller permeability values and higher form
drag coefficients. It was reported that with increased porosity, the flow becomes less
tortuous since more channels are available for fluid flow (Sun, Tang and Cheng 2013,

Matyka and Koza 2012).

2.4.3.4 Specific Surface Area

The specific surface area of a porous medium is defined as the interstitial surface area of
pores and voids per unit volume. Several experimental methods are currently applied to
determine the specific surface area of porous metals, including gas-adsorption method,
fluid-permeation method and mercury method (Liu 2010). Liu et al. (2006) and Richardson
et al. (2000) defined the specific surface area per unit volume of porous media (S,) with

porosity as:
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_ 49
Sv = dp(1-¢)

(2.8)

where d, is the pore diameter. In general, increasing the pore diameter of the metal foam

leads to reduced specific surface areas.

2.4.3.5 Geometry-Permeability Models
There are many models that attempted to relate the geometrical properties (i.e. pore size
and porosity) of the porous media to transport coefficients (i.e. permeability and form drag

coefficient). Some of these models are discussed in this section.

The most widely accepted permeability-porosity model is the Carman-Kozeny power law

model expressed as (Garboczi 1990, Ma 2015):

K=-—2 (2.9)

T B12S,2

where B is the pore shape coefficient, t is the tortuosity and S, is the surface area per unit
volume. Other studies argued that the “percolation” threshold needs to be factored in the
Carman-Kozeny model (Alkan 2009, Dienes 1983). It is assumed that below percolation
threshold, the porosity becomes very low such that the connectivity between the pores
becomes negligible. Sahimi (1994) suggested a power law model which considers the

percolation threshold (¢,,), such that:

K=c(¢— o) (2.10)

where ¢ is an empirical parameter and z is a porosity variable. Other K-¢ power law
relationships include those proposed by Bayles et al. (1989), Costa (2006), Rodriguez et al.

(2004) and Ghablezoo et al. (2009).
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The relationship between permeability and porosity has also been described by exponential

relationships. For example, Zhu and Wong (1997) suggested that:

K = Kyexp(ne) (2.11)

where n is a constant. Similarly, a linear relationship between log(K) and porosity was

proposed by Nelson (1994) and Bethke (1985), such that:

logloK = Tl1¢ + le (212)

where n; and n; are constants derived from the regression of the experimental data. Other
exponential K-¢ relationships include those proposed by Morris et al. (2003) and Yang and

Alpin (2010).

In some studies, permeability was considered as a function of the geometric parameters of
an equivalent channel in porous media. For example, Walsh and Brace (1984) suggested

that:

K== (2.13)

2
where B is the pore shape coefficient, and TE is the equivalent channel in the whole porous

structure.

Most of the aforementioned models are approximations from curve fitting of experimental

data and can only be applied to a specific fluid-foam system. Therefore, there is a need for
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these models to be tailored first or developed further to deal with fluid dynamics

challenges, especially in more complex porous structures.

2.4.4 Fluid Flow in Non-Homogeneous Structures

Although a lot of research has been done to investigate the fluid dynamics in porous media
and the effects that their geometry has on the fluid flow properties, most of these studies
are focused on homogeneous structures where the porosity distribution and pore
parameters are uniform throughout the sample. Currently, only very little research

investigates the fluid flow in hybrid, non-uniform structures.

Zaragoza and Gael (2013) experimentally studied metal foams with graded pore size, as
shown in Fig. 2.15, and observed similar pressure drop behaviour between the
homogeneous and inhomogeneous structures. However, they observed asymmetry in the
flow within the inhomogeneous structure and found increased resistance to fluid flow in
smaller pore size, slowing the fluid in this region. Overall, the graded pores had negligible
effects on the overall permeability. This is similar to the results obtained experimentally by

Carpenter and da Silva (2014).

' lj']

5 mm

Figure 2.15: Aluminium foam with graded pore size (Zaragoza and Gael 2013).
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Xiao and Zhao (2013) investigated fluid flow in LCS foams made of two vertically stacked
layers of different porosities. It was found that the fluid flow chooses preferentially the layer

with a higher permeability.

More recently, Oun and Kennedy (2015) explored the effects of air gaps in stacked porous
layers, as displayed in Fig. 2.16. An increase in the pressure drop in stacked porous
structures was reported, and was attributed to the additional entrance/exit effect
developed at the additional surfaces. Their results were in agreement with that previously

reported by Baril et al. (2008).

Porous sheet

Figure 2.16: Multi-layered porous sheet (Oun and Kennedy 2015).
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2.5 Heat Transfer in Porous Metals

The high surface area to volume ratio of porous metals means that a large amount of heat
can be transferred over a small volume. In addition, the high porosity and open cell
structure of porous metals allow the coolant to flow in the porous structure, transferring
heat effectively via convection. Furthermore, the enhanced flow mixing due to turbulence
and tortuosity also improves heat convection in porous metals. Therefore, porous metals

are very promising materials for use as compact heat exchangers.

This section explores the heat transfer properties of metal foams currently available in the

literature.

2.5.1 Introduction to Heat Transfer
Heat transfer can be defined as thermal energy in transit due to spatial temperature
difference (Incropera et al. 2007). Heat transfer proceeds if there is a difference in
temperature in a medium or between media. The three modes of heat transfer are:

1) conduction- heat transfer across stationary medium (solid/fluid);

2) radiation- heat transfer from surfaces of finite temperature in form of

electromagnetic waves;

3) convection- heat transfer between a surface and a moving fluid.

There are two types of convection: 1) forced convection which occurs when the fluid flow is
caused externally (e.g. using fans and pumps), and 2) natural convection which occurs if the

flow is due to buoyancy forces.
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Thermal conduction in a one dimensional conductor can be defined using Fourier’s law:

q= —kAZ (2.14)
where g is the heat transfer rate (W), k is the thermal conductivity (W/(m.K)), T is the
temperature (K), x is the coordinate in the x direction (m) and A is the area of the conductor
normal to the direction of heat transfer (m?). The minus sign is due to heat being transferred
in the direction of decreasing temperature. The heat flux, J, which is the heat transfer rate

per unit area, can be described as:

— 4 _kar
j=1=2 (2.15)

Thermal conductivity, k, is a transport property and is characteristic of the material of the
conductor. For an isotropic material, the thermal conductivity is independent of the heat
transfer direction, i.e. remains constant regardless of the direction (Incropera et al. 2007). In
general, solids have higher thermal conductivity than liquids, and liquids have higher
thermal conductivity than gases due to the differences in intermolecular spacing between

these phases.

A cooling fluid can be used to cool down a heated surface. Due to the temperature
difference between the heated surface and the cooling fluid, heat transfer will occur by
convection. A velocity boundary layer develops as a consequence of the fluid-surface
interaction, displayed in Fig. 2.17, where the velocity in a region in the fluid varies from zero
to a finite value (ug). A thermal boundary layer can also develop due to the difference in the

surface and flow temperatures. Hence, a region of the fluid can have temperatures of T at
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y=0 and T in the outer flow, where T; > T (Incropera et al. 2007). As displayed in Fig. 2.17,
the fluid velocity is zero at the heated surface so heat is transferred by diffusion or random
molecular motion only in this region. The heat is therefore conducted at the boundary layer,

then swept downstream and transferred to the fluid outside the boundary layer.

. ) Wg Fluid Ay Tr
‘i — i
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surface

Figure 2.17: Boundary layer development in heat transfer by convection (Incropera et al.
2007).

The convective heat flux (J) can be expressed by Newton’s law of cooling in terms of the

heat transfer coefficient, h:

J=hTs—Tp (2.16)
The heat transfer coefficient is dependent on the boundary layer conditions, surface
geometry, nature of fluid motion, and other fluid thermodynamic and transport properties.
Therefore, the heat transfer coefficient varies between heating systems. Table 2.5 shows

the typical values of heat transfer coefficients of different phases.
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Table 2.5: Typical values of convection heat transfer coefficients (Incropera et al. 2007).

Process State of Matter Heat transfer coefficient (W/(m”.K))
Free convection Gases 2-25
Liquids 50-1000
Forced convection Gases 25-250
Liquids 100-20000

2.5.2 Mechanisms of Heat Transfer in Porous Metals
The heat transfer performance in porous metals can be explained by four mechanisms

which are:

1) heat conduction through the metal cell walls;

2) heat radiation through the metal cell walls;

3) heat conduction through the pores in the sample and through the interlinked
channels; and

4) convection within the pores.

Heat transfer by radiation in the porous metals is greatly affected by the porosity and pore
size. If the pore size is decreased, more metal is present which acts as reflective surfaces for
radiation, so heat transfer by radiation is reduced. Likewise, if porosity is reduced, more
metal is present and the cell walls will act as barriers to heat radiation. Zhao et al. (2004a)
reported that radiation only dominates the heat transport in porous media at very high

temperatures (500-800K), and at lower temperatures (<500K), its contribution is negligible.
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Solid conduction is believed to be the most dominant form of heat transfer in porous metals
(Ashby and Gibson 1998). Therefore, if the density of the porous metal increases by
decreasing the porosity, which in turn leads to an increase in the volume of cell walls

present, the thermal conductivity of the porous medium will increase.

There are two stages involved in the transfer of heat from a heat source (heat plate) to a
coolant flowing in a porous metal attached to the heat source. These are heat conduction in
the metal matrix and heat convection between the metal matrix and the coolant. The flow
condition in the porous media greatly affects the heat transfer by convection. The
determination of whether the internal flow is laminar or turbulent is therefore very

important.

2.5.3 Thermal Conductivity of Porous Metals

The effective thermal conductivity (ks of the coolant-foam system depends on the thermal
conductivity of the metal matrix (ks) and the fluid (kg), and the geometry of the metal matrix
(Kaviany 1995). The minimum and maximum ke can be estimated using the following

equations (Incropera et al. 2007, Nield and Bejan 2013).

1
keff,min = 6, & (2.17)
ks kf
keff,max = ¢kf + (1 - d)ks (2.18)

Egs. (2.17) and (2.18) were found to only have been suitable for composite systems where

the solid and fluid conductivities are similar. More accurate descriptions of ks have been
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derived to fit particular coolant-foam systems, especially where the thermal conductivities
of the phases are significantly different, and account for the structure of the porous

medium.

Calmidi and Mahajan (1999) developed a theoretical model of the effective thermal
conductivity based on the two-dimensional hexagonal structure of a metal foam.
Bhattacharya et al. (2002) modified the Calmidi-Mahajan model by replacing the cubic
nodes (the location where ligaments or fibres join) with circular ones. The modified model
was reported to be generally effective for high-porosity metals. Similar to Calmidi and
Mahajan (1999), Boomsma and Poulikakos (2001b) proposed a 3D model of the metal foam
structure involving geometrical parameters. The 3D model involved “tetrakaidecahedral”
cells with cubic nodes at the intersection of two fibres, and was found to be in good
agreement with the experimental data. Dai et al. (2010) however, found that the Boomsma-—
Poulikakos model contains errors, largely due to the volume-fraction-weighting of thermal
conductivities. The group went on to correct the Boomsma—Poulikakos model to account for
the ligament orientation. The new model was reported to provide improved predictions of

the metal foam’s effective thermal conductivity.

Along with analytical models, several researchers investigated experimentally how the
effective thermal conductivity varied with structural parameters. Paek et al. (2000) observed
that the effective thermal conductivity increased when the porosity decreased, but
remained similar when the cell size of the metal foam was varied. Babcsan, Meszaros and

Hegman (2003) found an increasing linear behaviour between the effective thermal
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conductivity and foam density. Zhao et al. (2004a) observed that the effective thermal

conductivity increased as the pore size or relative foam density increased.

2.5.4 Forced Convection

The overall thermal performance of porous metals can be substantially enhanced by forcing
a fluid flow in the open-cell porous structure. However, the complexity of the morphology
of porous metals limits the investigation of transport phenomena at microscopic pore level.
General heat transfer equations are re-defined to accommodate the fluid and solid phases

within a specific porous structure.

Several experimental and theoretical studies on the heat transfer performance with forced
convections in metal foams have been reported in literature. Ding et al. (2011) reported that
heat exchangers with copper metal foam allied with fluid flow showed 2.5 times greater
heat transfer coefficient compared to heat exchangers without porous structures. Similarly,
Hunt and Tien (1988) reported enhanced heat transfer performance with metal foams due
to the intra-pore mixing that develops as the fluid moves past the solid particles, which they
described as “dispersion”. They added that the dispersive transport dominates heat transfer
especially at high flow rates and permeability, overpowering the solid conduction within the
thin-ligament metal matrix. Kim et al. (2000) compared the heat transfer performance of
louvered fins with porous fins, and concluded that both show similar performance but
porous fins offered greater pressure drops. However, for applications as compact heat
exchangers, porous fins were deemed more suitable. Hwang et al. (2001) experimentally
studied the convective heat transfer in a duct inserted with aluminium foam and found that
the volumetric heat transfer coefficient increased as the porosity of the foam decreased at a
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fixed Reynolds number. An optimum porosity of 80% was reported to give the best thermal
performance. Seyf and Layeghi (2010) reported that the heat transfer performance
increased with increasing relative density and decreasing cell size of metal foams. Zhao et al.
(2004b) experimentally studied the heat dissipation capability of metal foams with forced
air convection and found that the cell size has a more significant effect on the overall heat
transfer than porosity. Similar to Hwang et al. (2002), an optimal porosity was also observed
by Zhao et al. (2004b), which was attributed to the balance between the pressure drop and
overall heat transfer. Mancin et al. (2012) investigated forced air convection through heated
copper foams and found that the heat transfer coefficient did not depend on the imposed
heat flux, but increased with the air flow rate. They also reported the existence of optimal
structural parameters (e.g. pore density and surface area) which gave the best heat transfer
performance. Tamayol and Hooman (2011) theoretically studied the forced convection
through metal foams and observed a direct relationship between the heat transfer rate and
pore density and solidity, i.e. the heat transfer rate increased with pore density and
decreased porosity. They also added that increasing the foam height enhanced the heat

transfer rate.

It is well documented that the heat transfer performance can be significantly enhanced by
utilising force-cooled metal foams. It was also observed that for metal foams, optimal
structural parameters which gave the best heat transfer performance were existent. At this
optimal point, a balance between the heat transfer of the fluid and solid phases is achieved.
However, with the use of metal foams as heat exchangers, there is a penalty in terms of

increased pressure drop which requires higher pumping power.
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2.5.5 Heat Transfer in Micro-Heat Exchangers

Several studies examined forced-convection in other metal architectures. For instance, Lu
(1999) designed a honeycomb metal foam structure to reduce the pressure drop and
pumping power, and observed similar heat transfer performance to those of the
conventional metal foams but different fluid dynamics. At low Re (<2000), the flow in
honeycomb structure was laminar while in metal foams, the flow is turbulent. Heat
convection in metal foams was therefore greater than in honeycomb structures due to the
turbulent flow and greater mixing. The inefficiency in fluid dynamics in the honeycomb
structure was however, compensated for by its greater surface area. Hence, a similar heat

transfer performance was observed between the two structures.

Micro-channel heat sinks, first proposed by Tuckerman and Pease (1981), have also
emerged as one of the effective cooling techniques for heat exchanger applications. The
advantage of micro-channel heat sinks over porous metal foams is the reduced pressure
drop due to the directional channels/pores within its structure. Zhang et al. (2005)
compared the heat transfer performance of micro-channel heat sinks with metal foams and
found that the metal foam heat sink with 80% porosity and 60 PPl pore density
outperformed the micro-channel heat sink at large pressure drops and pumping power. At
low pressure drops, however, the micro-channel heat sinks performed better than the metal

foams in their study.

Recently, some attention was given in developing foam structures with “designed”
architecture. Bejan (2004) proposed that the architecture of the metal foam can be

designed to produce maximal heat transfer density, providing that the structure is small
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enough such that the boundary layers disappear. The geometric parameters that can be
optimised were the internal spacing of volumes (parallel plate or spheres), flow channel

spacing and flow channel size.

Other studies focused on combining structures of different pore morphology. For example,
Carpenter and da Silva (2014) investigated forced-convection in metal foams with graded
pore size arranged perpendicular to the fluid flow, and found that a larger heat transfer
coefficient was achieved when the layer with larger pores was placed by the fluid inlet
compared to the reversed order, similar to that found by Zaragoza and Goodall (2013). This
effect was attributed to the differences in the permeability and surface area of the sections.
Xiao and Zhao (2013) investigated the heat transfer performance with forced convection of
double-layered porous copper stacked parallel to the fluid flow. It was found that placing
the higher-porosity layer next to the heat source offered a better heat transfer performance
than the reverse order, which was attributed to the greater flow rate in the higher porosity

region.

2.6 LCS Porous Metals

Lost Carbonate Sintering (LCS), developed by Zhao et al. (2005), is a space-holder powder
metallurgy method used for the production of metal foams. Fig. 2.18 shows a graphical
representation of the LCS process, which has two possible routes: dissolution or

decomposition.
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Figure 2.18: Schematic representation of the LCS process.
For both routes, the metal powder (e.g. Cu, Al, Fe, steel), carbonate powder (pore former
e.g. K,CO3) and binder (e.g. ethanol) are mixed, compacted, and then heated to remove the
binder. In the dissolution route, the compact is sintered at 850°C for four hours then placed
in a water bath to dissolve the carbonate. In the decomposition route, the compact is either
heated to 850°C for two hours then heated further to 950°C for 30 minutes, or heated
directly to 950°C for two hours to decompose the carbonate, resulting in the porous metal
as shown in Fig. 2.19. The decomposition route generally produces porous metals with
higher tensile strength and higher flexural strength than those produced by the dissolution
route (Zhang and Zhao 2008, Lu and Zhao 2010). A porosity range of 40% — 90% and a pore

size range of 53 — 1500 um can be achieved using the LCS process (Zhao et al. 2005).

{ £ , R . ._:‘— e ‘\J & )
Figure 2.19: SEM micrographs showing (a) typical structure of LCS porous copper, (b) a cell
and its walls, and (c) bonding between the Cu particles (Zhao et al. 2005)
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Since the invention of the LCS process, the properties of the LCS porous metals have been
analysed and determined by several researchers. Tao et al. (2007) found that increasing the
compaction pressure and the particle size of the carbonate powder resulted in significant
increase in the flexural strength and the bending energy absorption capacity, which are
attributed to the reduced sintering defects. Parvanian and Panjepour (2013) analysed the
mechanical behaviour of porous copper produced by the LCS process and found that the
structural integrity and mechanical strength of the porous metal can be enhanced by
mechanically pre-activating the copper powder. Ma et al. (2006) studied the electrical
properties of LCS porous metals and found that the electrical conductivity was strongly
dependent on the porosity and pore size. Lu et al. (2009), on the other hand, investigated
the sound absorption characteristics of LCS porous steel and concluded that using an
assembly of samples with gradient porosities gave a higher and more uniform sound
absorption coefficient compared to a single-porosity assembly. Diao and Zhao (2015)
recently studied the geometric, electro-active and real surface areas of LCS porous copper
and found that these surface areas are due to the contributions from primary porosity,
primary and secondary porosities, and surfaces of metal particles, respectively. It was also
reported that the volumetric and gravimetric specific geometric surface areas increased

with porosity and decreased with pore size.

The heat transfer performance of LCS porous copper was also investigated previously by
Zhang et al. (2009). It was reported that the porosity has a large effect on the heat transfer
performance, with 62% being the optimum porosity that gave the best heat transfer

performance. The heat transfer performance of the LCS porous copper was enhanced
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further when the water flow rate was increased. Thewsey and Zhao (2008) analysed the
heat transfer performance of LCS porous copper, and found that the heat transfer in the
porous sample was dominated by conduction in the solid phase, with convection, radiation
and gaseous conduction being negligible. Xiao and Zhao (2014) studied the fluid transport
and thermal properties of LCS porous copper samples with different pore structures and
found that the fluid permeability increased with increasing porosity and decreasing pore
size. It was also reported that the effects of porosity and pore size on the heat transfer
performance of the porous copper samples were significant due to their effects on the
permeability and thermal conductivity. Fig. 2.20 shows the relationship for the thermal
conductivity of homogeneous LCS porous copper samples as a function of pore size and
porosity established by Xiao (2013). As evident from Fig. 2.20, increasing the copper density
by decreasing the sample’s porosity led to greater thermal conductivities, whereas changing

the pore size had a less significant effect on the thermal conductivity.
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Figure 2.20: Variation of thermal conductivity with relative density for LCS porous copper
samples with different pore sizes (Xiao 2013).
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Recently, Xiao and Zhao (2013) investigated the heat transfer performance of double-layer
LCS structures with forced convection, where the layers have different porosity and are
parallel to the fluid flow. It was reported that the orientation of the layers greatly affected
the heat transfer performance; having the higher-porosity layer next to the heat source
offered better heat transfer than the other way round. It was also reported that compared
to an empty channel (100% porosity), the heat transfer coefficient was enhanced by five to
eight times when a porous copper was introduced, as displayed in Fig. 2.21. This confirms
the suitability of LCS porous copper as compact heat exchangers. Versarien Technologies

Ltd. (UK) currently commercialises LCS porous metals for thermal management applications.
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Figure 2.21: Variation of heat transfer coefficient with porosity at different water flow rates
for samples with 425-710um pore size (Xiao 2013).
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Chapter 3 Experimental Procedures

The porous copper samples used in this study were manufactured using the Lost Carbonate
Sintering (LCS) process developed by Zhao et al. (2005). The decomposition route was
chosen instead of the dissolution route due to its simplicity and better mechanical
properties of the porous metals produced. The permeability and heat transfer performance
of the samples were investigated. The experimental procedures were described in the

following sections in detail.

3.1 Preparation of Test Samples

Six different structures of LCS porous copper samples were manufactured in this study.
These were homogeneous, horizontal bilayers, integrated vertical bilayers, segmented
vertical bilayers, segmented structures and structures with directional porosity, as
schematically illustrated in Fig. 3.1. Table 3.1 lists all the samples made and investigated in

this study. The manufacturing procedures are described in the following sections.
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Figure 3.1: Schematic diagrams of the six different structures of LCS porous copper
investigated: a) homogeneous (H), b) horizontal bilayers (HB), c) integrated vertical bilayers
(IVB), d) segmented vertical bilayers (SVB), e) multi-boundary segmented structure (SS) and

f) directional porosity (DP).
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Table 3.1: Summary list of the LCS copper samples investigated in this study.

Sample Reference Structure Pore Size (um) Nominal Porosity (%)
H1 60
H2 250-425 65
H3 70
H4 75
H5 40
H6 50
H7 60
H8 Homogeneous 425-710 65
H9 70

H10 75
H11 80
H12 55
H13 60
H14 710-1000 65
H15 70
H16 75
H17 50
H1g 1000-1500 60
H19 70
HB1 40/70
HB2 40/75
HB3 40/80
HB4 Horizontal Bilayer 425-710 50/70
HB5 50/75
HB6 50/80
IVB1 50/40
IVB2 40/60
IVB3 40/70
VB4 Integrated Vertical 425-710 40/80
IVB5 Bilayer 50/60
IVB6 50/70
IVB7 50/80
IVB8 60/70
IVB9 60/80
IVB10 70/80
SVB1 40/50
SVB2 40/60
SVB3 40/70
SVB4 40/80
SVB5 Segmented Vertical 425-710 50/60
SVB6 Bilayer 50/70
SVB7 50/80
SVB8 60/70
SVB9 60/80
SVB10 70/80
SS1 40
SS2 Segmented 425-710 50
Structures
SS3 60
DP1 40
DP2 50
DP3 Directional Porosity 425-710 60
DP4 70
DP5 80
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3.1.1 Raw Materials

The copper powder (base metal) with particle size range of 50 um to 150 um and 99.9%
purity was supplied by Ecka Granules UK Ltd, as seen in Fig. 3.2a. The food grade potassium
carbonate powder (pore former) with particle size range of 250 um to 1500 um and 98-
100% purity was manufactured by E&E Ltd (Fig. 3.2b). The potassium carbonate powder was
sieved and categorized to four different size ranges: 250-425 um, 425-710 um, 710-1000 um
and 1000-1500 um. Since the particle size of the carbonate powder determines the pore

size within the porous copper sample, these four size ranges resulted in four pore sizes.

-

Figure 3.2: Optica micrographs of the (a) copper and (b) potassium carbonate particles used
in the manufacture of the porous copper samples.

To determine the weight of the copper powder (W¢,) and the weight of the potassium
carbonate (Wk,co,) needed for the porous copper sample fabrication, the following

equations were used:
Wew = (1 —@)Vpcy (3.1)
Wk, co, = OV Pk, co, (3.2)

where ¢ is the target or nominal porosity expressed as a fraction, V is the volume of the
required porous copper sample, pc, is copper density (8.9 g/cm3) and pg,co, is the

potassium carbonate density (2.3 g/cm?).
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3.1.2 Mixing and Compaction

The weighed copper and potassium carbonate powders were placed in a glass beaker. A
small amount of ethanol (1% mol) was added to the mixture to act as a binder. The mixture
was then mixed using a glass stirring rod until the potassium carbonate particles were

covered with a layer of copper particles.

Moulds and punches made of steel were used to compress the mixed powders to shape.
Samples for permeability and heat transfer tests were made using a mould with the

following cavity dimensions: 30 mm in length, 20 mm in width and 30 mm in height.

Six different structures of LCS porous copper samples were fabricated, i.e. homogeneous
(H), horizontal bilayers (HB), integrated vertical bilayers (IVB), segmented vertical bilayers
(SVB), multi-boundary segmented structures (SS) and structures with directional porosity
(DP). The modifications implemented during the fabrication process for each structure are

described as follows:

a) Homogeneous Structures (H)
The mixture of the Cu and K,CO3 powders was placed into the mould and compacted at a
pressure of 200 MPa for 10 seconds. This compaction pressure and time were chosen based
on the principle laid down in the previous research (Zhao et al. 2005) The green compacts

were then pressed out of the mould and placed onto a steel plate.
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b) Horizontal Bilayers (HB)
The powders needed for each layer were prepared and mixed separately. The low porosity
layer was first placed into the mould and lightly flattened using the punch. The second layer
with the higher porosity was placed on top of the first layer. The punch was placed on top of

the mixture and compacted at 200 MPa pressure for 10 seconds.

c) Integrated Vertical Bilayers (IVB)
Each powder layer were prepared and mixed separately. A partition made of thin paper was
placed inside the mould to divide the cavity into two equal lengths. The layers were placed
on either side of the paper partition carefully. Once the mixtures are in place, the paper
partition was removed slowly causing the powder mixtures to tumble into the empty space
where the paper previously was. This creates a soft boundary between the two layers. The
punch was then placed on top of the mould and the mixture was compacted at 200 MPa for

10 seconds.

d) Segmented Vertical Bilayers (SVB)
The segmented vertical bilayers were made from two halves of sintered homogeneous
structures and then placed next to each other during the experiments. This creates a hard

boundary between the layers and often a gap exists due to poor coupling.

e) Multi-boundary Segmented Structures (SS)
The multi-boundary segmented structures were made from either two halves (15 mm in
length each) or six small sections (5 mm in length each) of the same homogeneous sample.
The sections are placed next to each other during experiments. A hard boundary exists

between the adjacent sections.
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f) Directional Porosity (DP)
The weighed copper and potassium carbonate powders were placed into the glass beaker
and mixed with the addition of the ethanol binder. Half of the mixture was first placed onto
the mould and slightly flattened using the punches. Four columns (30 mm in length, approx.
0.9 mm in diameter) of potassium carbonate paste were drawn on top of the first layer
using a 5 mL syringe with needle (1.05 mm outside diameter). The remaining mixture of
powders was spread over the first layer, covering the lines of potassium carbonate paste.
The punch was then placed on top of the mixture and compacted at 200 MPa pressure for

10 seconds.

3.1.3 Sintering

The green compacts contained on a steel plate were placed inside a VTS vacuum furnace.
Once the pressure of the vacuum reached below 70 Pa, the furnace was heated up to 200°C
for 30 minutes to remove the ethanol binder. Considering that potassium carbonate melts
at 891°C, a first sintering temperature of 800°C was chosen. The temperature of the furnace
was increased to this sintering temperature for 30 min to allow the copper particles to
coalesce while still having the potassium carbonate (pore former) within the compact.
Finally, the furnace was heated to 950°C for 2 hours to remove the potassium carbonate by
decomposition and to further sinter the copper matrix, improving its mechanical properties.
The samples were then left to cool in the furnace. Fig. 3.3 shows the schematic diagram of
the sintering process and Fig. 3.4 shows the typical porous copper samples produced after

sintering.
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Figure 3.3: Schematic diagram of the sintering process.

Figure 3.4: Typical porous copper samples produced after sintering using the decomposition

route of the LCS process.
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3.2 Structural Analysis

3.2.1 Optical Microscopy and SEM

The structure of the samples produced by the LCS process was analysed using optical
microscope and scanning electron microscope (SEM). A Nikon optical microscope was used
to examine the quality of the samples at low magnifications, especially for inspecting the
presence of oxides and potassium carbonate. The homogeneity of the pores and their

distribution throughout the samples were also investigated using optical microscopes.

A higher resolution JEOL-JSM-6610 SEM was used to analyse the pore structure in much
greater detail. The pore parameters (i.e. pore size and pore shape), coalescence of the
copper particles and inter-particle pores were studied using the SEM images. Both the

interior and exterior microstructures were scanned for comparative analysis.

3.2.2 Measurement of Porosity

The porous copper samples were prepared by weighing the Cu and K,COs; powders of a pre-
specified ratio, which was determined by the target porosity (nominal porosity). However,
the actual porosity of the fabricated samples is not identical to the nominal porosity

because of (Zhao et al. 2005):

a) the presence of voids which add to the porosity and/or

b) shrinkage of samples during sintering which reduces porosity.

For this reason, the actual porosity of the samples needs to be measured after fabrication.
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Two methods were used to determine the actual porosity of the samples: direct volume and

Archimedes methods.

3.2.2.1 Direct Volume Method

The direct volume method is a relatively simple way of measuring the sample’s actual
porosity. This was done by measuring the mass (m) of the sample using an electronic scale
(£0.05 g accuracy), and then measuring the volume (V) of the sample using a Vernier calliper
(£0.01 mm accuracy). The density (ps) and the porosity (¢) of the sample can then be

determined using Egs. (3.3) and (3.4).

ps =7 (3.3)

p=1-L= (3.4)

Pcu

Some samples, however, have irregular shapes or are not perfectly rectangular. This makes
the calculation of the sample volume more difficult. To minimise the error, the averages of
the dimensions were obtained from three measurements at three different points on the

sample.

3.2.2.2 Archimedes Method

The Archimedes principle states that when a solid is submerged fully in a fluid, the apparent
weight loss (buoyant force) is equivalent to the weight of the fluid displaced. By applying
this principle, the volume and density of samples with irregular shapes, like that found in

LCS porous samples, can be measured with a higher accuracy.
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In the Archimedes method, the sample’s surface was sealed with petroleum jelly to prevent
water from infiltrating into the sample when submerged. The sample was then held using a
thin thread and then submerged into a container filled with water on an electronic balance.

The weight increase of the water container is equivalent to the buoyant force:
bouyant force = weight increase = Vg X ps (3.5)

The sample’s volume (Vs) was calculated, and from that, the sample’s density was

determined.

3.3 Permeability
The permeability of LCS porous copper samples was determined using Darcy’s equation or
Forchheimer’s equation. Darcy’s equation defines the relationship between pressure drop

and flow velocity in a porous medium as:
LBy, (3.6)

where AP is the pressure drop (Pa), L is the length of the porous medium (m), u is the
viscosity of the fluid (Pa.s), K is the permeability (m?), and Vg is the Darcian velocity (m/s),
which is obtained by dividing the volumetric fluid flow rate (Q) by the cross-sectional flow

area (A) (Darcy 1856, Tiab and Donaldson 2012).

Darcy’s law only applies to extremely low flow velocities where Reynolds number, Re, is in

the range of 0.3 to 0.7 (Kececioglu and Jiang 1994). For high flow velocities, form drag
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becomes significant and a turbulent flow occurs instead of laminar flow. For this reason,
Darcy’s equation has to be modified to take into consideration the effects of form drag, and

the pressure drop is described by the Forchheimer’s equation (Tiab and Donaldson 2012):

AP J 2

where py is the density of the fluid (kg/m®) and C is a form drag coefficient (m™). The form

drag coefficient, C, is sometimes replaced by CF/\/K where Cr is often referred to as the

Forchheimer coefficient.

Two fluids were used in the permeability measurements: air and water. For water flow, the
pressure drop across the LCS porous copper samples was determined directly by AP =
P;,, — P,y For air flow, however, gas compressibility has to be taken into account (Dukhan

2013) and the pressure drop was modified such that:

2 _p2
AP = Zin—out (3.8)

2Pgtm

where Pgm (10 kPa) is the atmospheric pressure, Pj, is the fluid’s inlet pressure and P, is

the fluid’s outlet pressure.

The pressure drop across the LCS porous copper sample was measured at room
temperature at different fluid flow rates and was normalised against the respective length
of the samples. All the data used are the averages of the values of three experimental

measurements.
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The pressure drop in the porous copper sample was measured using a purpose-built
apparatus as shown schematically in Fig. 3.5. This apparatus consists of 1) a filter, 2) a flow
meter (Omega FL50001A, +5% full scale accuracy) at a flow rate range of 0.5 SCFM to 5
SCFM for air and 0.2 L/min to 2 L/min for water, 3) a pressure transducer (Omega PXL 219-
004GlI, +0.25% accuracy, 0-4bar pressure range) to measure the inlet pressure, P;,, 4) the
PTFE sample chamber where the LCS porous sample is placed, and finally 7) another
pressure transducer (Omega PXM219-001G, +0.25%, 0-1bar pressure range) to measure the
fluid’s outlet pressure, P,y Inside the PTFE sample chamber is a flow channel which is 20
mm wide and 5 mm high. All the test samples were 20 mm wide and 5 mm high, fitting

tightly and securely in the channel.

Fluld Out

Figure 3.5: Schematic of the apparatus used to measure the pressure drop across the porous
copper samples.

The permeability of the test samples was measured at different air and water flow rates at
room temperature (approx. 20°C) under atmospheric conditions. The test sample was
placed in the sample chamber and the chamber was tightly sealed with a PTFE lid using
hexagonal bolts. The flow rate was increased gradually. The input and output pressures
were recorded for each flow rate. A graph of the length-normalised pressure drop against

the fluid’s Darcian velocity was plotted to determine the relationship. When the trend line
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was linear, Darcy’s law (Eq. 3.6) was used to determine the permeability. When the trend

line follows a quadratic function, Forchheimer’s equation (Eq. 3.7) was used.

For structures with vertical bilayers, the orientation of the samples is an important factor in
the permeability measurements. The effect of the orientation of the vertical bilayer samples
on the fluid flow was analysed by flipping the sample such that either the high porosity layer
or the low porosity layer was by the fluid inlet. The layer order was represented by (nominal
porosity of first layer)-(nominal porosity of second layer). Pressure drop measurements

were conducted in both cases, depending on which layer was by the fluid inlet.

3.4 Heat Transfer Coefficient

The purpose-built apparatus used for permeability tests was also used to measure the heat
transfer coefficient of the as-fabricated LCS porous copper samples, using water as the
coolant, as displayed in Fig. 3.6. Seven 100W heat cartridges were imbedded in the oxygen-
free copper heat block to supply the heat flow. The heat cartridges were controlled by a
variac (voltage range of 10 V - 240 V) so that a variable input voltage and heating power was
generate. Attached to the heat block is another oxygen-free copper block with the same
cross section as the porous copper sample (30 mm x 20 mm), and was pressed tightly
against the porous copper sample to achieve good thermal contact. The temperatures at
the top (T;) and bottom (T,) spots of the lower copper block were measured after a steady
state condition was reached using T-type thermocouples (£0.1% accuracy). The heat flux (J)
through the lower copper block is equivalent to the heat flux to the sample, and was

calculated by:
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Tt—Tp
d

J = key (3.8)

where d is the distance between the spots for measuring T; and T, (30 mm) and k¢, is the
thermal conductivity of the oxygen free copper block (390 W/(m.K)). The input voltage was

varied using a variac between 60 V to 150 V to produce different heat fluxes.
Heat cartridges

/S
| 111
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3 30mm with test sample
Ty
Fluid i o Flow > L > Fud out
uiain meter I~ | oS b 5 M o — vid ou
G_f_"f 30mm TTTTTTS
}Tlermocouples Porous Cu
25mm ! Sample
<< J< 50mm
Pressure transducers

< 280 mm >

Figure 3.6: Schematic of the apparatus used to measure the permeability and heat transfer
coefficient of the LCS samples.

During the experiment, the water coolant flowed through 1) a filter, 2) a flow meter (Omega
FL50001A, 5% accuracy) at a flow rate range of 0.28 L/min to 1.12 L/min, 3) a thermometer
(PT 100, £0.1°C accuracy) to measure the inlet fluid temperature (T;,) and 5) the porous
copper in the sealed chamber. All samples were 30 mm long, 20 mm wide and 5 mm high,

which tightly fit into the channel.

The overall heat transfer coefficient (h) of the cooling system, which is made of the porous

copper sample and water coolant, was determined by:

J kcy Te=T
h = — Xcu 't7'b (3.9)
Tp—Tin d Tp=Tin

62



Temperature measurements were made at different power inputs (60 V, 80 V, 100 V, 120 V
and 140 V) and five different water flow rates (0.28 L/min, 0.45 L/min, 0.68 L/min, 0.91
L/min and 1.12 L/min). A valve was used to adjust the flow rate to the desired level. It took
approximately 1 hour when the input power was changed to reach steady state condition
(i.e. when all the parameters no longer change), and about 20 minutes when the flow rate
was altered. The temperatures were collected by a data logger and recorded by the
computer. A graph of the heat flux (J) against T,-T;, was plotted to determine the heat

transfer coefficient of the test sample using Eq. (3.9).

For structures with horizontal bilayers, the orientation of the samples was an important
factor in the overall heat transfer performance. The layer in direct contact with the heat
source was called the “upper layer” and the other layer as the “lower layer”. The layer order
is represented by the (nominal porosity of upper layer)/(nominal porosity of lower layer).
The heat transfer performance of the horizontal bilayer samples was conducted in both
cases, depending on which layer is in direct contact with the heater. The effect of the
orientation of the horizontal bilayer samples on the heat transfer performance was analysed
by flipping the sample such that either the high porosity layer or the low porosity layer is in

direct contact with the heat block.

Similarly, for structures with vertical bilayers, the orientation of the samples was also a
significant factor in the overall heat transfer performance. For vertical bilayers, the layer by
the water input was named the “first layer” and the other layer as the “second layer”. The
layer order is represented by the (nominal porosity of first layer)-(nominal porosity of

second layer). The effect of the orientation of the vertical bilayer samples on the heat
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transfer performance was analysed by flipping the sample such that either the high porosity

layer or the low porosity layer is by the water inlet.

3.5 Error and Uncertainty
The error and uncertainty in the measurement are characterised by standard deviation

based on the mean values and experimental uncertainty.

3.5.1 Mean Value and Standard Deviation
A finite set of values was obtained by repeating measurement under the same conditions
for any physical parameters measured in this thesis. The mean value (X) for n measurements

was:

X= -y x (3.10)

and the standard deviation was calculated by:

AX_x _ Jzicxi—x;/(n—n % 100% (3.11)

The length, width, height, thickness and weight of the LCS porous copper samples were
measured at least three times and the standard deviation was less than 0.25%. The
permeability and heat transfer coefficients were measured under the same conditions and

the standard deviations were 3.5% and 4.0%, respectively.

3.5.3 Experimental Uncertainty

The uncertainty can be expressed by:

a9 _ Ax1y2 AXv2 4. AXNy 2
2 \/(a x1) + (b Xz) +-+(n XN) (3.12)
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When several independent variables ( x; ) are used in a function @, i.e.
0 =xfxk .. xR (3.13)

In this thesis, systematic errors of the facilities and the standard errors of measured length,
width, thickness and weight were considered for uncertainties, which are summarised in

Table 3.2.

Table 3.2: Uncertainty of physical parameters in this thesis.

Parameter Uncertainty (%)
Porosity <0.25

Darcian velocity <5.1

Heat flux <3.0

Heat transfer coefficient <3.1

3.6 Summary

In total, 53 copper samples with different structures were produced for this study using the Lost
Carbonate Sintering process. The LCS process was modified for the manufacture of non-
homogeneous structures, as discussed in the previous sections. Optical microscopy and SEM were
used to analyse the pore structure. Direct volume method and Archimedes method were used to
measure the sample’s porosity. Furthermore, purpose-built apparatuses were used to measure the

pressure drop, permeability and heat transfer coefficients of the samples.
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Chapter 4 Structural Analysis of LCS Porous Copper

This chapter presents the results obtained from the structural analysis of LCS porous copper

with homogeneous and non-homogeneous structures.

4.1 Homogeneous LCS Porous Copper

4.1.1 Microstructure
The topography, macrostructure and microstructure of the porous copper produced by the
LCS process were analysed using optical microscopes and SEM. The optical and SEM

micrographs of a typical porous copper sample are shown in Figs. 4.1 and 4.2, respectively.

Figure 4.1: Optical micrograph of homogeneous LCS porous Cu samples with different
porosities (50%, 60% and 70% from left to right; pore size: 425-710 um) showing
representative features.
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ig re 4.2: SEM mlk}ographsAoLC porus Cu .s:hov-ving interconnectedlrge pores created
by K>COs particles and the solid Cu matrix formed by sintered Cu particles (Porosity: 50%; Cu
particle size range: 50-150 um; pore size: 425-710 um).

The large pores within the samples represent the spaces previously occupied by the K,CO3
particles. As shown in Fig. 4.1, the pores are uniformly distributed in the samples. The
samples are rectangular in shape, with similar size to the mould used (30 mm x 20 mm x 5
mm). This suggests that the samples held their shape while in the furnace during sintering.
However, the edges of the samples are not as sharp as that of the mould shape. At the
edges, the copper particles in these regions seperated from the rest of the sample due to
insufficient binder in these regions, and so only weak mechanical binding is present in this

area.

Observing these pores more closely using the SEM (Fig. 4.2) shows that some pores are
spherical. The non-spherical pores are due to K,COs particles being adjacent to each other.
From Fig. 4.2, the pore size ranges from 425-710 um, which is the same particle size range
as the K,CO3 powder used. This suggests that the pores held their original shape even until
the pore former K,COs; has decomposed. This contributes to the capability of the LCS

process being able to produce samples of desired pore size and pore shape accurately.
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Figs. 4.2 and 4.3 show the interconnection and bonding of the copper particles. Fig. 4.3
clearly shows necking between copper particles suggesting atomic diffusion of copper
leading to cohesion bonds, which has occurred during sintering. This ensures good
mechanical strength of the LCS porous structure. Additionally, since the pore walls are made

from individual sintered copper powder particles, there is a high surface area of the matrix.

Figure 4.3: SEM micrograph of an LCS copper showing necking of Cu particles (Porosity: 50%;
Cu particle size range: 50-150 um; pore size: 425-710 um).

Moreover, smaller cavities between the copper particles can also be seen from Figs. 4.2 and
4.3. These cavities act as small channels between pores, allowing the pores to be
inteconnected. Fluid can flow through these small cavities hence increasing the fluid
permeability of the LCS porous samples. In addition to the cavities, a bigger channel/hole,
formed due to K,CO; particles being adjacent to each other, interconnects the pores. Fluid
passes through these bigger channels more readily, which can increase heat transfer by
convection. As a result, the higher the porosity, the more connected the pores are since
more flow channels are available. Due to this, it is expected that the higher the porosity, the

more permeable the porous copper sample will be. However, since the copper density
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decreases with increased porosity, it is expected that thermal conductivity will decrease as

the porosity of the sample is increased.

Finally, all micrographs show no appearance of K,COs3 particles. This suggests that all K,COs

used during sample preparation has completely decomposed during the sintering process.

4.1.2 Measurement of Porosity

The porosity of nineteen homogeneous samples was measured using both the direct volume
method and the Archimedes method as described in Section 3.2.2. The LCS porous copper
samples had nominal dimensions of 30 mm x 20 mm x 5 mm. The samples tested varied in
pore size and porosity. The four pore size ranges studied were 250-425 pm, 425-710 um,
710-1000 pm and 1000-1500 pm. Table 4.1 summarises the results gathered and compares
the values obtained from the two methods against the nominal porosity. Fig. 4.4 displays
the measured porosity values plotted against the nominal porosity values. The nominal
porosity of each sample was calculated during the design and sample preparation stage

(Section 3.1.1).
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Table 4.1: Summary of porosity values obtained using the direct volume and Archimedes
methods in comparison to the nominal porosity for different pore size ranges.

Sample Nominal Pore Size Direct Volume Archimedes
Reference Porosity (%) (um) Method (% Method (%
14.2%) +0.25%)
H1 60 250-425 66.9 59.7
H2 65 250-425 70.6 63.5
H3 70 250-425 72.1 68.6
H4 75 250-425 76.1 74.3
H5 40 425-710 48.5 45.8
H6 50 425-710 57.0 54.2
H7 60 425-710 65.8 59.2
H8 65 425-710 66.7 63.8
H9 70 425-710 73.3 68.7
H10 75 425-710 74.7 73.8
H11l 80 425-710 80.2 77.0
H12 55 710-1000 63.0 58.2
H13 60 710-1000 67.2 63.1
H14 65 710-1000 71.3 68.2
H15 70 710-1000 73.3 73.1
H16 75 710-1000 79.8 79.5
H17 50 1000-1500 58.2 57.6
H18 60 1000-1500 69.9 69.8
H19 70 1000-1500 78.6 78.2
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Figure 4.4: Measured porosity values obtained using the direct volume and Archimedes
methods against the nominal porosity for different pore size ranges: a) 250-425 um, b) 425-
710 um, ¢) 710-1000 um and d) 1000-1500 um.
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The porosity of the samples measured by the Archimedes method is similar to the nominal
porosity for pore size ranges 250-425 um, 425-710 um and 710-1000 um, although the
actual porosity was either slightly higher or slightly lower than the nominal porosity. In the
Cu-K,CO3 powder mixture, there will always be porosity present due to voids between the
particles even after compaction. Since the nominal porosity is calculated with the
assumption that full compaction occurred and that there is no void present in the Cu-K,COs
mixture, it is expected that the actual porosity will be higher than the nominal porosity.
However, it is also possible to obtain a lower actual porosity due to the shrinkage of the
sample during sintering, especially for samples with smaller pore size ranges. As copper
particles neck during sintering, the porosity of the sintered sample will be less than that of
the compacted mixture. Therefore, depending on which of these mechanisms dominates,

either a higher or a lower porosity can result.

For samples with pore size range of 1000-1500 um, however, there is a big difference
between the nominal and actual porosities. The actual porosity is higher than the nominal
porosity for all samples. Since the K,COs3 particles are bigger, more voids are present in the
Cu-K,CO3 mixture even after compaction because the mixture is not as tightly packed as that
with smaller K,CO;3 particles. The difference suggests that the compaction pressure was not
high enough to eliminate the voids and a large amount of voids remained in the sample

after compaction.

In general, the direct volume method obtained higher porosity values than the nominal
porosity and the values obtained by the Archimedes method. Since the LCS porous Cu
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samples are not perfectly rectangular, the dimensions vary from point to point. Inaccuracy
in the volume measurement using the direct volume method is inevitable. The volume
measured is usually higher than the sample’s true volume, making the actual porosity

greater than the nominal porosity.

4.2 Non-Homogeneous LCS Porous Copper

The topography and microstructure of the non-homogenous porous copper structures
produced by the LCS process were analysed using optical microscopes and SEM. For
segmented vertical bilayers and segmented samples, their structures are similar to that of
homogeneous samples (Section 4.1) since they originated from homogeneous structures.
The following section will therefore only show the structures of horizontal bilayers,

integrated vertical bilayers and samples with directional porosity.

4.2.1 Horizontal Bilayers

Fig. 4.5 shows the representative features of a typical horizontal bilayer structure containing
two layers with different porosity. The top layer in the sample shown has a 40% nominal
porosity while the bottom layer has 80% nominal porosity. Fig. 4.5(a) shows the side-view of

the sample while Fig. 4.5(b) and Fig. 4.5(c) show the top and bottom sides of the sample.

Similar to homogeneous samples, horizontal bilayer samples kept their rectangular shape
with the corners slightly rounded. This is because insufficient binder at the corners results in
weak mechanical bonding in these areas. The two layers are clearly visible in Fig. 4.5. A

subtle boundary between the upper and lower layers is visible from the side-view (Fig. 4.5a).
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It is apparent that the two layers have different porosities. This suggests that the two layers

did not mix with each other during sample preparation.

SN SN EE RN RS EE R

Figure 4.5: Optical micrographs of horizontal bilayer LCS porous Cu samples showing
representative features: a) side-view (40/80), b) top-view (40% porosity) and c) bottom-view
(80% porosity).
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4.2.2 Integrated Vertical Bilayers

Fig. 4.6 shows the representative features of the LCS porous copper samples with integrated
vertical bilayer structure. The samples contain two layers with different porosity. Fig. 4.6
shows that there is a clear boundary separating the higher porosity layer from the lower
porosity layer suggesting that the two layers did not mix with each other during sample
preparation. The two layers in each sample are also mechanically bounded to each other
since the two layers were sintered together, as evident in Fig. 4.6. In addition, all the
samples are rectangular in shape with similar size to the mould. However, the edges in the
low porosity layer are sharper than that in the higher porosity layer. It is more likely that

some copper particles fell off in the high porosity layer.

Figure 4.6: Optical micrograph of LCS porous Cu samples with integrated vertical bilayer
structure showing representative features (IVB samples 40-60, 40-70 and 40-80 from left to
right; 425-710 um pore size).
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4.2.3 Sample with Directional Porosity

Figs. 4.7 - 4.9 show the representative features of LCS porous copper samples with
additional directional porosity (open channels). All the samples are rectangular in shape

with the same dimensions as the mould.

Fig. 4.7 shows three samples of different nominal porosities, with four open channels added
along the middle of each sample. For the 50% and 60% porosity samples, the four open
channels are visible at the ends of the samples. However, for the 40% porosity sample, only
two channels remain open. Investigating the cross section of the 40% sample on the other
hand (Fig. 4.8) shows clearly the four open channels. Smearing of copper particles during
the removal of green compacts from the mould could be the reason for the closure of some
of the channels at the ends of the 40% porosity sample. Smearing is also visible in 50% and
60% porosity samples, where the end channels are partially closed (Fig. 4.7). Therefore, the
end of the samples does not show the true representation of the channels within the

sample.

Fig. 4.8 shows the four distinct open channels that were added within the LCS porous
structure. The channels are oval in shape and are approximately 0.9 mm in width and 0.3
mm in height, making up 0.2% of the whole structure. The K,CO;3 pastes in the Cu-K,CO;
mixture were originally circular. As the mixture was compacted, the K,CO3 paste flattened a
little in the direction of the compaction, hence the oval shape of the channels in the

sintered product.
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Fig. 4.9 is an SEM micrograph of one of the pores in the 40% sample. It is visible that the
channel is open. However, it does not run perfectly straight along the sample because the
channels were drawn by hand during sample preparation. The channel walls are also clearly
visible from Fig. 4.9, suggesting that the walls did not collapse during sintering and that the

K,CO3 paste remained intact until decomposition.

Figure 4.7: Optical micrograph showing the LCS porous Cu samples with directional porosity
(40%, 50% and 60% nominal porosity from left to right).

Directional Pores

Figure 4.8: Optical micrograph showing the cross section of an LCS porous Cu sample with
directional porosity (40% nominal porosity).

Figure 4.9: SEM micrograph showing e of the open channels at the cross section of an LCS
porous Cu sample with directional porosity (40% nominal porosity).
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Table 4.2 compares the actual porosities of the structures with directional porosity with
homogeneous structures, obtained by the direct volume method. It is apparent that the
addition of directional pores increased the overall porosity of the sample. The greatest
increase contributed by the directional pores to the actual porosity was about 12% for the
sample with 40% nominal porosity. As the nominal porosity increased, however, the

contribution of the directional pores on the overall porosity decreased.

Table 4.2: Comparison of actual porosities between homogeneous samples and samples
with directional porosity.

Actual Porosity (%)
Nominal Samples with | Homogeneous
Porosity (%) Directional Samples
Porosity
40% 54.4 48.5
50% 63.8 57.0
60% 67.1 65.8
70% 75.3 73.3
80% 82.3 80.2

4.3 Summary

The structural analysis of the LCS samples was carried out using optical microscopes and
SEM. The pore morphology within the samples replicated that of the pore former (K,CO3),
proving the capability of the LCS process in producing samples of desired pore size and pore
shape accurately. Necking between the copper particles was evident, ensuring good
mechanical strength. Smaller cavities between the copper particles were also evident, which
allows the larger pores to be interconnected, increasing the samples permeability to fluid

flow.
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The porosity of the samples was measured using direct volume and Archimedes methods.
The porosity values obtained using the direct volume method was greater than the nominal
porosity and Archimedes porosity. This was due to the inaccuracy in the volume
measurements since the samples were not perfect rectangles. Archimedes porosities were
either greater or less than to the nominal porosity. Lower actual porosities were due to the
shrinkage of the sample during sintering, while greater actual porosities were due to the
high presence of voids in the sintered samples. Depending on which of these mechanisms

dominates, either a higher or a lower porosity can result.

The structures of the layers in the segmented vertical bilayer and segmented samples were
similar to that of the homogeneous samples. For both horizontal bilayer and integrated
vertical bilayer samples, a clear distinction between the high porosity and low porosity
layers were evident, suggesting that the two layers did not mix during sample preparation.
Finally, the directional pores in samples with directional porosity were clearly visible in the

micrographs, suggesting that the K,CO3 paste remained intact until decomposition.
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Chapter 5 Permeability and Form Drag Coefficient of LCS Porous

Copper

This chapter presents the results on pressure drop, permeability and form drag coefficient
for water flow in LCS porous copper with homogeneous and non-homogeneous structures.
The results on pressure drop and permeability of air flow in homogeneous samples are also

presented for comparison with the water results.

5.1 Water Flow in Homogeneous Samples

5.1.1 Length-Normalised Pressure Drop

The length-normalised pressure drops for LCS homogeneous samples at different water flow
rates (up to 2 L/min) are shown in Fig. 5.1. The samples (Table 4.1) were categorised
according to porosity and pore size. The pore size ranges were 250-425 um, 425-710 um,
710-1000 um and 1000-1500 um. For the 250-425 um pore size range, only samples with
porosity up to 74.3% were tested due to the structural integrity becoming poor at higher
porosities. The actual porosity of the samples was measured using Archimedes method and

the actual porosity range studied varied from 57% to 80%.
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Figure 5.1: Length-normalised pressure drop (AP/L) versus Darcian flow velocity (V) for LCS
homogeneous porous copper samples with different porosities (shown on graph) and pore
sizes: a) 250-425 um, b) 425-710 um, c) 710-1000 um and d) 1000-1500 um.

The pressure drops for all the samples increased with increasing Darcian velocity in a
guadratic fashion. This suggests that the flow may be turbulent and the inertial effects are

prominent at high flow velocities. All quadratic curves fitted well with Forchheimer’s

equation (Eq. 3.7), with a determination coefficient R>>99%.
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The maximum water flow rates recorded for samples with nominal porosity of 50-60%
ranged from 1.2 L/min to 1.5 L/min only. This was because the maximum pressure of the
water pump was 3 bars and water flow rates with corresponding inlet water pressure higher
than 3 bars were not permissible. As a consequence, for samples with low porosities, it was

difficult to measure the water pressure drop at high velocities.

Fig. 5.1 shows that for each pore size category, the samples with the lowest porosity gave
the highest pressure drop at any given water flow rate. Comparing all the samples, the
sample with the lowest porosity, H17 (pore size: 1000-1500 um), generated the greatest
water pressure drop. On the other hand, the lowest water pressure drop was recorded for
sample H16 (pore size: 710-1000 um), which has the highest porosity. Overall, the porosity

of the LCS porous copper samples significantly affects the pressure drop.

The pore size of the samples also affects the pressure drop. Comparing the pressure drops
of samples with different pore size ranges but similar porosity (H3, H9, H14 and H18),
samples with smaller pore sizes generated lower pressure drops than samples with larger
pore sizes. Sample H3 with the smallest pore size range of 250-425 um, generated the
lowest pressure drop, while sample H18 with the pore size range of 1000-1500 um gave the

highest pressure drop at any given water flow rate.

Fig. 5.1 clearly shows that higher pressure drops were generated for samples with lower

porosities and larger pore sizes. A lower porosity means a lower fraction of pores exists and
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therefore less channels for fluid flow; or more solid fraction and therefore a greater
resistance to fluid flow. Larger pores in the sample result in lower pore density per unit
volume. As a consequence, there is less connectivity between the pores since the pores are
farther apart. Fewer connected channels for fluid flow in samples with larger pore size result

in higher pressure drops.

Past research on water flow in porous media showed that the quadratic Forchheimer
relationship existed at high water flow velocities due to the inertial effects becoming more
dominant (Khargyoli et al. 2004, Zhang et al. 2005, Despois and Mortensen 2005). Higher
water pressure drops were observed for samples with lower porosities (Zhang et al. 2005,
Despois and Mortensen 2005). In terms of pore size, some researchers observed higher
pressure drops for bigger pore sizes (Despois and Mortensen 2005), while other researchers
observed higher water pressure drops for samples with smaller pore sizes (Bonnet, Topin
and Tadrist 2008, Boomsma and Poulikakos 2001a). This discrepancy could be due to the
differences in the structures of these porous media, which will be discussed further in

Section 5.1.5.

5.1.2 Transition from Darcy Regime to Forchheimer Regime

Forchheimer’s equation (Eq. 3.7) is quadratic, while Darcy’s equation (Eq. 3.6) is a linear
correlation that does not take the inertial effects into consideration. The results displayed in
Fig. 5.1 followed quadratic curves rather than linear lines, and therefore, contain a quadratic

term accounting for inertial effects.
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The inertial effects were investigated further by rearranging Forchheimer’s equation (Eg.

3.7) to give a linear relationship as follows:

AP

Plotting LATZ against Vg, % would be the intercept of the line with the y axis and p{C would be
the gradient of the line. In theory, if the gradient of the line is zero (i.e. psC=0) shown by a
horizontal line, inertial effect is negligible and pressure drop is governed by Darcy’s Law (Eq.
3.6). If the gradient of the line is non-zero, then the inertial effect on the pressure drop is

significant. Hence, by doing this further analysis, it is possible to examine the transition

between linear Darcy regime to non-linear Forchheimer regime.

Fig. 5.2 shows the relationship between % and V4 for samples with different pore size and
d

porosity. It is evident that each line is composed of two segments of straight lines. The
transition from one segment to another occurs at the Darcian velocity, V4 = 0.05-0.06 m/s.
The trend of the first segment (V4 < 0.05 m/s) of the lines varied. A positive gradient for the
first segment can be observed for samples H1-H4, H10, H11, H16 and H19, while a negative
gradient for the first segment can be observed for samples H7-H9, H12-H15 and H17-H18.
The second segments (Vd > 0.05m/s) of all the results are straight lines with a positive
gradient. This suggests that the inertial effects became significant in the water flow in the
LCS porous copper at V4 > 0.05m/s, and that the flow entered the non-linear Forchheimer

regime.
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Figure 5.2: % versus Darcian velocity for samples with different porosities (shown on graph)
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and pore sizes: a) 250-425 um, b) 425-710 um, ¢) 710-1000 um and d) 1000-1500 um.
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Boomsma and Poulikakos (2001a) observed that for open-cell aluminium foams with
different pore sizes, the water pressure drop entered the Forchheimer regime at V4= 0.074-
0.101 m/s. Dukhan et al. (2014) observed that for packed spheres (1-3mm diameter),
Darcy’s regime was confined to even lower water flow velocities (V4 < 0.007-0.01 m/s),
followed by the transition regime, and the Forchheimer regime started at V4 = 0.05-0.2 m/s.
In the present study, the Forchheimer regime in all samples started at approximately V4 =
0.05 m/s, similar to that found by Boomsma and Poulikakos (2001a) and Dukhan et al.
(2014). However, due to the low accuracy of the data points at very low flow velocities,
defining where the Darcy and transition regimes start and end was difficult in the present
study. The first segments in Fig. 5.2 showed either an increasing or a decreasing trend and
no horizontal line can be determined from the points given. This suggests that the flow

shown in the first segment might be within the transition regime.

The linear Darcy’s regime in porous media was reported to end at 0.01 m/s (Dukhan et al.
2014), while the data points shown in Fig. 5.2 starts from V4 = 0.05 m/s. Therefore, it is
possible that the velocity range investigated in the present study was too high such that the
very low velocity range in which Darcy’s regime occurs was not included, and that the first

segments in Fig. 5.2 may indeed be in the transition region.
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5.1.3 Effects of Porosity and Pore Size on Permeability and Form Drag Coefficient

Using the second segment data of the % against V, graphs (Fig. 5.2) where the line has a
d

gradient of p/C and an intercept of % the permeability (K) and the form drag coefficient (C)
were calculated and the results are shown in Table 5.1. The variations of water permeability
with porosity and pore size are displayed in Fig. 5.3. The form drag coefficient of sample H17
is not shown because only three data points were represented (Fig. 5.2) and an accurate

value cannot be obtained.

Table 5.1: Water permeability and form drag coefficient of homogeneous LCS samples

Sample Pore Size Actual Water Permeability Form Drag

Reference (um) Porosity (x10™° m?) Coefficient

(%) (x10° m™)
H1 250-425 59.7 0.835 3.7
H2 250-425 63.5 1.523 2.3
H3 250-425 68.6 2.452 1.4
H4 250-425 74.3 2.698 1.1
H7 425-710 59.2 0.191 14.0
H8 425-710 63.8 0.538 6.5
H9 425-710 68.7 0.873 3.2
H10 425-710 73.8 1.968 1.4
H11 425-710 77.0 3.685 1.4
H12 710-1000 58.2 0.134 13.2
H13 710-1000 63.1 0.265 8.7
H14 710-1000 68.2 0.582 6.3
H15 710-1000 73.1 0.967 2.5
H16 710-1000 79.5 2.336 0.7

H17 1000-1500 57.6 0.096 -

H18 1000-1500 69.8 0.400 5.9
H19 1000-1500 78.2 1.418 2.7
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Figure 5.3: Relationship between water permeability and porosity of homogeneous LCS
porous Cu with different pore sizes.

The porosity of the LCS homogeneous samples had a significant effect on the permeability.
In general, there is an exponential relationship between permeability and porosity. Past
research showed similar exponential relationship between water permeability and porosity
(Nelson 1994, Bethke 1985). Increasing porosity leads to lower fluid resistance since there is
a lower fraction of solid matrix impeding fluid flow. Furthermore, the likelihood of the pores
being connected to each other is higher in samples with higher porosity than found in the
lower porosity samples. Therefore, the water permeability of the samples increases with

increasing porosity, as seen in Fig. 5.3.

The pore size also influences the water permeability of the LCS porous copper samples.
Comparing samples with similar porosity but different pore sizes, a higher permeability was
recorded for samples with smaller pore size. Ranking the samples of similar porosity (e.g.
H3, H9, H14 and H18) according to their permeability, sample H3 with the smallest pore size
gave the highest permeability, followed by H9 then H14, while sample H18 with the largest
pore size gave the lowest permeability.
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Several reports on porous media showed that smaller pore sizes led to higher water
permeability (Zhang et al. 2005, Bonnet and Topin 2008, Despois and Mortensen 2005)
because decreasing the pore size leads to an increase in pore density per unit volume, the
pores become more connected and more channels for fluid flow are created. As a result, the
resistance of the samples with smaller pores to water flow decreases, leading to lower AP,

as observed in Fig. 5.1.

The relationship between the form drag coefficient and the structural parameters of the
homogenous LCS porous copper samples was also investigated. The form drag coefficient is
plotted against porosity and against permeability in Figs. 5.4 and 5.5, respectively. As shown
in Fig. 5.4, the form drag coefficient decreases with increasing porosity and decreasing pore
size. Additionally, the form drag coefficient decreases sharply with permeability, decaying

exponentially (Fig. 5.5).
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Figure 5.4: Relationship between form drag coefficient and porosity of homogeneous LCS
porous Cu with different pore sizes.
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Figure 5.5: Relationship between form drag coefficient and permeability of homogeneous
LCS porous Cu with different pore sizes.

Lower permeability or higher fluid resistance and higher form drag coefficient (or inertial
effects) with decreasing porosity are due to a higher fraction of solid impeding the fluid
flow. Samples with larger pores have more tortuous channels for fluid flow as the pore
density per sample volume decreases. As a consequence, decreasing the porosity and
increasing the pore size of homogeneous LCS samples led to lower permeability (Fig. 5.4)
and higher form drag coefficient (Fig. 5.5). These findings are consistent with those found in

literature (Bonnet and Topin 2008, Zhang et al. 2005, Cornell 1953, Geertsma 1974, Liu et al.

1995).

There exist several relationships between the form drag coefficient and the structural
parameters in the literature (Section 2.4). The results for the LCS samples best fit with a
relationship in the form similar to those of Cornell, Jones and Pascal (Table 2.3). Fig. 5.6

displays the relationship between C and K in comparison to literature (Section 2.4.1). The

90



overall relationship between C and K in all the homogeneous LCS porous copper samples

can be described as:

_ 61x107*
K0.76

(R°=0.82)

U O N 00

log C (m1)
o

o B N W

-11

-10.5

-10 -9.5
log K (m2)

(5.2)

250-425um
425-710um
710-1000um
1000-1500um

Linear (Cornell)

-~ Linear (Jones)

Linear (Pascal, et al.)

Figure 5.6: Relationship between form drag coefficient and permeability in comparison to

literature.

The constants in the K-C relationship for the homogeneous LCS samples differ from those

found in the literature. Li and Engler (2001) identified three sources of diversity in the

empirical correlations, which were:

1) relativity of flow direction to pore channels, i.e. different K-C correlations between

parallel and perpendicular flows,

2) different number of parameters considered when developing the correlations, and

3) different pore geometry.

The latter is more likely to be the reason behind the diversity in the empirical correlations

displayed in Fig. 5.6, since LCS samples have a very different pore structure than those in the

literature. The uniqueness of the structure of LCS porous samples will be discussed further

in Section 5.1.5.

91



5.1.4 Transition Reynolds Number

Table 5.2 lists the Reynolds numbers (Re) corresponding to the transition to Forchheimer

regime calculated using different length scales.

Table 5.2: Transition flow velocity and Reynolds number for water flow in homogeneous LCS

samples.*
Sample Pore Size | Transition
Refer;’nce (1um) flow Re = pVaVK Re = PVeVK Re = PVadp Re = PVrdp
velocity " " " "
(m/s)

H1 250-425 0.059 0.536 0.90 19.91 33.35
H2 250-425 0.060 0.736 1.17 20.25 31.89
H3 250-425 0.064 1.006 1.46 21.60 31.49
H4 250-425 0.068 1.116 1.50 22.95 30.89
H7 425-710 0.062 0.269 0.46 35.19 59.43
H8 425-710 0.064 0.467 0.74 36.32 56.93
H9 425-710 0.073 0.679 0.99 41.43 60.30
H10 425-710 0.069 0.972 1.31 39.16 53.06
H11 425-710 0.074 1.417 1.84 42.00 54.54
H12 710-1000 0.058 0.212 0.36 49,59 85.21
H13 710-1000 0.059 0.304 0.48 50.45 79.94
H14 710-1000 0.059 0.447 0.66 50.45 73.97
H15 710-1000 0.058 0.574 0.78 49,59 67.84
H16 710-1000 0.059 0.908 1.13 50.45 63.45
H17 1000-1500 0.057 0.178 0.31 71.25 123.70
H18 1000-1500 0.064 0.406 0.58 80.00 114.61
H19 1000-1500 0.061 0.720 0.93 76.25 97.51

. . . 14 . .
*where Vyis the real velocity equivalent to Ed and d, is the pore diameter.

There is less variation in the resulting Re values when the Darcian velocity (V) was applied
instead of the real velocity (Vg). For the Re numbers defined by the permeability, the
transition Re increases with porosity and decreases with pore size. Since Re is proportional
to \/?, and K increases with increasing porosity and decreasing pore size, the Re values

follow the same trend.
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Utilising the average pore diameter as the length scale led to a higher variation in the
resulting transition Re numbers. Comparing samples H1-H4 (250-425um pore size) with
samples H17-H19 (1000-1500um pore size), the Re values increased by a factor of four
owing to the large difference in the pore diameters. Since Re is directly proportional to the
pore diameter, increasing the pore diameter will lead to the increase in the equivalent Re

values.

In theory, the critical/transition Re number is expected to have little variations. From Table
5.2, the Re values defined using vK gave a narrower range of Re numbers. Boomsma and
Poulikakos (2001a) concluded in their paper that the best approach to calculate Re was

using the VK as the length scale since this method produced the narrowest range of

transition Re numbers compared to using the average pore diameter.

From Table 5.2, there is a relatively high variation in all the Re numbers displayed. The
variation in the transition flow velocity, however, was very small. Therefore, for LCS porous
samples, the transition point to which the flow changes from laminar to turbulent is best

described using the transition flow velocity instead of critical Re numbers.
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5.1.5 Discussion on Structural Effects

The presence of inter-particle pores in LCS porous samples is one of the reasons behind the
increasing permeability with decreasing pore size. The porous copper manufactured by the
LCS process has a unique ability to produce narrow inter-particle pores (pores created
through bonding of spherical Cu particles) in addition to the large pores created by the
space-holder. Fig. 5.7 shows a typical microstructure of the LCS porous copper showing the
narrow inter-particle pores. These inter-particle pores allow the pores created by the

potassium carbonate (space-holder) to be connected.

Figure 5.7: SEM m/crograbh of LCS porous Cu ( 70/ porOSIty, 250-425um pore size) showing
narrow inter-particle pores created through bonding of Cu spheres, allowing connection of
the large pores created by carbonate spheres.

From the results obtained in this thesis, the permeability increased as the pore size
decreased. This contradicts the results of several studies including those of Bhattacharya,
Calmidi and Mahajan (2002) and Boomsma and Poulikakos (2001a). Boomsma and
Poulikakos (2001a) found that holding the porosity constant and decreasing the pore

diameter led to an increase in flow resistance due to the high specific surface area, hence a
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decrease in permeability and an increase in form drag coefficient. Similarly, Bhattacharya,
Calmidi and Mahajan (2002) reported that permeability decreased as pore diameter
decreased. The difference in these results compared to the results presented in this thesis is
likely due to the presence of the narrow inter-particle pores in LCS porous copper that do
not exist in the other porous media. The metal foams used in the work of Bhattacharya,
Calmidi and Mahajan (2002) and Boomsma and Poulikakos (2001a) only had open pores of
similar diameters. In the LCS foams, the narrow inter-particle pores between the Cu spheres

link the open pores created by the carbonate particles, forming channels.

As the pore diameter decreases while holding the porosity constant, the number of pores
per volume increases. For example, comparing two pore sizes, 1250 um and 338 um, for
each 1250 um pore, there are fifty 338um pores in the same volume. There are more small
pores per volume in LCS samples with small pore sizes, so these pores are closer to each
other compared to those found in samples with larger pores. The inter-particle pores
interlink these small pores to form channels. The likelihood of the small pores being
connected through the inter-particle pores is higher than that of the large pores, so more

connecting channels are formed through which fluid can flow through.

Tortuosity is another factor contributing to the effect of pore size. According to Xiao and
Zhao (2013), for the same porosity of around 62%, a tortuosity of 1.63 was found for the LCS
sample with the 250-425 um pore size, while a higher tortuosity value of 2.42 was found for

the LCS sample with the 1000-1500 um pore size. In other words, a more tortuous flow
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occurs in samples with larger pore diameter. Furthermore, a more tortuous flow often

means a more turbulent flow.

The difference in tortuosity can be illustrated in Fig. 5.8. The fluid flow between the larger
pores and the connecting inter-particle pore is more tortuous than the flow between
smaller pores, due to the large difference between the diameter of the large pores and the
narrow inter-particle pores. In large pores, a ‘bottle-neck’ effect is more pronounced due to
the big difference between its diameter and that of the inter-particle pores, hence limiting
fluid permeability. Fluid flow between small pores is less tortuous because of the shorter

distance of the flow path.

Large Pores_/)f
inter-particle pores

Small Pores T) \ N /)\)

Figure 5.8: Schematic diagram to illustrate fluid flow path between small and large pores.
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5.2 Air Flow in Homogeneous Samples

5.2.1 Length-Normalised Pressure Drop
The length-normalised air pressure drop AL—P for the porous copper samples listed in Table 5.1

is plotted against Darcian velocity in Fig. 5.9. The graphs were plotted separately according
to the four classes of pore size. The air pressure drop for all samples increased with
increasing air flow velocity in a quadratic fashion. This suggests that the inertial effects are
important in the flow at high velocities. All the quadratic curves fitted well with

Forchheimer’s equation (Eqg. 3.7) with a determination coefficient R>>99%.

The air pressure drop results showed a similar trend to that observed when water was used
as fluid (Section 5.1.1). The samples with the highest porosity gave the lowest air pressure
drop for each pore size category. Likewise, samples with smaller pore size generated lower

air pressure drops.

The effect of the pore size on pressure drop is greatest for samples with lower porosity. For
example, comparing samples H1 and H7 with similar porosities, the pressure drop generated
in sample H7 (425-710 um pore size) is four times higher than that in H1 (250-425 um pore
size). If the pore size was further increased to 710-1000 um (sample H12), there is a slight
increase in pressure drop. Further increasing the pore size to 1000-1500 um, a slight

increase in pressure drop was observed also.
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The trend of increasing pressure drop with decreasing pore size could be explained by the
increase in pore density in samples with smaller pore size. As discussed in Section 5.1,
increase in pore density means that the pores are more connected so resistance to air flow
decreases, leading to lower pressure drop. However, this same trend is not seen for samples
with very high porosities. For example, samples H4, H11, H12 and H19 have very similar
pressure drops. This could be explained by the fact that for samples with very high porosity,
there is already greater pore connectivity. Therefore, the increase in pore density offered by
having smaller pore size has little contribution to the overall pore connectivity of the high
porosity sample. Unlike in low porosity samples where there are only a small number of
pores present (created by K,COs), changing pore size in high porosity samples has a less
significant influence on increasing the overall pore connectivity, and hence the air pressure

drops in the samples.
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Figure 5.9: Length-normalised pressure drop (AP/L) versus Darcian air flow velocity for
homogeneous samples with different porosities (shown on graph) and pore sizes: a) 250-
425um, b) 425-710um, c) 710-1000um and d) 1000-1500um.

Past research on air flow in porous media also showed a quadratic Forchheimer relationship
occurring at high air flow velocities due to inertial effects becoming dominant (Dukhan and
Ali 2012, Khayargoli et al. 2004, Medraj, et al. 2007). Higher air pressure drops were
observed for samples with lower porosities (Medraj et al. 2007, Dukhan and Patel 2008). In

terms of pore size, higher air pressure drops were observed in samples with bigger pore size
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in some studies (Xiao 2013), and in samples with smaller pore sizes in others (Medraj et al.
2007, Dukhan and Patel 2008, Khayargoli et al. 2004). This difference in the effect of pore
size on the fluid’s pressure drop is due to the difference in the structure/pore geometry of

these porous media, as discussed in detail in Section 5.1.5.

5.2.2 Transition from Darcy Regime to Forchheimer Regime

The inertial effects in the air flow within the homogeneous samples were investigated

. A . . . - .
further by plotting % against Vy4, in order to examine the transition from linear Darcy
d

regime to the non-linear Darcy regime (Forchheimer regime). Fig. 5.10 shows the

. . AP . . L 1 . .
relationship between o and Vq for air flow in samples with different pore size and porosity.
d

Most trend lines are composed of two segments of straight lines. The transition from one
segment to another occurs at the Darcian velocity in the range of 2.5 - 3 m/s. The gradient
of the trend lines of the first segments (at V4< 2.5 - 3 m/s) of these results varies, with an
increasing gradient observed for samples H2, H8-H10, H12-H16, and a deceasing gradient

for samples H1, H3-H4, H7 and H11.
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The second segment (V4 > 2.5 - 3 m/s) for all results showed an increasing linear

. . AP . . . . . .
relationship between o and V4. This suggests that inertial effects are important in the air
d

flow within the porous copper at Vg4 > 2.5 m/s, and that the flow is in the non-linear

Forchheimer regime.

Dukhan and Ali (2012) observed that for open-celled aluminium foams, the air pressure
drop was in the Forchheimer regime for air flow velocity of 2 m/s or higher. Oun and
Kennedy (2015) reported that Forchheimer regime occurred at air flow velocity in the range
of 4 - 12 m/s for porous nickel. In the present study, the Forchheimer regime in all samples
started at approximately V4 = 2.5-3 m/s, which is similar to those found in the previous

studies.

The low accuracy of the data points at very low flow velocity makes it difficult to determine
the Darcy regime and transitional region in the present study. From Fig. 5.10, no horizontal
line was clearly observed; all the first segments showed only two data points which were
either increasing or decreasing. This suggests that the flow shown in the first segment may
be within the transition region from Darcy to Forchheimer regimes. Table 5.3 displays the

transition air flow velocities for the homogeneous samples.
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Table 5.3: Transition flow velocity for air flow in homogeneous LCS samples.

Sample Reference Pore Size (um) Actual Porosity (%) | Translational air flow
velocity (m/s)
H1 250-425 59.7 2.58
H2 250-425 63.5 2.55
H3 250-425 68.6 2.74
H4 250-425 74.3 2.64
H7 425-710 59.2 2.99
H8 425-710 63.8 2.83
H9 425-710 68.7 3.06
H10 425-710 73.8 2.88
H11 425-710 77.0 2.84
H12 710-1000 58.2 3.02
H13 710-1000 63.1 2.81
H14 710-1000 68.2 2.66
H15 710-1000 73.1 2.69
H16 710-1000 79.5 2.68
H17 1000-1500 57.6 3.07
H18 1000-1500 69.8 2.93
H19 1000-1500 78.2 2.59

5.2.3 Effects of Porosity and Pore Size on Air Permeability and Form Drag

Coefficient

Using the second segment data of the % against Vg4 graphs (Fig. 5.10), the permeability and
d

the form drag coefficient were calculated, and the results are shown in Table 5.4 and Fig.

5.11.
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Table 5.4: Air permeability and form drag coefficient of homogeneous LCS samples.

Sample Pore Size Nominal Actual Air Permeability Form Drag

Reference (um) Porosity (%) | Porosity (%) (x10° m?) Coefficient

(x10°m™)
H1 60 59.7 0.892931 18
H2 250-425 65 63.5 1.395134 12
H3 70 68.6 2.350687 9
H4 75 74.3 2.569904 7
H7 60 59.2 0.258509 32
H8 65 63.8 0.576206 22
H9 425-710 70 68.7 0.683532 13
H10 75 73.8 1.298976 10
H11 80 77.0 2.889992 6
H12 55 58.2 0.202161 40
H13 60 63.1 0.331318 20
H14 710-1000 65 68.2 0.530596 19
H15 70 73.1 1.043167 14
H16 75 79.5 2.372051 7
H17 50 57.6 0.202991 52
H18 1000-1500 60 69.8 0.387543 16
H19 70 78.2 1.290811 11

The porosity of the LCS porous copper sample had a significant effect on the air
permeability, with higher porosity resulting in greater air permeability (Fig. 5.11). Past
research showed a similar exponential trend between air permeability and porosity (Moreira

et al. 2004).
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Figure 5.11: Relationship between air permeability and actual porosity of homogeneous LCS
porous Cu with different pore sizes.

The pore size also influenced the air permeability of the LCS porous copper samples. Higher
air permeability was observed for samples with smaller pore size. For instance, ranking
samples of similar porosity (H3, H9, H14 and H18) according to their air permeability,
sample H18 with the largest pore size gave the lowest permeability, followed by H14, H9,
and H3. The effect of pore size was more obvious for samples in the higher porosity range
(>65%). Xiao (2013) also observed that for homogeneous LCS samples, smaller pore sizes led

to higher permeability coefficients.

Fig. 5.12 shows the form drag coefficient as a function of porosity for different pore size.

Increasing the porosity and decreasing the pore size led to the decrease of the form drag
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coefficient. The effect of pore size on the form drag coefficient is more obvious in lower

porosity samples.
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Figure 5.12: Relationship between form drag coefficient and porosity of homogeneous LCS
porous Cu with different pore sizes.

Fig. 5.13 shows the relationship between the form drag coefficient and air permeability. The
form drag coefficient decreased sharply into a plateau, following an “exponential decay”
trend when the permeability of the sample increased. The effect of pore size is less obvious
in Fig. 5.13, suggesting that the relationship between form drag and permeability was not

dependent on the sample’s pore size.
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Figure 5.13: Relationship between form drag coefficient and air permeability of
homogeneous LCS porous Cu with different pore sizes.

The relationship between form drag coefficient and air permeability in all the homogeneous

LCS porous copper samples can be described as:

5.6x1073 2
C= W (R =0.89) (5.3)

which fits well to the experimental data, as shown in Fig. 5.14.
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Figure 5.14: Relationship between form drag coefficient (C) and air permeability (K).
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5.2.4 Comparison with Water Flow

5.2.4.1 Transition Flow Velocity

For the study of air flow, the flow velocities ranged from 0 to 20 m/s, while for liquid flow,
velocities ranged between 0 and 0.4 m/s. For both cases, the pressure drop showed a
guadratic relationship with Darcian velocity, suggesting that the flow regime is non-Darcy or
Forchheimer where inertial effects are important. For water flow, the Forchheimer regime
began at V4= 0.05 - 0.08 m/s; while for air flow, the Forchheimer regime started at V4= 2.5-
3 m/s. The difference in the transition velocity for air and water is related to the different
physical properties of the two fluids. Gas molecules can slip past the solid walls which
increases the flow velocity, whereas, for water flow, this phenomenon is not experienced

Jones (2013).

For both cases, the linear-Darcy flow was not observed as the velocity ranges studied were
not low enough. The data points at low flow velocities may have represented the transition

region between Darcy and Forchheimer regimes.

5.2.4.2 Permeability

Fig. 5.15 compares the permeability values obtained using either gas or water. The porosity
of the LCS porous copper sample has a significant effect on both the water and air
permeability, with higher porosity resulting in greater permeability. Smaller pore size also
led to higher permeability for both air and water flows. For the same sample, the
permeability values were similar for both air and water suggesting that permeability is

independent of the type of fluid.
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Figure 5.15: Comparison between measured air (A) and water (W) permeability for
homogeneous LCS porous Cu with different porosity and pore size.

For most samples, the water and air permeability values were close to each other, with
differences ranging between 0.11x10™° m? and 0.19x10™° m?. Bigger differences between
the air and water permeability values were observed for samples H10 (73.8%, 425-710 um
pore size) and H11 (77.0%, 425-710 um pore size), with differences of 0.5x10™"° m? and
0.3x10™° m?, respectively. Nonetheless, the air and water permeability trend lines for each

pore size category were very similar.

Klinkenberg (1941) and Carman (1956) observed that for the same sample, different
permeabilities were obtained for gas and water fluids, due to the air compressibility. Air
compressibility effects were also observed by Furbish (1997), Jones (2013), Tanikawa and

Shimamoto (2006), and Zhong et al. (2014). Klinkenberg (1941) explained that when the
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pore sizes are very small (0.01-0.1 um), the slip flow of gas at pore walls enhances the gas
flow. The compressibility effect is only present in air flow and not in water flow. In the
present study, the compressibility effect of air was already considered in the measurement
of pressure drops (Section 3.3). As a consequence, the permeabilities obtained for air and

water flows are very similar.

5.2.4.3 Form Drag Coefficient

Fig. 5.16 compares the form drag coefficients obtained using the two fluids. For both fluids,
the form drag coefficient deceases with increasing porosity and decreasing pore size.
However, the form drag coefficients obtained from water flow was much higher than those
from air flow, with greater differences in lower porosity samples. This suggests that the
sensitivities of K and C to fluid properties are very different (Madani et al. 2007, Bonnet et al

2008).
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Figure 5.16: Comparison between air (A) and water (W) form drag coefficients for
homogeneous LCS porous Cu with different porosity and pore size.
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In the present work, the smallest difference between the form drag coefficients of air and
water flows was 5% for sample H16, whose porosity is 79.5%. This result is similar to that
found by Bonnet et al. (2008) who reported that form drag coefficients in water flow were
approximately 10% higher than those in air for higher sample porosity. The greatest
difference between air and water form drag coefficients was found for sample H7 (with a
low porosity of 59.2%), where C values differ by 300%. The differences reflect the different
effects of the internal pore structure on K and C. In lower porosity samples, a higher wall

density results in higher flow resistance to water flow.

Several mechanisms may affect water and gas flows, with the most prominent factors
depending on the internal structural properties of the porous media, i.e., pore size, pore
shape or permeability. It was suggested that the difference between air and water flow is
dominated by the “Klinkenberg effect” for flow resistance, such that gas slippage occurs at
the walls which increases the flow velocity (Klinkenberg 1941, Furbish 1997, Jones 2013,
Tanikawa and Shimamoto 2006). As a consequence, resistance to bulk air flow is reduced
and inertial effects are lower. In addition, Faulkner and Rutter (2000) suggested that the
adhesion of water molecules on the wall surface reduces the effective pore diameter for
water flow hence higher flow resistance or inertial effects. These evidences explain the

difference in water and air form drag coefficients.
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5.3 Water and Air Flows in Homogeneous Samples with Different Lengths

Darcy and Forchheimer equations describe permeability as a value that is independent of
sample’s length. This section investigates the effect of the sample’s length on the

permeability and form drag coefficient, and studies the validity of Darcy and Forccheimer

laws on LCS porous copper.

5.3.1 Length-Normalised Pressure Drop

A sample of known porosity (65%) and pore size (425-710 pum) was cut into different lengths

and the pressure drops across these samples using air and water were measured. Fig. 5.17

displays the ATP vs Vq4 graphs for air and water flows, while Fig. 5.18 displays the LATP vs Vy4
d

graphs.
15
M 30.90mm
25.58mm
X 19.54mm
¢ 15.13mm »
€ 10 F *X10.76mm £
T T
[ o
2 2
— —
S~ S~
[a N o
< g5 <
0

0
Vg (

2
m/s)

0.3 0.4

15

=
o

(2}

W 30.90mm
25.58mm
X 19.54mm
@ 15.13mm
X 10.76mm
7.17mm

(b)

Vy (m/s)

10

15

Figure 5.17: Length-normalised pressure drop versus flow velocity for homogeneous LCS
porous copper samples (porosity: 65%, pore size 425-710um) with different lengths, using
either (a) water or (b) air.
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Figure 5.18: % versus flow velocity graphs for samples (porosity: 65%, pore size 425-710um)
d
with different lengths: a) water flow and b) air flow.

For all the samples of different lengths, the pressure drop increased with increasing velocity
in a quadratic fashion (Fig. 5.17). All the quadratic curves fitted well with Forchheimer’s
equation (Eq. 3.7), with a determination coefficient R®>99%. For water flow, there was no
clear trend between the pressure drop and sample length. The normalised-water pressure
drop curves differ for different sample lengths. For air flow, the samples with 7.17 mm and
10.76 mm lengths showed nearly identical curves, with the data points for each sample lying
very close to each other. Increasing the sample length from 10.76 mm to 30.90 mm,

however, led to the decrease in pressure drops.

From Fig. 5.18, it was apparent that the trend lines were composed of two segments of
straight lines. The transition flow velocity and permeability coefficients are displayed in
Table 5.5. The gradient of the trend lines of the first segments of these results varies, with
an increasing gradient observed for some samples and a deceasing gradient for others. The

low accuracy of the data points at very low flow velocity (first segment) makes it difficult to
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determine the pressure drop trend in the present study. No horizontal line was clearly
observed, suggesting that the flow in the first segment may be within the transition region

from Darcy to Forchheimer regimes.

Table 5.5: Transition flow velocity and permeability of homogeneous samples with different

lengths.
Sample | Length Transition Water permeability | Transition air Air permeability
Reference | (mm) water flow (x10™° m?) flow velocity (x10™° m?)
velocity (m/s) (m/s)
H20 7.17 0.068 0.418 2.80 0.443
H21 10.76 0.070 0.578 2.90 0.409
H22 15.13 0.070 0.483 2.95 0.415
H23 19.54 0.069 0.583 2.92 0.505
H24 25.58 0.068 0.582 2.95 0.545
H25 30.90 0.064 0.482 2.92 0.596

5.3.2 Effects of Sample Length on Pressure Drop, Permeability and Form Drag
Coefficient

Fig. 5.19 plots the length-normalised pressure-drop against the sample length for different
water and air flow velocities. For both flow velocities below the transition velocity, the
length-normalised pressure drop is independent of the sample length. Typically, the
thickness-independent behaviour is only observed in the laminar flow region, i.e. below the
transition velocity (Oun and Kennedy 2015). On the other hand, increasing the flow velocity

above the transitional region shows a different trend for both fluids.

For both fluid flows, the relationship between the length-normalised pressure-drops and the
sample length becomes more complex at higher flow velocities. Lower pressure drops were
observed for thicker samples (19.54 - 30.90 mm) than in thinner sample. Medraj, et al.
(2007) explained that the difference in pressure drops in samples with varying sample

lengths was due to the increasing “open area” to the fluid flow through the metallic foam
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with increasing sample length. This results to lower resistance to fluid flow with sample

length. However, it should be noted that the limited number of data points makes it difficult

to determine precisely the transitions and subtle effects of the flow velocity, if any.

18
16

AP/L (MPa/m)

®0.05m/s
1X0.12 m/s
-0.19 m/s
1 X0.26 m/s

0.32m/s

Gl +y [0 >< 0+

€006 m/s M0.08m/s A0.10m/s
%x0.13m/s +0.15m/s =0.17m/s
©0.21m/s M0.23m/s A0.24m/s
%0.27m/s ©0.29m/s +0.31m/s
0.35m/s 0.37 m/s

GEP><+y [OEDXX O +

AP/L (MPa/m)

Dy [OIP<0+

(a)

GD>< + g 16 I XX0 +

L] ey

1

+
X
[ ]
e
%
0

20 30 40

Sample Length (mm)

18

[ = S ~ S
o N B~ O

o N B O

Gl > X X
By X X

0 10

Hy» X X

©0.88m/s ®1.85m/s
W292m/s A4.09m/s
X540m/s x6.81m/s
8.37m/s 9.97 m/s
=11.68 m/s 13.53 m/s

X
X
X X i
A !A ‘ (b)
20 30 40

Sample Length (mm)

Figure 5.19: Length normalised pressure-drop versus sample length at different Darcian
velocities: a) water flow and b) air flow.

Fig. 5.20 shows that varying the length of the sample had little effect on both air and water

permeability. All the permeability values varied within the range of 0.4x10™° m? - 0.6x10™™°

mZ. Since all the data lie within the uncertainty range (£7%), the permeability values are

roughly similar regardless of the sample length.
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Figure 5.20: Relationship between permeability and length of the LCS porous copper samples

(65% porosity, 425-710 um pore size).

115



Several studies reported that a critical sample thickness/length exists beyond which the
pressure drop becomes independent of the sample length. Oun and Kennedy (2015)
reported a critical thickness of roughly 8mm for samples with 450 um pore diameter.
Similarly, Baril et al. (2008) reported that the critical thickness varies with pore size; the
critical thicknesses were 19mm and 50mm for 400 um and 900 um pore sizes, respectively.
The smallest sample length in the present study is 7mm, which is close to the critical
thickness reported by Oun and Kennedy (2015). The results obtained from the experiments
suggest that Forchheimer’s equation holds true for LCS porous copper samples, and the

permeability is independent of the sample’s length (providing L > 7 mm).

Fig. 5.21 displays the form drag coefficients for homogenous samples of different lengths.
For water flow, there is no clear trend between the form drag coefficient and sample length.
For air flow however, increasing the sample length led to the decrease in form drag
coefficient, suggesting that air form drag is more sensitive to the sample’s length than water

form drag.
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Figure 5.21: Form drag coefficients of LCS homogeneous samples with different lengths.
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5.4 Water Flow in Samples with Horizontal Bilayers

The horizontal bilayer samples are composed of two layers, top (layer 1, lower porosity) and
bottom (layer 2, higher porosity) layers, with each layer having a homogeneous structure.
The water permeability of six horizontal bilayer samples with different porosity
combinations (HB1-HB6) was investigated. All the samples were approximately 30 mm in
length, 20 mm in width and 5 mm in height with pore size range of 425-710 um. Each layer
is approximately 2.5 mm in height. The structural parameters of these samples are

summarised in Table 5.6.

Table 5.6: Structural parameters of LCS samples with horizontal bilayer structure.

Sample Pore Size Layer 1 Layer 2 Overall Nominal
Reference (1um) Nominal Porosity (%) | Nominal Porosity (%) Porosity (%)
HB1 40 70 55
HB2 40 75 57.5
HB3 425-710 40 80 60
HB4 50 70 60
HB5 50 75 62.5
HB6 50 80 65

5.4.1 Length-Normalised Pressure Drop

The length-normalised pressure drop % was plotted against Darcian velocity for the LCS

porous copper samples with horizontal bilayer structure for water flow, as shown in Fig.
5.22. The pressure drop for all samples increased with increasing velocity in a quadratic

trend, fitting well with the quadratic function in Eq. 3.7 (determination coefficient R>>99%).

117



@ 40/70 (HB1)
m40/75 (HB2)
40/80 (HB3)
8 | x50/70 (HB4)
% 50/75 (HB5)
= 50/80 (HB6)
1S
~ 6 [
(T
o
2
S
g
2 -
O 1 1 1
0 0.1 0.2 0.3 0.4

Vy (m/s)
Figure 5.22: Length-normalised pressure drop versus water flow velocity for horizontal
bilayer LCS porous samples.

In general, a higher pressure drop was observed for samples with the lowest overall
porosity. Samples HB1 (40/70) generated the highest pressure drop while sample HB6
(50/80) generated the lowest pressure drop. In addition, increasing the porosity of the first
layer from 40% to 50%, while keeping the porosity of the second layer constant, (i.e. 40/70
vs 50/70) generated a lower pressure drop. Similarly, increasing the porosity of the second
layer from 70% to 80% while keeping the porosity of the first layer constant, (i.e. 40/70 vs

40/80) led to a lower pressure drop.

5.4.2 Transition from Darcy Regime to Forchheimer Regime

Fig. 5.23 shows the relationship between % and V4 for samples with horizontal bilayer
d

structures. It is apparent that each curve is composed of two segments of straight lines. The

transition from one segment to another occurs at V4= 0.06-0.07 m/s (Table 5.7).
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Table 5.7: Transition flow velocity for water flow in LCS samples with horizontal bilayer

structure.
Sample Layer 1/Layer 2 Transition
Reference Porosity (%) flow velocity

(m/s)
HB1 40/70 0.064
HB2 40/75 0.074
HB3 40/80 0.072
HB4 50/70 0.064
HB5 50/75 0.068
HB6 50/80 0.074

For the horizontal bilayer samples, the transition flow velocities (V4 = 0.06-0.07 m/s) are
similar to those found in homogeneous samples with 425-710um pore size. This suggests
that, similar to homogeneous samples, the inertial effect becomes important at high flow
velocity and the flow begins to enter the Forchheimer regime at V4 = 0.06-0.07 m/s for
horizontal bilayer structures. The flow in this regime is said to be turbulent (Boomsma and

Poulikakos 2001a, Despois and Mortensen 2005).
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5.4.3 Permeability and Form Drag Coefficient

From the % against Vg4 graphs (Fig. 5.23), the permeability (K) and form drag coefficient (C)
d

were calculated and the results are shown in Table 5.8. Figs. 5.24 and 5.25 display the
variations in water permeability and form drag coefficient with the overall nominal porosity

of the horizontal bilayer samples.

Table 5.8: Water permeability and form drag coefficient of LCS horizontal bilayer samples.

Sample Layer 1/Layer 2 Average Water Form Drag
Reference Porosity (%) overall Permeability | Coefficient
porosity (%) | (x10°m?) | (x10°m™)
HB1 40/70 55 0.420 129
HB2 40/75 57.5 0.679 37
HB3 40/80 60 0.988 29
HB4 50/70 60 0.501 74
HB5 50/75 62.5 0.973 38
HB6 50/80 65 1.106 29
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Figure 5.24: Variations in water permeability with the overall nominal porosity of the
horizontal bilayer samples in comparison to homogeneous samples.
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Figure 5.25: Variations in form drag coefficient with the overall nominal porosity of the
horizontal bilayer samples in comparison to homogeneous samples.

The overall porosity of the sample strongly affects the permeability and form drag
coefficient of the whole horizontal bilayer structure. Samples with lower overall porosity
have lower permeability and higher form drag coefficient, while samples with higher overall
porosity have greater permeability and lower form drag coefficient. Sample HB1 (40/70) had
the lowest permeability and greatest form drag coefficient, while sample HB6 (50/80) had

the highest permeability and lowest form drag coefficient.

Increasing the porosity of either of the layers led to an increase in the overall porosity of the
sample and hence increased permeability and decreased form drag coefficient. Increasing
the porosity of the first layer from 40% to 50% while keeping the porosity of the second
layer constant (e.g. 40/70 vs 50/70), led to only a slight increase in the permeability and a
slight decrease in form drag coefficient. However, increasing the second layer porosity from
70% to 80% while keeping the porosity of the first layer constant (e.g. 40/70 vs 40/80),

resulted in a higher permeability and lower form drag coefficient. From Figs. 5.23 and 5.24,
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changing the porosity of the second layer (i.e. 40/70 vs 40/80 and 50/70 vs 50/80) had a
greater effect in permeability and form drag coefficient compared to increasing the first

layer’s porosity (i.e. 40/70 vs 50/70).

Comparing samples HB3 (40/80) and HB4 (50/70) with similar overall nominal porosity of
60%, HB3 showed a higher permeability and lower form drag coefficient. Although HB4 has
a more porous first layer (50%) than HB3 (40%), HB3 has a more porous second layer (80%)
than HB4 (70%). It appears that the high-porosity second layer has a greater effect on the

water permeability and form drag coefficient of the horizontal bilayer samples.

Additionally, the permeability of the horizontal bilayer samples was greater than the
homogeneous samples with similar overall porosity, while the form drag coefficient was
lower than their homogeneous counterparts. The permeabilities of samples HB1 (40/70)
and HB3 (40/80) with overall nominal porosities of 55% and 60%, respectively, were similar
to a 65% homogeneous samples, while sample HB6 (50/80) with nominal porosity of 65%,
had a permeability similar to a 70% porosity homogeneous sample. On the other hand, the
form drag coefficient of sample HB1 is similar to that of a 60% porosity homogeneous
sample, while the form drag coefficients of HB3 and HB6 are similar to a 70% porosity

homogeneous sample.
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5.4.4 Flow Stratification

Ho and Webb (2006) proposed that fluid flow often chooses preferentially the strata with
higher permeability. Xiao (2013) suggested that for horizontal bilayers with large porosity
difference, the equivalent porosity is larger than the sample’s average porosity. This means
that the permeability of a horizontal bilayer structure would be higher than its

homogeneous counterpart, which is the case observed in this present study (Fig. 5.24).

Xiao and Zhao (2013) recently studied the water flow stratification in LCS porous Cu samples
with horizontal bilayer structures. They concluded that the majority of the water flow
passes through the higher porosity layer. Their argument is summarised as follows (Xiao and

Zhao, 2013):

1) That in a horizontal bilayer structure where the layers are parallel to the flow
direction, the flow velocity (v) of each layer is proportional to their
corresponding permeability coefficient (K):

Yh _ Kn

7 = ?l (54)

where subscripts h and [/ are labels for the high and low porosity layers,

respectively.

2) That following the rule of mixture, the overall flow velocity is:

v = fyun + fivy (5.5)

where f is the fraction of the layer’s thickness relative to the overall sample’s

thickness.
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3) That combining Eqgs.( 5.4) and (5.5), the scaling factors for the flow velocity in the
high porosity layer, sy, is:
Vh Kn

Sp=—=—"—— 5.6
h v frKn+f1K; (5.6)

4) Finally, that the partition factor, py, in the high porosity layer that describes the

fluid flow rates in the horizontal bilayer is:

Qn _ frvn _
0 v fuSn (5.7)

Pn =
where Q, is the flow rate through the high porosity layer and Q is the flow rate in

the whole sample.

For instance, in a horizontal bilayer structure (5mm thick overall) containing 80% layer
(2mm thick) and 60% layer (3mm thick), nearly 88% of the water was calculated to flow
through the higher porosity layer. Even when the 80% layer’s thickness was reduced to Imm
and the 60% layer was increased to 4mm thick, it was calculated that at least 72% of the

water flows through the higher porosity layer.

The flow stratification model proposed by Xiao and Zhao (2013) explains why horizontal
bilayer samples are more permeable than their homogeneous counterparts, as well as why
increasing the porosity of the second layer (higher porosity layer) of the horizontal
structures led to the increase in the permeability (Fig. 5.24). The model also explains why
sample HB3 is more permeable than sample HB4. Sample HB3 has a less porous first layer

(40%) but a more porous second layer (80%) than HB4 (50/70). Since majority of the water
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flow will pass through the high-porosity second layer and that HB3 has a more porous

second layer than HB4, the permeability of HB3 would be higher than HB4.

In addition, from Section 5.1, the form drag coefficient decreases with permeability.
Therefore, higher form drag coefficients are observed in lower porosity samples/layers than
in higher porosity samples/layers. Since most of the flow passes through the higher porosity
layer, the overall form drag coefficient in the whole sample is dictated by the higher
porosity layer. Hence, a lower form drag coefficient associated with higher porosity was
observed in horizontal bilayer samples, as seen in Fig. 5.25. Since the higher porosity layer of
the horizontal bilayer structures has greater porosity than their homogeneous counterparts
(similar overall porosity), the form drag coefficient of the horizontal bilayer is lower than

that of its homogeneous counterpart, as evident in Fig. 5.25.

These results demonstrated that the flow in horizontal bilayers is different from that found
in homogeneous samples. These results will be critical to the overall convective heat

transfer performance of the horizontal bilayer LCS porous samples.
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5.5 Water Flow in Samples with Integrated Vertical Bilayers

The integrated vertical bilayer samples were composed of two layers, left (layer 1) and right
(layer 2), with each layer having a homogeneous structure and different porosity from the
other layer. The porosity of the layers ranged between 40% to 80%. These integrated
vertical bilayer LCS samples were manufactured as one whole sample with two layers, such

that there is a soft boundary between the layers and that the two layers are fully connected.

The effect of having two vertical layers within the sample on the water permeability was
evaluated. The effect of the orientation of the sample was also analysed by flipping the
sample such that either the high porosity layer or the low porosity layer was by the fluid
inlet. All the samples were approximately 30mm in length, 20mm in width and 5mm in
height with a pore size range of 425-710um. Each layer within the sample is approximately
15mm in length. The structural parameters of these samples are summarised in Table 5.9.
For easy comparison, the porosities displayed in this section are nominal porosities. The
samples were labelled depending on the orientation of the layer in the form of (layer by
water inlet)/(layer by water outlet). For example, sample “40/80” designates that the 40%
porosity layer of the sample was next to the water inlet while the 80% porosity layer was

next to the water outlet.

126



Table 5.9: Porosity and orientation of LCS porous samples with integrated vertical bilayer
structures (pore size: 425-710um).

Sample Reference Layer 1 nominal porosity % /
Layer 2 nominal porosity %
IVB1 A 40/50
IVB1 B 50/40
IVB2 A 40/60
IVB2 B 60/40
IVB3 A 40/70
IVB3 B 70/40
IVB4 A 40/80
IVB4 B 80/40
IVB5 A 50/60
IVB5 B 60/50
IVB6 A 50/70
IVB6 B 70/50
IVB7 A 50/80
IVB7 B 80/50
IVB8 A 60/70
IVB8 B 70/60
IVB9 A 60/80
IVB9 B 80/60
IVB10 A 70/80
IVB10 B 80/70

5.5.1 Length-Normalised Pressure Drop

The length-normalised pressure drop % was plotted against Darcian velocity for the LCS

porous copper samples with integrated vertical bilayer structures for water flow as shown in
Fig. 5.26. The pressure drop for all samples increased with increasing velocity in a quadratic
trend and fitted well with the quadratic function in Eqg. (3.7) (determination coefficient

R*>99%).
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Figure 5.26: Length-normalised pressure drop versus water flow velocity for integrated
vertical bilayer structures, grouped according to the porosity of the low porosity layer: (a)
40%, (b) 50%, (c) 60% and (d) 70%.

No general trend can be observed between the sample orientation and pressure drop, with
some samples showing greater pressure drop when the layer with the low porosity was
placed by the water inlet and other samples showing greater pressure drop when placed the
other way around. Overall, however, a higher pressure drop was observed for samples

containing a low porosity layer, e.g. samples with 40% porosity layer have higher pressure

drops than samples whose lowest porosity is 70%.
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5.5.2 Transition from Darcy Regime to Forchheimer Regime

Fig. 5.27 shows the relationship between % and V4 for samples with integrated vertical
d

bilayers. It is apparent that each data trend line is composed of two segments of straight
lines, where the transition from one segment to another occurs at V4 = 0.05-0.07 m/s,
similar to that found in homogeneous samples. The trend lines of the first segments (at V4 <
0.05 m/s) all showed a negative gradient. However, due to the low accuracy of the data
points at very low flow velocity, defining where the Darcy regime ends was difficult. Since
no obvious horizontal line was observed, this suggests that the first segments are not within
the linear Darcy region and are likely within the transition region from Darcy to

Forchheimer’s regimes.
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Figure 5.27: 7y versus water flow velocity graphs for samples with integrated vertical
d

bilayer structures, grouped according to the porosity of the low porosity layer: (a) 40%, (b)
50%, (c) 60% and (d) 70%.

The second segments (V4 > 0.05-0.07 m/s) of all the curves showed an increasing, linear

trend similar to that observed in homogeneous samples. This suggests that inertial effects

became important in the water flow within the porous copper at V4> 0.05-0.07 m/s. The

transition flow velocities are presented in Table 5.10.
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Table 5.10: Transition flow velocity for water flow in LCS samples with integrated vertical
bilayer structure.

Sample Sample Transition
Reference | Porosity (%) | flow velocity
(m/s)
IVB1 A 40/50 0.058
IVB1 B 50/40 0.053
IVB2 A 40/60 0.067
IVB2 B 60/40 0.067
IVB3 A 40/70 0.063
IVB3 B 70/40 0.063
IVB4 A 40/80 0.067
IVB4 B 80/40 0.067
IVB5 A 50/60 0.064
IVB5 B 60/50 0.064
IVB6 A 50/70 0.067
IVB6 B 70/50 0.067
IVB7 A 50/80 0.068
IVB7 B 80/50 0.068
IVB8 A 60/70 0.066
IVB8 B 70/60 0.066
IVBY A 60/80 0.065
IVB9 B 80/60 0.065
IVB10 A 70/80 0.066
IVB10 B 80/70 0.066

5.5.3 Permeability and Form Drag Coefficient

Using the second segment data of the % against V4 graphs (Fig. 5.27), the permeability
d

coefficients and form drag coefficient were calculated and the results are shown in Table
5.11. In the case of samples IVB1 and IVB2, negative C values were obtained and were not

used.
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Table 5.11: Water permeability and form drag coefficient of LCS samples with integrated
vertical bilayer structure.

Sample Layer 1 nominal porosity % / | Water Permeability | Form Drag Coefficient
Reference | Layer 2 nominal porosity % (x10"°m?) (x10° m™)

IVB1 A 40/50 0.126 -
IVB1 B 50/40 0.132 -
IVB2 A 40/60 0.223 312
IVB2 B 60/40 0.127 184
IVB3 A 40/70 0.159 253
IVB3 B 70/40 0.204 276
IVB4 A 40/80 0.137 288
IVB4 B 80/40 0.179 685
IVB5 A 50/60 0.185 515
IVB5 B 60/50 0.211 555
IVB6 A 50/70 0.304 632
IVB6 B 70/50 0.288 556
IVB7 A 50/80 0.227 530
IVB7 B 80/50 0.212 612
IVB8 A 60/70 0.501 261
IVB8 B 70/60 0.515 341
IVB9 A 60/80 0.383 465
IVB9 B 80/60 0.314 640
IVB10 A 70/80 0.938 147
IVB10 B 80/70 1.019 167

Figs. 5.28 and 5.29 display the variations in water permeability and form drag coefficient of
samples with integrated vertical bilayer structures arranged in increasing “lower-porosity”
layer. The effect of the orientation of the sample on the permeability and form drag

coefficient can also be seen in Figs. 5.28 and 5.29.
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Figure 5.28: Variations in water permeability of the integrated vertical bilayer samples. The
numbers in the x-axis indicate nominal porosities of the layers in the sample.
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Figure 5.29: Variations in the form drag coefficient of the integrated vertical bilayer samples.
The numbers in the x-axis indicate nominal porosities of the layers in the sample.

For some samples, having the “lower-porosity” layer by the water outlet gave a higher
permeability (e.g. 70/40 and 80/70). For some samples, however, having the “lower-
porosity” layer by the water inlet gave a higher permeability (e.g. 40/50 and 60/80). It
appears that changing the orientation of the layers within the sample had little effect on the

permeability. Similarly, there is no obvious trend between form drag coefficient and sample

orientation.
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There are three distinct levels of permeability observed in Fig. 5.28. The lowest level consists
of samples whose lowest porosity is 40% or 50%. The second level, on the other hand,
consists of samples whose lowest porosity is 60%. The last level consists of samples whose

lowest porosity is 70%.

It was apparent that the overall porosity of the whole sample no longer dictates the
permeability. For example, sample 50/60 (overall porosity of 55%) has a higher permeability
than sample 40/80 (overall porosity of 60%). Similarly, for samples with similar overall
porosity, the permeability differs. For example, 50/70 was more permeable than 40/80
(both with overall porosity of 60%), and 70/60 was more permeable than 50/80 (both with

overall porosity of 65%).

From the results, the lower the porosity of the “lower-porosity” layer, the lower the
permeability of the whole IVB structure is. In other words, the porosity of the “lower-

porosity” layer limits the permeability of the whole IVB structure.

The porosity layers can be regarded as different flow control valves. The layer with a low
porosity is equivalent to a valve with a higher flow resistance. If two flow control valves
were placed in series, the maximum flow resistance of the two valves is mainly dependent
on the higher flow resistance valve. Using this analogy, the “lower-porosity” layer acts as the
critical flow control valve which limits the overall flow resistance, hence the permeability in

the whole IVB structure.
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From Fig. 5.29, no clear trend between the form drag coefficient and the sample’s porosity
can be seen. For samples with the lower porosity of 40%, 50% and 60%, the form drag
coefficient was relatively high. Meanwhile, for sample 70/80 or 80/70, the permeability
coefficient was very high and the form drag coefficient was relatively low. This is due to the
layers in the 70/80 sample having very high porosities and therefore, less resistance to fluid
flow and less inertial effect in the flow. For the samples with at least one of the layers
having a low porosity, more drag/inertial effect is experienced in this low porosity layer. In
addition, the transition of the fluid flow from or to the low porosity layer leads to greater
turbulence in the flow, since the flow will need to slow down or speed up as it approaches
or leaves the low porosity layer. In general, the form drag coefficient is mainly affected by

the lower porosity layer.

5.5.4 Comparison with Homogeneous Samples

Fig. 5.30 compares the permeability of the samples with integrated vertical bilayers to the
homogeneous samples. For all samples, the permeability of the samples with the integrated
vertical bilayer was higher than that of the homogeneous samples when compared based on
the porosity of the “lower-porosity” layer, regardless of the orientation of the sample. For
example, sample 50/60 was more permeable than the homogeneous 50% porosity sample
(50/50). This is due to the second layer having a higher porosity and therefore less fluid flow

resistance.
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Figure 5.30: Variations in the water permeability of the integrated vertical bilayer samples and
homogeneous samples. The numbers in the x-axis indicate the nominal porosities in the sample.

Fig. 5.31 compares the form drag coefficient of the samples with integrated vertical bilayers to
the homogeneous samples. No general trend can be observed comparing the IVB structures and
homogeneous samples with the same overall porosity. However, in general, the form drag
coefficients of the samples with integrated vertical bilayers were higher than those of the
homogeneous samples when compared based on the porosity of the “lower-porosity” layer or
the overall sample porosity, regardless of the sample orientation. For example, sample 60/80

has a higher form drag coefficient than the homogeneous 60% and 70% porosity samples.
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Figure 5.31: Variations in the form drag coefficients of the integrated vertical bilayer samples
and homogeneous samples. The numbers in the x-axis indicates nominal porosities in the
sample.
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5.6 Water Flow in Samples with Segmented Vertical Bilayers

The samples labelled as “segmented vertical bilayers (SVB)” were made by cutting
homogeneous samples in halves (15mm in length) and pairing them with each other to
produce vertical bilayer samples 30mm in total length. This ensures that the individual
layers used in the experiments were the same all the time, allowing accurate comparative

analysis.

The effects of having segmented vertical bilayers on the pressure drop and water
permeability were evaluated. The influence of the orientation of the layers within the
sample was also analysed by flipping the sample such that either the high porosity layer or
the low porosity layer was by the fluid inlet. The label of the samples indicates which layer is
by the fluid inlet, e.g. “40-80” indicates that the 40% layer was by the water inlet and 80%
by the water outlet. All the samples were 30mm in length (each layer was 15mm in length),
20mm in width and 5mm in height, with pore size range of 425-710um. Table 5.12

summarises the porosities of the segmented vertical bilayers of the samples tested.
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Table 5.12: Porosities of LCS porous samples with segmented vertical bilayer structures
(pore size: 425-710um).

Sample Reference Sample
Porosity (%)
SVB1 A 40-50
SVB1 B 50-40
SVB2 A 40-60
SVB2 B 60-40
SVB3 A 40-70
SVB3 B 70-40
SVB4 A 40-80
SVB4 B 80-40
SVB5 A 50-60
SVB5 B 60-50
SVB6 A 50-70
SVB6 B 70-50
SVB7 A 50-80
SVB7 B 80-50
SVB8 A 60-70
SVB8 B 70-60
SVB9 A 60-80
SVB9 B 80-60
SVB10 A 70-80
SVB10 B 80-70

5.6.1 Length-Normalised Pressure Drop

The length-normalised pressure drop % was plotted against Darcian velocity for the LCS
porous copper samples with segmented vertical bilayer structure, as shown in Fig. 5.32. The
samples were categorised according to the lower porosity layer present within the sample.

The pressure drop for all samples increased with increasing velocity in a quadratic trend and

fitted well with the quadratic function in Eq. 3.7 (R%>99%).
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Figure 5.32: Length-normalised pressure drop versus water flow velocity graphs for
segmented vertical bilayer structures.

139



Due to the very high pressure drop in some segmented vertical bilayer samples, only small
ranges of data were gathered in these cases. In general, a higher pressure drop was
observed for samples containing a low porosity layer. For the same Darcian velocity, the
samples whose lower porosity was 40% showed the highest pressure drop, followed by
samples with the lower porosity of 50%, then 60%, while samples whose lower porosity is

70% showed the lowest pressure drop.

5.6.2 Transition from Darcy Regime to Forchheimer Regime

Plotting LATP against Vg, as seen in Fig. 5.33, shows that the data trend line is composed of
d

two segments of straight lines. The transition from one segment to another occurs at V4=
0.05-0.07 m/s, similar to that found in homogeneous samples. The transition flow velocities

are presented in Table 5.13.
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Table 5.13: Transition flow velocity for water flow in LCS samples with segmented vertical
bilayer structure.

Sample Layer 1 nominal porosity % / Transition flow velocity
Reference Layer 2 nominal porosity % (m/s)
SVB1 A 40/50 0.058
SVB1B 50/40 0.058
SVB2 A 40/60 0.058
SVB2 B 60/40 0.058
SVB3 A 40/70 0.063
SVB3 B 70/40 0.063
SVB4 A 40/80 0.067
SVB4 B 80/40 0.067
SVBS5 A 50/60 0.063
SVB5 B 60/50 0.063
SVB6 A 50/70 0.063
SVB6 B 70/50 0.063
SVB7 A 50/80 0.067
SVB7 B 80/50 0.067
SVB8 A 60/70 0.063
SVB8 B 70/60 0.063
SVB9 A 60/80 0.067
SVB9 B 80/60 0.067
SVB10 A 70/80 0.067
SVB10 B 80/70 0.067

5.6.3 Permeability and Form Drag Coefficient

The permeability and form drag coefficients were calculated from the second segment data

of the § against V4 graphs (Fig. 5.33), and were shown in Table 5.14 and displayed in Figs.
d

5.34 and 5.35. In some samples whose lower porosity is 40%, a negative C value was

obtained and these values were ignored.
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Table 5.14: Water permeability and form drag coefficient of LCS samples with segmented
vertical bilayer structure (pore size: 425-710um).

Sample Layer 1 nominal porosity % / | Water Permeability Form Drag
Reference | Layer 2 nominal porosity % (x10"° m?) Coefficient
(x10° m™)
SVB1 A 40/50 0.092 -
SVB1 B 50/40 0.090 -
SVB2 A 40/60 0.132 -
SVB2 B 60/40 0.138 62
SVB3 A 40/70 0.120 -
SVB3 B 70/40 0.092 -
SVB4 A 40/80 0.137 44
SVB4 B 80/40 0.098 -
SVB5 A 50/60 0.153 .
SVBS5 B 60/50 0.180 17
SVB6 A 50/70 0.162 16
SVB6 B 70/50 0.161 30
SVB7 A 50/80 0.238 39
SVB7 B 80/50 0.177 41
SVBS A 60/70 0.302 57
SVBS B 70/60 0.299 86
SVBI A 60/80 0.433 51
SVB9 B 80/60 0.393 59
SVB10 A 70/80 1.370 32
SVB10 B 80/70 1.440 34
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Figure 5.34: Variations in water permeability of the segmented vertical bilayer samples. The
numbers in the x-axis indicate nominal porosities of the layers in the sample.
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Figure 5.35: Variations in form drag coefficient of the segmented vertical bilayer samples.
The numbers in the x-axis indicate nominal porosities of the layers in the sample.
Fig. 5.34 displays the variation in the water permeability of the segmented vertical bilayer
samples, arranged according to the porosity of the “lower-porosity” layer. The effect of the
orientation of the sample on the permeability was also displayed on Fig. 5.34. It is apparent
that changing the orientation of the layers had very little effect on the permeability. The
overall permeability of the sample remains the same regardless of the orientation of the
layers. There is no general trend between the sample’s orientation and the form drag
coefficient (Fig. 5.35). For most samples whose lower porosity is 40%, the form drag
coefficient was a negative value and therefore, was nonsensical. The greatest form drag
coefficient was obtained for sample 70-60 while sample 50-70 generated the lowest form

drag coefficient.

There are four distinct levels of permeability observed in Fig. 5.34. The lowest level of

permeability represents samples whose lower porosity was 40% and the highest level
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represents samples whose lower porosity was 70%. This suggests that the overall
permeability of the samples was limited by the permeability of the lower porosity layer.
Similar to integrated vertical bilayers, the lower-porosity layer restricts the overall
permeability of the samples with segmented vertical bilayers. This is because the lower-
porosity layer acts as the flow control valve that regulates the flow in the system (Section
5.5.3). For sample 70/80 or 80/70, the permeability coefficient was very high. This is due to
the layers in the 70/80 sample having very high porosities and so, there are more channels

for fluid flow.

The overall porosity of the whole sample no longer dictates the permeability. For example,
sample 40/80 (overall porosity of 60%) has a lower permeability than sample 50/60 (overall
porosity of 55%). Likewise, for samples with similar overall porosity, the permeability differs.
For example, 50/80 is less permeable than 70/60 even though they have the same overall

porosity.

Fig. 5.36 compares the permeability of the segmented vertical bilayers to homogeneous
samples. For all samples, the permeability of the segmented vertical bilayers was higher
than the homogeneous samples when compared based on the porosity of the lower-
porosity layer. For example, sample 60/80 is more permeable than the homogeneous 60%

porosity sample (60/60). This is due to the second layer having a higher porosity.
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Figure 5.36: Variations in the water permeability of the integrated vertical bilayer samples in
comparison to homogeneous LCS samples. The numbers in the x-axis indicate nominal
porosities in the sample.

5.6.4 Comparison between Segmented and Integrated Vertical Bilayers

There was a gap (hard boundary) present in the SVB samples due to poor coupling of the
layers, whereas a soft boundary was present in IVB structures since the layers were fully
connected during sintering. Fig. 5.37 displays the permeabilities of the homogeneous
samples, integrated vertical bilayer (IVB) samples and segmented vertical bilayers (SVB)
samples for comparison. In general, for samples whose lower porosity layer is 40%, 50% or
60%, the permeabilities for IVB and SVB were similar. This suggests that the hard boundary
in the SVB structures has very little effect on the overall permeability of the samples with
low porosities. For samples whose lower porosity is 70%, however, the permeability of SVB

samples was approximately 40% higher than that of the IVB samples.
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Figure 5.37: Comparison between the water permeabilities of the integrated vertical bilayer
(IVB), segmented vertical bilayer (SVB) and homogeneous samples. The numbers in the x-axis
indicate nominal porosities in the sample.

For both IVB and SVB structures, the overall permeability of the sample is largely limited by
the lower-porosity layer. Four distinct levels were present In SVB, whereas only three
distinct levels were observed in IVB. For IVB, there was no clear distinction between the
permeability in samples whose lower porosity layer is 40% or 50% (Section 5.5). This
difference may be because the layers in the integrated vertical bilayers are not identical
since these samples were manufactured as one whole sample. The layers in the segmented
vertical bilayers are identical; therefore, there is less deviation in the results, hence a clearer

distinction in the permeability values observed.

The orientation of the samples has little effect on the overall permeability for both the IVB

and SVB samples. This is in agreement with Medraj et al. (2007) and Baril et al. (2008).
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5.6.5 Theoretical Prediction of Permeability for LCS Samples with SVB and IVB
Structures

The segmented or integrated vertical bilayer structures are composed of two layers with
different porosities. As a consequence, each layer has a different permeability than the
other. When assembled in series (next to each other) in the sample chamber to form the IVB
or SVB structure, the overall permeability of the IVB or SVB structure will depend on the

permeability of each layer.

Analogous to electrical circuits, the overall permeability to fluid flow in the vertical bilayer

structures Ky can be expressed as:

1 1.1 1
s 2 T ) (5.8)

where K; and K are the permeabilities of the low porosity and high porosity layers in the

vertical bilayer structure, respectively.

Fig. 5.38 compares the theoretical permeability using Eq. (5.8) with the actual permeability
of the SVB and IVB samples. In general, there is a good agreement between the measured
and calculated permeability values, especially for SVB structures. Lower porosity layers with
lower permeability contribute more to the resistance to fluid flow. A larger difference
between the actual and theoretical permeability for IVB samples can also be observed. Since
the IVB samples were produced as whole structures, the individual layers within the

structure will vary between samples.
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Figure 5.38: Comparison between measured and predicted permeability for LCS samples with
IVB and SVB structures.

5.6.6 Comparison with Other Porous Media

There is very little attention given in the past on the study of the pressure drop or
permeability of porous media with structures similar to that with IVB and SVB structures
produced in this present study. The closest porous structures studied in the past similar to
these vertical bilayer structures were stacked layers of porous metals with different pore
size (Medraj, et al. 2007, Baril, et al. 2008, Oun and Kennedy 2015, Carpenter and da Silva

2014).

Past studies observed an increase in pressure drop of stacked multiple porous discs with
similar pore size and porosity compared to single homogeneous discs of similar lengths. The
reasons for the increase in pressure drop were attributed to (Medraj, et al 2007, Baril, et al.

2008, Oun and Kennedy, 2014, Zaragosa and Goodall 2012):
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1) additional entrance/exit effects due to the gaps in between stacks which disturb
fluid flow;
2) presence of gaps generates additional pressure drop
3) discontinuity in the structure; and
4) misalignment of pores.
These reasons do not apply in the IVB sample since the layers are fully connected such that
no air gaps/hard boundaries are present. As evident in Fig. 5.36, the permeability of IVB

samples was roughly in the same range as their homogeneous counterparts.

Baril et al. (2008) commented that the differences in pressure drop and permeability in
stacked multiple porous discs depend on the differences in the permeability of the materials
tested. In this study, the pressure drop and permeability were apparently dictated by the
“lowest-porosity” layer, although the “higher-porosity” layer also contributed to the overall

permeability of the sample.

Past research also found that having a less permeable layer by the fluid entrance led to the
increase in pressure drop and decrease in permeability, but only at very high flow rates (10
m/s for air flow) (Baril et al. 2008). However, at low flow rates, the pressure drops remain
similar regardless of the orientation of the layers (Baril et al. 2008). Furthermore, Medraj et
al. (2007) observed that alternating the order of stacking did not affect the pressure drop of
the whole foam, which was consistent with the findings in the present study. Medraj et al.
(2007) added that as the fluid comes into contact with the vertical bilayer stacked foam,
pressure is lost due to the sudden change in momentum; however, changing the orientation
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of the layers would have very little effect on the pressure drop, hence, the permeability of
the whole structure. In both the SVB and IVB structures, the change in fluid momentum was
greatly influenced by the lower porosity layer. However, the pressure drop and permeability
of the whole sample were not affected by the orientation of the layers, which is in

agreement with the previous studies.
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5.7 Flow in Samples with Multi-boundary Segmented Structures

From the comparative analysis of the IVB and SVB structures, it was apparent that the
presence of a hard boundary between the layers in SVB had very little effect on the overall
pressure drop and permeability of the samples. Since the overall permeability of both VB
and SVB samples was mainly limited by the porosity of the lower-porosity layer, the effect of
boundaries may have been too small relative to the effect of the lower-porosity layer. In this
section, LCS porous copper samples with segmented structures were produced to analyse
the effects of hard boundaries between layers of same porosity on permeability and form
drag coefficient. This will ensure that the effect of the lower-porosity layer found in SVB and

IVB samples does not overshadow the hard boundary effect.

To investigate the influence of hard boundaries on the permeability and form drag
coefficient, homogeneous LCS samples with 40%, 50% and 60% nominal porosities and 425-
710 um pore size, with known permeability, were cut into two sections (each section 15 mm
in length). The pressure drop, water permeability and form drag coefficient of the
assembled sections were analysed. The two sections were then further cut to give a total of
six sections (each section approximately 5 mm in length). Again, the pressure drop, water
permeability and form drag coefficient of the assembled sections were measured. Table

5.15 summarises the multi-boundary segmented structures tested.
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Table 5.15: Number of sections of the segmented LCS porous copper samples (pore size:

425-710um).
Sample Reference Nominal Porosity (%) | Number of Sections Number of
Boundaries
SS1A 1 0
SS18B 40% 2 1
Ss1C 6 5
SS2 A 1 0
SS2 B 50% 2 1
Ss2 C 6 5
SS3 A 1 0
SS3 B 60% 2 1
SS3C 6 5

5.7.1 Length-normalised Pressure Drop

Fig. 5.39 plots the length-normalised pressure drop ATP against Darcian velocity for the LCS
porous copper samples with segmented structures. The samples were categorised according
to the number of sections present within the sample. In general, the pressure drop for all

samples increases with increasing velocity in a quadratic trend (R*> 98%).
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Figure 5.39: Length-normalised pressure drop versus water flow velocity graphs for
segmented LCS porous samples.
For samples with 40% porosity, having six sections (or 5 cuts) showed the greatest pressure

drop, followed by the whole sample and then the halved sample. For 50% porosity samples,
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the greatest pressure drop was observed for halved samples, and the 6-sectioned sample
and the whole sample showed very similar pressure drops, with the former having just a
slightly higher pressure drop than the latter. For 60% porosity samples, the greatest
pressure drop was observed for 6-sectioned sample, followed by the whole sample then the
halved sample. These results show that the pressure drop is generally greater in samples
with six sections. Having two sections (one gap), however, may generate higher or lower
pressure drops than the whole sample. The differences between the pressure drops of
samples with similar porosity and different number of sections or gaps, however, were very

small.

5.7.2 Transition from Darcy Regime to Forchheimer Regime

. AP . . . . . .
Fig. 5.40 plots o against Darcian velocity and each curve is composed of two straight lines.
d

These two straight lines intersect at a Darcian velocity 0.05-0.07 m/s. The transition flow

velocities are presented in Table 5.16.
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Figure 5.40: % versus V4 graphs for LCS samples with segmented structures.
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Table 5.16: Transition flow velocities for water flow in LCS samples with multi-boundary
segmented structures.

Sample Nominal Number of Transition
Reference Porosity (%) Sections flow velocity

(m/s)
SS1 A 1 0.055
SS18B 40% 2 0.057
SS1C 6 0.057
SS2 A 1 0.058
SS2 B 50% 2 0.055
SS2 C 6 0.061
SS3 A 1 0.062
SS3 B 60% 2 0.063
SS3 C 6 0.063

5.7.3 Permeability and Form Drag Coefficients

The permeability and form drag coefficients are shown in Table 5.17. In the case of samples
whose porosity is 40% or 50% with one or two sections, negative form drag coefficients

were obtained and so these values are ignored.

Table 5.17: Water permeability and form drag coefficient of LCS samples with multi-
boundary segmented structures.

Sample Nominal Number of Water Permeability Form Drag Coefficient
Reference | Porosity (%) Sections (x10™° m?) (x10*° m™)
SS1A 1 0.083 -
SS1B 40% 2 0.105 -
SS1C 6 0.070 -
SS2 A 1 0.147 -
SS2 B 50% 2 0.159 -
SS2 C 6 0.161 39
SS3 A 1 0.192 26
SS3B 60% 2 0.222 99
SS3C 6 0.163 73

Fig. 5.41 displays the variation in the water permeability of the segmented structures,

arranged according to the nominal porosity and number of sections of the samples. For
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segmented structures, the permeability was still mainly dependent on the sample’s
porosity. Samples with nominal porosity of 40% showed the lowest permeability while

samples with nominal porosity of 60% showed highest permeability.
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Figure 5.41: Variations in the water permeability of the segmented LCS porous Cu samples.

For each porosity group, there was no obvious relationship between the number of hard
boundaries present and permeability. The permeability for the samples with a similar
porosity was similar and within the uncertainty range. This suggests that the presence of
hard boundaries in the LCS structures with porosities of 40%-60%, has very little effect on

the permeability.

The introduction of boundaries may result in gaps which lead to additional entrance/exit
effects (Baril et al. 2008). As the water flow approaches the boundaries, it changes direction,
which leads to turbulence in the flow. The presence of boundaries causes the flow direction
to change every time the flow leaves one layer and enters another, therefore causing more
turbulence. However, the presence of boundaries has little effect on the pressure drop and
therefore, the overall permeability of the sample. This suggests that the effect of boundary
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is negligible, compared with other limiting factors, such as the sample’s porosity or sample’s

structure which is already very complex.

Comparative analysis of the form drag coefficients was quite difficult since most of the
coefficients resulted in negative values. This may suggest that Darcy’s (linear) law may be
more applicable to these samples than the Forchheimer (quadratic) law. Furthermore, there
are only limited data points representing the pressure drops of these samples, making it

difficult to determine the pressure drop trends and evaluate the form drag coefficient.

5.7.4 Comparison with Other Porous Media

The results showed that the number of cuts does not affect the overall permeability of the
sample, which is similar to observations for SVB layers (Section 5.6). Carpenter and da Silva
(2014) also observed that for aluminium foams, the number of hard boundaries did not
have a significant effect on the pressure drop, because the presence of hard boundaries
does not significantly disturb the already complex flow. Baril et al. (2008) reported that a
slightly higher pressure drop was observed for a segmented sample only at very high flow
velocities, compared to a whole sample of similar thickness. They argued that the presence
of a hard boundary generated an additional pressure drop which resulted from the
additional foam surface in the flow path (additional entrance and exit). However, they
added that the contribution of the additional entrance/exit effect as well as the
misalignment of the layers to the overall pressure drop was insignificant. Oun and Kennedy
(2015) also confirmed that the hard boundaries only had a small contribution to the
pressure drop.
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Similar to past studies, the effects of hard boundaries in LCS porous copper samples (30 mm
x 20 mm x 5 mm dimensions) on the pressure drop and permeability are insignificant for
both the SVB and segmented structures. This is likely because the effects are relatively small

in comparison to the effect of the sample’s porosity or complex structure.
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5.8 Water Flow in Samples with Directional Porosity

Porous copper samples with additional directional porosity (four tubular channels) added
along the centre of the homogeneous samples, were manufactured using the LCS process.
The effects of adding four tubular channels on the overall pressure drop, permeability and
form drag coefficient of the samples with different nominal porosities (40% to 80%) were
examined. Table 5.18 lists the nominal and actual porosities of the samples with directional
porosity (DP) tested. The actual porosities were measured using the direct-volume method

(Section 3.2.2).

Table 5.18: Nominal and actual porosities of LCS porous Cu samples with directional porosity
(pore size: 425-710um).

Sample Reference Nominal Porosity (%) Actual Porosity (%)
DP1 40% 54.4
DP2 50% 63.8
DP3 60% 67.1
DP4 70% 75.3
DP5 80% 82.3

The actual porosities of all the samples with directional porosity were higher than their
nominal porosities due to the additional tubular channels. A 36% increase was seen in the
40% porosity sample. As the porosity increases however, the difference between the actual
and nominal porosities decreased to 2.8% in 80% porosity sample. This is because the
additional porosity effect due to the added open channels was more prominent in lower

porosity samples than in higher porosity samples.

5.8.1 Length-normalised Pressure Drop
The length-normalised pressure drop is plotted against Darcian velocity for each sample as

shown in Fig. 5.42. In general, the pressure drop for all samples increases with increasing
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velocity in a quadratic trend (R*>>99%), similar to that observed in homogeneous samples.
The highest pressure drop was observed in the 40% porosity sample, while the lowest

pressure drop was observed in the 80% porosity sample.
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Figure 5.42: Length-normalised pressure drop versus water flow velocity for LCS porous
sample with additional directional porosity.

The directional porosity within the samples can be treated as circular pipes. The effect of
the directional porosity alone on the pressure drop was examined using Poiseulle’s equation

(White 2009):

Ap = 3ot (Eq. 5.9)

r4

Fig. 5.43 compares the pressure drops between the LCS porous samples with DP and the

pressure drop due to DP alone, calculated using Eq. (5.9).
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Figure 5.43: Length-normalised pressure drop versus water flow velocity for LCS porous
sample with additional directional porosity in comparison to the effect of DP alone on the
pressure drop.

The addition of DP provides a direct pathway for fluid flow, reducing the flow resistance,
and hence decreasing the overall pressure drop of the whole sample. The contribution of DP
on the overall pressure drop is lower in samples with lower porosity. A high volume of solid
copper still exists in lower porosity samples, which impedes fluid flow. Whereas in higher
porosity samples, the addition of DP along with the low volume fraction of solid copper

leads to lower resistance to fluid flow, hence lower overall pressure drop.

5.8.2 Transition from Darcy Regime to Forchheimer Regime

By plotting % and Vy, as seen in Fig. 5.44, it is apparent that the data line is composed of
d

two segments of straight lines with the transition point at a Darcian velocity of 0.06 - 0.08

m/s. The transition flow velocities for these samples are listed in Table 5.19.
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Figure 5.44: % versus water flow velocity graphs for LCS samples with directional porosity.
d

Table 5.19: Transition flow velocity for water flow in LCS samples with directional porosity
(pore size: 425-710um).

Sample Reference Nominal Porosity (%) Translation flow velocity (m/s)
DP1 40 0.068
DP2 50 0.064
DP3 60 0.073
DP4 70 0.077
DP5 80 0.080

No horizontal trend lines were present in the first segments of the data (Fig. 5.44),
suggesting that the first segments were not in the linear-Darcy regime, but may represent
the transition between Darcy’s flow and Forchheimer’s flow. The data points in the second
segments are linear with increasing gradients. This suggests that the inertial effects become

important at high flow velocities (V4> 0.6 - 0.8 m/s).
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5.8.3 Permeability and Form Drag Coefficient

From the second segment data of the % against Vg4 graphs (Fig. 5.43), the permeability and
d

form drag coefficients of the samples with directional porosity were calculated. The results

are shown in Table 5.20, Figs. 5.45 and 5.46.

Table 5.20: Water permeability and form drag coefficients of LCS porous copper samples
with directional porosity (pore size: 425-710um).

Sample Nominal Water Permeability Form Drag Coefficient
Reference porosity (x10™° m?) (x10° m™)
DP1 40% 0.418 41
DP2 50% 0.464 34
DP3 60% 1.021 19
DP4 70% 6.105 5
DP5 80% 8.006 3
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Figure 5.45: Variation in the water permeability with porosity for the LCS porous Cu samples
with directional porosity.
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Figure 5.46: Variation in the form drag coefficient with porosity for the LCS porous Cu
samples with directional porosity.
Figs. 5.45 and 5.46 show that when the porosity of the sample increased from 40% to 80%,
the permeability increased while the form drag coefficient decreased. Samples with low
porosity, e.g. 40%, had higher form drag coefficients than the samples with high porosity,
e.g. 80%. Although the fluid flow is more concentrated in the added tubular channels
parallel to the fluid flow in lower porosity samples, resistance to fluid flow remains high
because there is still a high density of copper present in low porosity sample. As a
consequence, a higher pressure drop and lower permeability in samples with low porosity

was observed.

In higher porosity samples, a large proportion of pores are already present. The addition of
four tubular channels further increased the volume of pores. As a result, permeability was

much higher in samples with higher porosity (Fig. 5.45).
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5.8.4 Comparison with Samples with Homogeneous Structure

LCS porous samples with directional porosity are essentially homogeneous samples with
directional pores added at the centre parallel to fluid flow. Figs. 5.47 and 5.48 compare the
permeabilities and form drag coefficients of homogeneous samples and samples with

directional porosity.
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Figure 5.47: Variations in the water permeability with porosity for the LCS porous Cu samples
with and without directional porosity (pore size 425-710um).
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Figure 5.48: Variations in form drag coefficients with porosity for the LCS porous Cu samples
with and without directional porosity (pore size: 425-710um).
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For samples with directional porosity, the permeability increased with increasing nominal
porosity in a trend similar to homogeneous samples, and higher than that of their
homogeneous counterparts. Similarly, the form drag coefficient of samples with directional
porosity decreased with increasing porosity in a similar trend to the homogenous samples,

and was lower than that of their homogeneous counterparts.

The addition of directional porosity in the form of tubular channels parallel to fluid flow
contributes to the overall porosity of the structure (Section 4.2.3) and provides direct fluid
flow routes along the sample. As observed in horizontal bilayer structures with two layers of
different porosities parallel to the water flow (Section 5.4), the majority of the water flow
passes through the higher porosity layer. Similarly, for samples with directional porosity, the
added channels parallel to water flow acts as a very high porosity layer where the majority
of the water flow can pass through directly. There is very little resistance to fluid flow in
these open channels. Therefore, a lower overall pressure drop and hence a higher
permeability and lower form drag coefficient in the whole sample were observed in Figs.

5.47 and 5.48, when compared to homogeneous samples.

Similar to homogeneous samples, the porosity dictates the pressure drop, permeability and
form drag coefficient of the samples with directional porosity. For DP samples with 40%,
50% and 60% nominal porosity, the tubular channels increased the overall actual porosity
significantly by 36%, 28% and 12% respectively. However, the effect of this increase on the
permeability was less significant. The porosity of the homogeneous part of DP samples still
has a significant effect on the fluid flow because of its high volume fraction.
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The additional channels in the 70% and 80% porosity samples contributed 8% and 3% more,
respectively, to the overall actual porosity. However, this small increase had a significant

effect on the permeability (Fig. 5.47).

5.8.5 Comparison with Micro-channels and Lotus Structures

The structure of the LCS samples with directional porosity is to some extent comparable to
micro-channels or “lotus-type” copper, where fluid can flow directly along the channels. In
lotus metal, the small pores are randomly positioned throughout the structure, with the
pores all aligned in the same direction (Muramatsu et al. 2013). Micro-channels contain
deep rectangular channels with widths of about 50 um and depth of 300 um (Tuckerman
and Pease 1981). The pressure drop of lotus type porous copper was 2.5 times greater than
that in micro-channels (Ogushi, Chiba and Nakajima 2006). In comparison, the pressure drop
of the LCS porous samples with directional porosity investigated in this present study is at

least 90 times greater (80% porosity LCS sample with DP) than the lotus copper sample.

This large difference between the pressure drops in lotus metal foam, micro-channels and
LCS porous copper with directional porosity is due to the difference in their structures. In
lotus copper and micro-channels, all the pores within the structure are aligned in the same
direction and the fluid flow through these channels have very little resistance. In contrast,
only four of the pores form direct channels in LCS samples with directional porosity. The
remaining pores are randomly distributed and are not aligned. As a consequence, there is a
much higher resistance to the flow in the random pores, leading to higher pressure drops
especially at high flow velocities.
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5.9 Summary
For all the porous structures studied in this chapter, the length-normalised pressure drop
increased with increasing velocity in a quadratic trend, fitting well with Eq. (3.7) with a

determination coefficient R>>99%. Re-arranging Eq. (3.7) provided a linear relationship

between % and V4 (Eq. 5.1) and allowed the determination of the transition between the
d

Darcy regime and the Forchheimer regime. For water flow, all the structures showed a
transition at the Darcian velocity in range of 0.5-0.8 m/s. For air flow, the transition

occurred at Darcian velocity in range of 2.5-3 m/s.

Both the water and air permeabilities were independent of the sample’s length when it is
greater than 7 mm. This validates Darcy’s or Forchheimer’s law and shows that permeability

is a structural parameter independent of the sample’s length.

For homogeneous LCS structures, the permeability increased while the form drag coefficient
decreased with increasing porosity and decreasing pore size. This was due to the high
volume of copper walls which impede fluid flow in low porosity LCS samples, and the low

pore density in samples with larger pore sizes.

LCS samples with horizontal bilayers structures had a higher permeability and a lower form
drag coefficient than the homogeneous samples with the same overall porosity. This was
due to the stratification of the flow through the HB structure such that the majority of the
flow passed through the higher porosity layer, which dictated the overall flow in the

structure.
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On the other hand, for samples with vertical bilayers (IVB and SVB), the flow was limited by
the lower porosity layers. In general, the permeability of vertical bilayer structures was
slightly higher than their homogeneous counterparts with the same overall porosity due to
the presence of the higher porosity second layer. However, the form drag coefficient of the
vertical bilayers was greater than that of their homogeneous counterparts because the
presence of the boundary between the two layers disrupted the flow. In the IVB and SVB
structures, the orientation of the layers did not affect the permeability and form drag

coefficient.

For SVB and multi-boundary segmented structures, the presence of a hard boundary
between the layers had negligible effect on the permeability but affected the form drag
coefficient due to increased flow turbulence. The effect of the number of hard boundaries

on the permeability and form drag coefficients was not significant.

The addition of directional porosity in the form of tubular channels in LCS structures
increased the permeability and decreased the form drag coefficient, in comparison to their
homogeneous counterparts. This was because the directional pores provided direct
channels for the fluid flow. The overall porosity still affected the permeability and form drag
coefficient because the high volume of the random pores within the structure still

obstructed the fluid flow.
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Chapter 6 Heat Transfer Coefficient of LCS Porous Copper

This chapter presents and discusses the results obtained from the heat transfer experiments
on LCS porous copper with homogeneous and non-homogeneous structures using water as
the coolant. The water flow rate ranged from 0.28 L/min to 1.12 L/min. The effects of
porosity, pore size and non-homogeneous structure on the heat transfer coefficient were

studied.

6.1 Heat Transfer Coefficient of Homogeneous Samples

6.1.1 Heat Flux

Fig. 6.1 shows the relationship between the heat flux (J), determined using Eq. (3.8), and the
(Tp-Tin) at different water flow rates. There is a very good linear correlation between J and
(To-Tin) (R* = 0.99), following Newton’s law of cooling. This suggests that for each water flow
rate, a constant heat transfer coefficient can be determined from the gradient of the graphs

in Fig. 6.1 using Eq. (3.9).
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Figure 6.1: Heat flux (J) versus (Ty,-Tin) for LCS homogeneous samples (H5-H11) with the same
pore size (425-710um) but different actual porosity: a) 45.8% b) 54.2%, c) 59.2%, d) 63.8%,

e) 68.7%, f) 73.8% and g) 77%.
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6.1.2 Effect of Porosity

Table 6.1 lists the heat transfer coefficients of homogeneous samples with different
porosity, determined using Eq. (3.9). For comparison, the heat transfer coefficient with only

water flow and no sample in the chamber (100% porosity) was measured and included.

Table 6.1: Heat transfer coefficients of homogeneous LCS samples (pore size: 425-710um)
with different porosity for a range of water flow rates.

Sample Nominal Porosity (%) Water Flow Heat Transfer Coefficient
Rate (L/min) (kW/(m”K))
H5 40 1.12 3.4
0.91 3.1
0.68 2.7
0.45 2.2
0.28 1.9
H6 50 1.12 4.6
0.91 4.0
0.68 3.3
0.45 2.7
0.28 2.1
H7 60 1.12 19.5
0.91 16.9
0.68 14.3
0.45 11.2
0.28 8.2
H8 65 1.12 18.5
0.91 16.1
0.68 13.1
0.45 10.0
0.28 7.3
H9 70 1.12 14.7
0.91 13.0
0.68 10.7
0.45 8.5
0.28 6.8
H10 75 1.12 13.9
0.91 12.0
0.68 10.0
0.45 7.7
0.28 5.7
H11 80 1.12 12.3
0.91 10.7
0.68 9.0
0.45 7.0
0.28 5.1
Only water flow 100 1.12 39
(no sample) 0.91 35
0.68 2.7
0.45 2.6
0.28 2.4
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Fig. 6.2 shows that the sample’s porosity has a strong influence on the heat transfer
coefficient. For samples with 40% and 50% porosity, the heat transfer coefficients were very
small for all the water flow rates. Increasing the porosity to 60% led to a sharp rise in the
heat transfer coefficient. Increasing the sample’s porosity further to 80%, however, led to
the gradual decline in the heat transfer coefficient. This suggests that an optimum porosity
offering the maximum heat transfer coefficient for LCS homogeneous samples exists. This is

approximately 60% for the pore size range of 425-710 um.
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Figure 6.2: Variations in heat transfer coefficient with nominal porosity for LCS
homogeneous samples (pore size: 425-710 um).

Heat removal within the LCS porous copper-water cooling system occurs through thermal
conduction and thermal convection. Fig. 6.3 schematically illustrates the temperature
distribution within the water-cooled LCS porous copper. Heat from the heat source is
transported to the LCS copper samples by conduction and is removed subsequently by the
flowing water coolant through convection. Therefore, the overall heat transfer performance

of the LCS porous copper sample is determined by the parameters affecting these
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processes, i.e., the sample’s thermal conductivity and the sample’s permeability to the

coolant.

T2<I1

- == — =» Fluid Flow

T2
v

Heat Flow

Figure 6.3: Heat transfer through the LCS homogeneous copper sample showing the
temperature profile.

For samples with low porosity (e.g. 40% and 50%), there is a high volume of copper present,
resulting in high thermal conductivity. However, high volume of copper also means more
resistance to fluid flow, as found in Section 5.1. Samples with low porosity have very low
internal passage for fluid flow and very low fluid permeability, leading to poor heat removal
by the water coolant through convection. Even though low porosity samples have good
thermal conductivity, the overall heat transfer performance is limited by the poor thermal

convection within the structure.

On the other hand, the high porosity LCS samples (e.g. 80%) have a small volume of copper.
This leads to high internal passage and high permeability for fluid, as established in Section
5.1. Heat removal by thermal convection in high porosity samples is enhanced as a
consequence. However, thermal conductivity within the high porosity samples is

compromised since there is a smaller volume of copper present to conduct heat. As a
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consequence, the overall heat transfer performance is limited by the thermal conductivity

of the porous copper matrix.

An optimum porosity of 60% was identified from Fig. 6.2, at which heat removal by thermal
conduction through the copper matrix and thermal convection from the matrix to the
flowing coolant is balanced. LCS samples with 60% porosity are permeable to fluid flow, with
a relatively low permeability. Their form drag coefficient, however, was very high,
suggesting greater turbulence in the fluid flow, especially at high water flow rates (Section
5.1). This leads to more mixing in the flow and greater access to smaller interstices within
the structure. As a consequence, heat removal by heat convection is enhanced. Additionally,
a relatively high volume of copper is present within the 60% porosity LCS sample. Therefore,

heat removal by thermal conduction is substantial within the copper matrix.

Fig.6.4 illustrates the contribution of thermal conduction (thermal conductivity) and thermal
convection (Nusselt number) to the overall heat transfer in LCS porous copper samples.
Nusselt number (Nu) is the ratio of convection to pure conduction heat transfer, and for

porous metals, it can be expressed as:

Nu = 22r (6.1)
ky

where Dy, is the hydraulic diameter (Incropera et al. 2007, Xiao 2013). A large Nusselt
number indicates that convection is dominating the heat transfer. For LCS porous copper,

the thermal conductivity (A) was calculated using:

1= /15(1 — ¢)1.82$+1.81 (6.2)
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where s, is the particle/pore size ratio(Xiao 2013).
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Figure 6.4 Correlation between Nusselt number, thermal conductivity and sample porosity.

From Fig 6.1, it was apparent that above the optimum porosity, thermal conduction limits
the overall heat transfer. On the other hand, heat transfer by thermal convection was the
limiting factor below the optimum porosity. At the optimum porosity, there is a balance

between conduction and convection, maximising the heat transfer.

Moreover, placing the 40% porosity LCS sample in the sample chamber yielded a heat
transfer coefficient similar to the empty channel (100% porosity) from Fig. 6.2. This is
because the 40% porosity sample has a low fluid permeability so heat removal by thermal
convection is greatly limited. When a 60% porosity sample was placed in the sample
chamber, on the other hand, the heat transfer coefficient was approximately four times

greater than that of an empty channel (100% porosity). This demonstrates that LCS porous
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copper greatly improves the heat transfer performance and is suitable for thermal

management applications.

6.1.3 Effect of Water Flow Rate

The water flow rate greatly affects the heat transfer performance of the LCS homogeneous
samples. The heat transfer coefficient increased with increasing water flow rate for all the
samples (Fig. 6.2), with the greatest variance in heat transfer coefficient observed for
sample H7. This is because heat removal by convection occurs more rapidly at higher water
flow rates. Additionally, at higher water flow rates, the flow is more turbulent (as discussed
in Section 5.1.2). This results in increased mixing in the water flow and greater access to
inter-particle pores within the porous structure. Therefore, a larger copper surface comes
into contact with the coolant, enhancing the heat transfer between the two media. Hence, a

better heat transfer performance was observed at high coolant flow rate.

6.1.4 Effect of Pore Size

The effect of pore size on the heat transfer coefficient of the LCS homogeneous samples was
investigated by studying three samples of similar porosity but different pore sizes (H3, H9
and H18). The heat transfer coefficients for the samples at varying water flow rates are

summarised in Table 6.2 and displayed in Fig. 6.5.

177



Table 6.2: Summary of heat transfer coefficients of homogeneous LCS samples with similar
porosity (approximately 70%) but different pore size.

Sample Reference Pore Size Flow Rate (L/min) Heat Transfer Coefficient
(nm) (kw/(m*.K))
1.12 12.8
0.91 11.5
H3 250-425 0.68 9.8
0.45 8.2
0.28 6.8
1.12 14.7
0.91 13.0
H9 425-710 0.68 10.7
0.45 8.5
0.28 6.8
1.12 19.8
0.91 17.1
H18 1000-1500 0.68 14.4
0.45 11.4
0.28 8.6
25
3 # 250-425um
Né 50 | W425-710um
= 1000-1500um
:qé'.: 15 + ]
S
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g 5 F
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Figure 6.5: Variations in heat transfer coefficient for samples with similar porosities
(approximately 70%) and different pore sizes.

Apparent from Fig. 6.5 is that the heat transfer coefficient increases with increasing pore
size at any given water flow rate. The greatest heat transfer performance for all the water
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flow rates studied was observed for sample H18, which has the largest pore size. On the
other hand, the lowest heat transfer coefficient was observed for sample H3 which has the

smallest pore size.

In samples with smaller pores, there is smaller space for a convection current, which limits
heat transfer by convection. On the other hand, the samples with larger pores have enough
space to accommodate convection currents. In addition, inertial effects are greater in
samples with larger pores, as discussed in Section 5.1. The turbulent flow leads to greater
mixing and greater access to smaller channels within the structure. This enhances heat

removal by convection, and therefore, results in a higher heat transfer performance.
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6.2 Heat Transfer Coefficient of Samples with Horizontal Bilayer Structure

The heat transfer coefficients of LCS porous copper samples with horizontal bilayer
structures (HB1, HB3 and HB4) were measured at different water flow rates. The effect of
changing the orientation of the layers on the heat transfer performance of the whole
structure was also studied. Label “L/H” denotes that the low porosity layer was in contact

with the heat source while “H/L” denotes that the high porosity layer was in contact with

the heat source. The results are summarised in Table 6.3.

Table 6.3: Heat transfer coefficients of LCS samples with horizontal bilayer structures.

Sample Layer 1/ Overall Flow Rate Heat Transfer Coefficient
Reference Layer 2 Porosity (L/min) (kW/m?.K)

Porosity (%) (%) L/H H/L

HB1 40/70 55 1.12 9.3 13.1
0.91 8.6 11.5

0.68 7.6 9.1

0.45 6.5 6.5

0.28 5.4 4.1

HB3 40/80 60 1.12 10.5 15.0
0.91 9.7 13.5

0.68 8.4 11.4

0.45 7.1 9.0

0.28 5.8 6.7

HB4 50/70 60 1.12 8.9 11.5
0.91 8.0 9.8

0.68 6.9 7.7

0.45 5.5 54

0.28 4.0 3.6
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6.2.1 Effect of Layer Porosity

Fig. 6.6 compares the heat transfer coefficients of horizontal bilayer LCS samples with
different porosity combinations. For samples with L/H orientation, increasing the porosity of
the bottom layer (away from the heat source) while keeping the porosity of the top layer
(next to the heat source) constant, e.g. 40/70 vs 40/80, led to an increase in the heat
transfer coefficient. Increasing the porosity of the top layer, e.g. 40/70 vs 50/70, led to a

slight decrease in the heat transfer performance.
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Figure 6.6: Variation in heat transfer coefficient with water flow rate for LCS samples with
horizontal bilayer structure.

For samples with H/L orientation, on the other hand, increasing the porosity of the bottom
layer, e.g. 70/40 vs 70/50, led to a decrease in the heat transfer coefficient. Meanwhile,
increasing the porosity of the top layer, e.g. 70/40 vs 80/40, led to an increase in the heat

transfer coefficient.

Comparing samples 40/70 and 40/80, a slightly higher overall porosity is present in sample
40/80, which reduces its thermal conductivity. However, the permeability is greater in

sample 40/80 (Section 5.4), since its second layer is more porous than in the 40/70 sample.
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The majority of the flow will pass through the high porosity 80% layer, enhancing heat
removal by convection. This suggests that in this case, heat removal by convection is more

efficient than conduction.

Comparing samples 40/80 and 50/70, they both have similar overall porosity of 60%, and
therefore similar thermal conductivity. However, 40/80 showed better heat transfer than
50/70. This is because 40/80 had a higher permeability than 50/70 (Section 5.4) due to the

more porous 80% layer, which leads to greater heat removal by convection.

Comparing samples 40/70 and 50/70, a lower porosity layer is present in sample 40/70.
Since sample 40/70 is less permeable to the coolant (Section 5.4), heat removal by
convection is less in sample 40/70. However, the thermal conductivity of sample 40/70 is
greater than in 50/70 since more copper is present. The greater thermal conductivity of
sample 40/70 outweighs its lower permeability, and as a consequence, it has a higher heat
transfer coefficient than sample 50/70. In general, sample 40/80 had the highest heat

transfer coefficient, followed by sample 40/70 and sample 50/70 for all water flow rates.

The above results showed the importance to strike a balance between heat removal by
conduction and convection to achieve efficient heat transfer performance. The overall heat
transfer performance can be manipulated by varying the contribution of heat conduction

and convection through changing the structure and layer porosity.
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6.2.2 Effect of Orientation

Fig. 6.6 also compares the effect of the orientation of the layers on the heat transfer
performance of the LCS samples with horizontal bilayer structures. For all the samples
studied, having the higher porosity layer by the heat source (H/L orientation) gave a higher
heat transfer coefficient. The contribution of a layer in the LCS sample to the heat transfer
decays quickly with increasing distance from the heat source (Xiao and Zhao 2013).
Therefore, in horizontal bilayer structures, the layer directly in contact with the heat source

plays a more important role in the overall heat transfer performance.

As discussed in Section 5.4, the fluid flow chooses preferentially the layers with higher
permeability. As a consequence, the fluid flow rate is greater in the higher porosity layer,
with majority of the flow passing though this layer (Ho and Webb 2006, Xiao and Zhao
2013). From Section 6.1, increasing the flow rate enhances the heat transfer rate since heat
removal by convection is greater. Consequently, having the higher porosity layer directly in
contact with the heat source will result in higher heat transfer performance. In general, the
heat transfer coefficient was at least 30% greater when the higher porosity layer was

directly in contact with the heat source.

6.2.3 Analysis by Segment Model

Xiao and Zhao (2013) developed a segment model designed for homogeneous samples,
which can be used to predict the contributions of the individual layers within the HB
structure on the overall heat transfer performance. The segment model states that the
overall heat transfer performance (h) can be estimated using:
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h= Y= wihy (6.2)

where h; and w; are the heat transfer coefficient and weighting factor of the ith layer. The
weighting factor indicates the convective contribution of a particular layer of the sample

(from x=x; to x=x;) to the overall heat transfer, and is defined as:

w=e t —e ¢t (6.3)

where x is the distance of the layer from the heat plate and t is the overall thickness of the
sample. This suggests that the layer closer to the heat plate has the highest contribution to
the overall heat transfer performance of the HB structure. Fig. 6.7 schematically illustrates

the temperature distribution within the HB structure.
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Figure 6.7: Heat transfer through the LCS horizontal bilayer structure showing the
temperature profile.

Fig. 6.8 compares the measured heat transfer coefficients of the HB samples with the
coefficients predicted using the segment model (t= 5 mm in this case). In general, a good
correlation between the measured and predicted coefficients can be observed, especially
for samples with H/L orientation. However, the measured coefficients of samples with L/H
orientation are slightly higher than the predicted values. Since the segment model was

designed for homogeneous samples, applying it to multi-layer samples will results in errors.
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Figure 6.8: Comparison between the measured and the predicted heat transfer coefficients
for the horizontal bilayer samples of H/L and L/H orientations: a) 40/70, b) 40/80 and c)
50/70.
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6.2.4 Comparison with LCS Homogeneous Structure

Fig. 6.9 compares the heat transfer coefficients of the horizontal bilayer structures with LCS
homogeneous structures according to the overall porosity of the structures for different
water flow rates. It is apparent from Fig. 6.9 that the heat transfer coefficients of
homogeneous samples are greater than the HB samples of similar overall porosity. These

results are similar to that found by Xiao and Zhao (2013) and Xiao (2013).
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Figure 6.9: Comparison of heat transfer coefficients between LCS samples with horizontal
bilayer (HB) structure and homogeneous (H) structure for different water flow rates.

Even though HB structures contain similar copper content and therefore similar thermal
conductivity as their homogeneous counterparts (similar overall porosity), their
permeabilities are different. According to the flow stratification model, the majority of the
flow will pass through the more permeable, higher porosity layer of the horizontal bilayer
structure. Therefore, the permeability of horizontal bilayer structures is greater than the
homogeneous structures of a similar overall porosity (as evident in Section 5.4), which could
increase the heat transfer by convection. It is likely that the porosity of the HB structures

studied is further from the “optimum porosity”, while the porosity of their homogeneous
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counterparts is closer to the “optimum porosity”. As a consequence, the overall heat
transfer performance of the HB structures is worse than their homogenous counterparts for

the porosity range in this study.
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6.3 Heat Transfer Coefficient of Samples with Integrated Vertical Bilayer

Structure

The heat transfer coefficients of LCS porous copper samples with integrated vertical bilayer
structures (IVB1-1VB10) were measured at different water flow rates. The effect of changing
the orientation of the layers on the heat transfer performance of the whole structure was
also investigated. Label “L/H” denotes that the first layer (layer closer to the water inlet) is
the lower porosity layer, while “H/L” denotes that the first layer is the higher porosity layer.

The results are summarised in Table 6.4.
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Table 6.4: Heat transfer coefficients of LCS samples with integrated vertical bilayer

structures.
Heat Transfer Coefficient
Sample Layer 1/Layer 2 Overall Flow Rate (kW/m?.K)
Reference Porosity (%) Porosity (%) (L/min) L/H H/L
1.12 7.6 16.0
IVB1 45 0.91 6.6 13.3
40/50 0.68 5.4 11.1
0.45 4.4 8.3
0.28 3.6 6.8
1.12 14.1 24.0
VB2 50 0.91 12.3 17.7
40/60 0.68 9.6 12.0
0.45 7.7 8.3
0.28 6.0 6.0
1.12 17.5 24.6
VB3 55 0.91 14.9 18.7
40/70 0.68 11.9 12.7
0.45 8.8 10.0
0.28 6.1 7.1
1.12 26.0 60.8
VB4 60 0.91 20.2 43.0
40/80 0.68 15.0 27.2
0.45 11.0 17.6
0.28 7.4 13.0
1.12 20.8 32.7
IVB5 55 0.91 17.2 21.0
50/60 0.68 11.5 15.3
0.45 7.9 10.2
0.28 4.7 7.0
1.12 14.7 19.7
IVB6 60 0.91 12.6 16.1
50/70 0.68 10.1 12.1
0.45 7.7 9.8
0.28 5.3 7.5
1.12 17.3 21.7
IVB7 65 0.91 14.5 17.7
50/80 0.68 11.6 14.7
0.45 8.7 10.6
0.28 6.3 7.4
1.12 25.5 31.2
IVBS 65 0.91 23.1 25.5
60/70 0.68 18.5 214
0.45 13.9 14.7
0.28 9.8 10.2
1.12 15.3 18.1
IVB9 70 0.91 13.2 16.1
60/80 0.68 10.5 13.5
0.45 8.1 10.3
0.28 5.7 7.1
1.12 23.6 20.9
70/80 0.68 16.8 14.8
0.45 13.2 12.1
0.28 9.7 8.6
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6.3.1 Effect of Porosity

Fig. 6.10 displays the heat transfer coefficients of all the IVB samples, categorised according
to the overall porosity of the whole structure, for each water flow rate. There is no obvious
general trend existing between the heat transfer coefficient and the overall nominal
porosity for all the water flow rates. Sample 80-40 showed the greatest heat transfer
coefficient while sample 40-50 showed the lowest heat transfer coefficient for the range of

water flow rates studied.

Fig. 6.11 compares the heat transfer coefficients of the IVB samples categorised according
to the porosity of the first layer (layer closer to the water inlet) and the porosity of the
second layer (layer closer to the water outlet). Figs. 6.11 a-b, 6.11 c-d, 6.11 e-f, 6.11 g-h and
6.11 i-j show the results of all IVB samples with 40%, 50%, 60%, 70% and 80% porosity layer,
respectively. The figures on the left show the effect of changing the porosity of the second
layer and the figures on the right show the effect of changing the porosity of the first layer,

while keeping the porosity of the other layer constant.

For samples whose first or second layer porosity is 40% (Fig. 6.11 a-b), increasing the
porosity of the other layer from 50% to 80% led to an increase in the heat transfer
coefficient, with sample 40-80 showing the highest heat transfer coefficient in both
orientations. Meanwhile, for samples whose first or second layer porosity is 50% (Fig. 6.11
c-d), no obvious trend in heat transfer coefficient was seen when the porosity of the other
layer was increased from 60% to 80%. Sample 50-60 showed the highest heat transfer

coefficient in both orientations.
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Figure 6.10: Variations in the heat transfer coefficient of LCS samples with IVB structures
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For samples whose first or second layer porosity is 60% (Fig. 6.11 e-f), increasing the
porosity of the other layer from 40% to 50% led to an increase in the heat transfer
coefficient, while increasing the porosity of the other layer from 70% to 80% showed a
decrease in the heat transfer coefficient. The best heat transfer coefficient was measured
for sample 60-70 at lower water flow rates and for sample 60-50 at higher water flow rates
(Fig. 6.11e). Sample 70-60 showed the greatest heat transfer coefficient for all the flow rates

investigated from Fig. 6.11f.

For samples whose first or second layer porosity is 70% (Fig. 6.11 g-h), no obvious trend in
heat transfer coefficient was observed when the porosity of the other layer was increased
from 40% to 60%. Sample 60-70 showed the highest heat transfer coefficient in both

orientations.

For samples whose first or second layer porosity is 80% (Fig. 6.11 i-j), no obvious trend in
heat transfer coefficient can be observed when the porosity of the other layer was
increased from 40% to 70%. Sample 40-80 showed high heat transfer coefficient in both
orientations (Fig. 6.11 i-j), while sample 70-80 showed high heat transfer coefficient at low

water flow rates (Fig. 6.11j).

As seen from Fig. 6.11, increasing the water flow rate resulted in higher heat transfer
coefficients for all the IVB samples. It appears that there is an optimum combination of layer

porosity for IVB structures which gave the best heat transfer performance. Table 6.5 lists the
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optimum combination of layer porosity found for each porosity category. In general,
samples 40-80, 50-60 and 60-70 showed better heat transfer performance. It is worth
noting that the overall porosities of these combinations are 60%, 55% and 65%,

respectively.

Table 6.5: Optimum combinations of layer porosity for samples with IVB structures.

Nominal Optimum Combination Nominal Optimum Combination
Porosity of Porosity of
First Layer Second Layer
(%) (%)
40 40-80 40 80-40
50 50-60 50 60-50
60 60-70 at Q= 0.28-0.91 L/min 60 70-60
60-50 at Q= 1.12 L/min
70 70-60 70 60-70
80 80-40 80 70-80 at Q=0.28-0.68 L/min
40-80 at Q=0.91-1.12 L/min

It appears that the heat transfer coefficient is mainly determined by the overall porosity.
The optimum overall porosity for the samples studied varied between 55% and 65%, which
is similar to the case of homogeneous LCS samples whose optimum porosity was 60%
(Section 6.1). As in homogeneous samples, when the overall porosity of the IVB sample is
too low, heat removal is limited by thermal convection. When the overall porosity is too
high, heat removal is limited by thermal conduction. The optimum porosity which offers the
best heat transfer performance is achieved when heat removal by conduction and

convection is balanced.

6.3.2 Effect of Orientation

Fig. 6.10 displays the effect of the orientation of the layers on the heat transfer

performance of LCS samples with IVB structures. For most of the samples studied, apart
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from samples 70-80, having the higher porosity layer by the water inlet (H/L orientation)
gave a higher heat transfer coefficient. As seen from Section 5.5, changing the orientation of
the layers within the IVB structure had insignificant effect on the permeability and form
drag coefficient of the whole IVB structure. The variation in the heat transfer performance

with sample orientation is likely due to the “soft boundary” effect between the layers.

Fig. 6.12 schematically illustrates the temperature distribution within the IVB structure. As
the fluid approaches the low porosity region from the high porosity region, the fluid slows
down. Therefore, the fluid dwells longer in the high porosity region and turbulence mixing
occurs. This increases convective heat transfer. On the other hand, when the fluid
approaches the high porosity region from the low porosity layer, the fluid has more
opportunities to find alternative routes at the boundary. As a consequence, the fluid does
not dwell for long within the IVB structure and less turbulence mixing occurs. This decreases
heat removal by convection. For sample 70-80, however, the porosities of the layers are

very high and the difference is small, so the boundary effect is negligible.

T1

T3<I2<11

— 2 Fluid Flow

T | LE
v

Heat Flow

Figure 6.12: Heat transfer through the LCS integrated vertical bilayer structure showing the
temperature profile.
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6.3.3 Comparison with LCS Homogeneous Samples

Fig. 6.13 compares the heat transfer coefficients of IVB structures with LCS homogeneous
(H) structures according to the overall porosity for different water flow rates. The heat
transfer coefficients of most IVB samples (apart from 50-70, 50-80 and 60-80) are higher
than their homogeneous counterparts with a similar overall porosity. This is because the
porosity combination of the layers within the IVB samples maximises heat removal by

conduction and convection (Section 6.3.1).
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Figure 6.13: Variations in the heat transfer coefficient of LCS samples with IVB structures in
comparison to homogeneous samples (H) for different water flow rates: a) 0.28 L/min, b)
0.45 L/min, c) 0.68 L/min, d) 0.91 L/min and e) 1.12 L/min.
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When compared according to the lower porosity layer (e.g. 40-50 vs H40), the IVB structures
have higher heat transfer coefficients than their homogeneous counterparts, except sample
60-80. This is because the second layer of the IVB structure has a higher porosity, which
increases the overall porosity of the sample towards the optimum porosity (Section 6.3.1),
at which heat removal by both conduction and convection is maximised. Sample 60-80, on
the other hand, has a lower heat transfer coefficient than the homogeneous 60% sample.
This is because the high porosity layer (80%) increases the overall porosity and pushes it

away from the optimum porosity (Section 6.3.1).
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6.4 Heat Transfer Coefficient of Samples with Segmented Vertical Bilayer

Structure

The heat transfer coefficients of LCS porous copper samples with segmented vertical bilayer
structures (SVB1-SVB10) were measured for water flow rates ranging between 0.28 L/min to
1.12 L/min. The effect of changing the orientation of the layers within the SVB structure on
the overall heat transfer performance was also investigated. Label “L-H” indicates that the
first layer (layer closer to the water inlet) is the lower porosity layer, while “H-L” indicates

that the first layer is the higher porosity layer. The results are summarised in Table 6.6.
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Table 6.6: Heat transfer coefficients of samples with segmented vertical bilayer structures.

Heat Transfer Coefficient
Sample Layer 1/Layer 2 Nominal Flow Rate (kW/m?.K)

Reference Porosity (%) Porosity (%) (L/min) L-H H-L
1.12 16.5 13.3

0.91 13.4 11.8

SVB1 40/50 4> 0.68 10.2 9.1
0.45 7.4 7.2

0.28 5.3 4.9

1.12 35.7 24.3

0.91 27.9 18.1

SVB2 40/60 >0 0.68 19.3 13.2
0.45 10.5 9.3

0.28 6.5 6.1

1.12 29.5 27.4

0.91 22.0 19.9

SVB3 40/70 2> 0.68 16.0 13.2
0.45 115 9.7

0.28 8.3 6.4

1.12 101.7 44.3

0.91 74.6 38.8

SVB4 40/80 60 0.68 42.6 28.8
0.45 25.6 21.5

0.28 15.1 13.2

1.12 23.3 20.9

0.91 18.9 17.4

SVBS 50/60 >> 0.68 14.4 12.8
0.45 10.2 8.6

0.28 6.6 6.3

1.12 25.7 20.4

0.91 19.3 17.3

SVBe 50/70 60 0.68 13.9 13.6
0.45 10.4 10.2

0.28 7.6 6.9

1.12 64.1 324

0.91 44.7 26.4

SVB7 50/80 65 0.68 28.6 17.5
0.45 19.6 12.3

0.28 12.9 8.7

1.12 34.3 25.6

0.91 27.8 20.5

SVBS 60/70 65 0.68 22.7 15.2
0.45 14.7 10.5

0.28 9.5 7.2

1.12 57.3 51.9

0.91 44.6 40.7

SVBI 60/80 70 0.68 26.4 26.0
0.45 17.0 16.8

0.28 11.3 9.1

1.12 43.8 42.6

0.91 37.9 35.2

SVB10 70/80 7> 0.68 26.6 26.0
0.45 19.9 17.9

0.28 13.9 11.9
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6.4.1 Effect of Porosity

Fig. 6.14 displays the heat transfer coefficients of all the SVB samples categorised according
to the overall nominal porosity for each water flow rate. There is no obvious general trend
between the heat transfer coefficient and the overall porosity for all the water flow rates.
Sample 40-80 showed the greatest heat transfer coefficient while sample 40-50 showed the

lowest heat transfer coefficient for the range of water flow rates studied.

Fig. 6.15 compares the heat transfer coefficients of the SVB samples categorised according
to the porosity of the first layer (layer closest to the water inlet) or the porosity of the
second layer (layer closest to the water outlet). Figs. 6.15 a-b, 6.15 c-d, 6.15 e-f, 6.15 g-h and
6.15 i-j show the results of all SVB samples with 40%, 50%, 60% 70% and 80% porosity layer,
respectively. The figures on the left show the effect of changing the porosity of the second
layer and the figures on the right show the effect of changing the porosity of the first layer,
while holding the porosity of the other layer constant. No general trend in the heat transfer

coefficient can be observed when the porosity of one of the layers was increased.
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Figure 6.14: Variations in the heat transfer coefficient of LCS samples with SVB structures
arranged according to the structure’s overall nominal porosity for each water flow rate: a)
0.28 L/min, b) 0.45 L/min, c) 0.68 L/min, d) 0.91 L/min and e) 1.12 L/min.
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Figure 6.15: Variation in heat transfer coefficient with water flow rate for LCS samples with
SVB structure categorised according to the nominal porosity of the first (left) or second
(right) layer.
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Similar to that observed in IVB structures, there seems to be an optimum combination of
layer porosity for SVB structures at which the maximum heat transfer coefficient is
displayed for each porosity category. Table 6.7 lists the optimum combination of layer
porosity for each category. In general, introducing the high porosity layer (80%) resulted in
the greatest heat transfer coefficient. It is also worth noting that the overall porosity of
these optimum porosity combinations varied from 60% to 75%, which is slightly different
from that found in the homogeneous and IVB structures (60% optimum overall porosity).
This difference could be due to the presence of hard boundaries or gaps in the SVB

structures.

Table 6.7: Optimum combination of layer porosity for samples with SVB structures.

Nominal Porosity Optimum Combination Nominal Porosity of Optimum
of First Layer (%) Second Layer (%) Combination
40 40-80 40 80-40
50 50-80 50 80-50
60 60-80 60 80-60
70 70-80 70 80-70
80 80-40 at Q= 0.28-0.68 L/min 80 40-80
80-60 at Q=0.91-1.12 L/min

6.4.2 Effect of Orientation

Figs. 6.14 and 6.15 display the effect of the layer orientation on the heat transfer
performance of LCS samples with SVB structures. For all the SVB samples studied in this
section, having the lower porosity layer by the water inlet (L-H orientation) gave a higher
heat transfer coefficient than having the higher porosity layer by the water inlet (H-L

orientation).

Fig. 6.16 schematically illustrates the temperature distribution within the SVB structure.

Since SVB structures were produced from two halved homogeneous layers, a “hard
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boundary” exists between the layers. A gap may exist due to poor coupling, which acts as a
large pore between the layers. The fluid in the first layer dwells in the boundary region
when it approaches the second layer. The fluid entering the second layer is therefore pre-
heated. To compensate the reduced temperature gradient, the second layer needs to have
an increased surface area (Carpenter and da Silva 2014). The high porosity layer by the

water outlet served this function and therefore, gave a better heat transfer performance.

T1
— T3<I2<T1

2 Fluid Flow

Heat Flow

Figure 6.16: Heat transfer through the LCS segmented vertical bilayer structure showing the
temperature profile.

6.4.3 Comparison with Other LCS Porous Structures

6.4.3.1 Comparison with Homogeneous Samples

Fig. 6.17 compares the heat transfer coefficients of LCS SVB structures with LCS
homogeneous structures (H) according to the overall porosity of the structures for different
water flow rates. In general, the heat transfer coefficients of SVB samples were higher than
their homogeneous counterparts of similar overall porosity. This is because the combination
of the layers within the SVB samples maximises heat removal by conduction and convection
(Section 6.4.1). In addition, the presence of a gap (due to poor coupling) between the SVB

layers can act as a large pore where fluid can dwell. Heat transfer by convection in the
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vertical direction at the interface (gap) can therefore occur, which enhances the overall heat

transfer performance of the SVB structure.

Comparative analysis according to the lower porosity layer (e.g. 40-50 vs H40) shows that
the SVB structures have higher heat transfer coefficients than their homogeneous
counterparts, especially at high water flow rates, because the higher porosity layer
increases heat removal by convection (as discussed in Section 6.4.1). The difference in the
heat transfer coefficients between the SVB and homogeneous structures becomes greater

at higher water flow rates due to intensified convection.
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Figure 6.17: Variations in the heat transfer coefficient of LCS samples with SVB structures in
comparison to homogeneous (H) samples for each water flow rate: a) 0.28 L/min, b) 0.45
L/min, c) 0.68 L/min, d) 0.91 L/min and e) 1.12 L/min.
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6.4.3.2 Comparison with Integrated Vertical Bilayer Structures

Fig. 6.18 compares the heat transfer coefficients of SVB structures with IVB structures
according to the nominal overall porosity of the structures for different water flow rates. For
samples with L-H orientation, the SVB structures have greater heat transfer coefficients than
their IVB counterparts for the range of water flow rates studied. For samples with H-L
orientation, however, the same trend was not observed. Some IVB samples showed greater

heat transfer performance than their SVB counterparts.

The biggest difference between the IVB and SVB structures is the presence of a hard
boundary or gap between the layers in SVB structures. As shown in Section 5.6, the
permeability of the whole SVB structure was insensitive to the presence of the hard
boundary or gap. However, it seems that the effect of the boundary or gap on the heat

transfer is significant, especially for SVB samples containing 80% porosity layer.
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The existence of a hard boundary or gap can enhance the heat transfer. Firstly, the gap
increases the opportunity of the fluid to find alternative routes as the fluid enters the
second layer. The warmed fluid can leave the sample quickly, optimising heat transfer.
Secondly, the fluid can reside in the gap and enhance heat transfer by convection in the
vertical direction. In the L-H orientation of the SVB structures, the high porosity second layer
has a high surface area for heat transfer which compensates the reduced temperature
gradient. The sum of these effects led to the large increase in the heat transfer coefficient of

SVB structures with L-H orientation, in comparison to the H-L orientation and IVB structures.

The effect of the hard boundary on the heat transfer performance of the vertical bilayer
samples was more prominent with layer orientation. In IVB structures, the H-L orientation
gave a higher heat transfer performance. In SVB structures on the other hand, the L-H
orientation performed better. For most samples (except samples 40-80, 50-80, 60-80 and
70-80), the heat transfer coefficients of IVB structures and SVB structures with H-L
orientation were very similar, especially at higher water flow rates. This suggests that the
effect of hard boundary in SVB structures may be very little when the layers are in the H-L
orientation. This could be due to the more prominent effect of the lower porosity layer on
the overall fluid flow when placed by the water outlet (Section 5.6), overshadowing the
“hard boundary/gap effect”. On the other hand, in an L-H orientation, the hard boundary
follows the low porosity layer, so the effect of the hard boundary becomes more noticeable

in SVB structures with L-H orientation.
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6.5 Heat Transfer Coefficient of Samples with Multi-boundary Segmented

Structures

The heat transfer coefficients of LCS porous copper with multi-boundary segmented
structures (SS1-SS3), with all sections having the same porosity, were measured for water
flow rates ranging from 0.28 L/min to 1.12 L/min. Only segmented structures (SS) with 40%,
50% and 60% nominal porosities were studied because the structural integrity becomes
poor at very high porosities. The heat transfer results of these samples are summarised in

Table 6.8.
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Table 6.8: Heat transfer coefficients of LCS samples with multi-boundary segmented

structures.
Sample Nominal Number of | Flow Rate Heat Transfer Coefficient
Reference | Porosity (%) Sections (L/min) (kW/m?2.K)

1.12 34

SS1A 0.91 3.1
1 0.68 2.7

0.45 2.2

0.28 1.9

1.12 13.0

SS1B 40 0.91 11.0
2 0.68 9.0

0.45 6.7

0.28 4.8

1.12 419

SS1C 0.91 304
6 0.68 23.7

0.45 16.9

0.28 10.9

1.12 4.6

SS2 A 0.91 4.0
1 0.68 3.3

0.45 2.7

0.28 2.1

1.12 16.6

sS2 B 50 0.91 12.9
2 0.68 9.9

0.45 7.4

0.28 5.2

1.12 56.2

SS2 C 0.91 435
6 0.68 28.1

0.45 18.7

0.28 11.0

1.12 19.5

SS3 A 0.91 16.9
1 0.68 14.3

0.45 11.2

0.28 8.2

1.12 26.4

$S3 B 60 0.91 20.2
2 0.68 14.8

0.45 11.5

0.28 8.3

1.12 64.7

SS3 C 0.91 45.0
6 0.68 30.9

0.45 19.1

0.28 10.9
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Fig. 6.19 displays the heat transfer coefficients of the LCS porous copper samples with
segmented structures (SS) categorised according to the number of sections present within
the structure for each water flow rate. Fig. 6.20 plots the variation in heat transfer

coefficients with water flow rate categorised according to the sample’s nominal porosity.

Fig. 6.19 shows that increasing the porosity of the samples from 40% to 60% led to increase
in the heat transfer coefficient for all water flow rates. Figs. 6.19 and 6.20 show that the
heat transfer coefficient increased with increasing number of sections, which is more

noticeable at higher water flow rates.

As the layers within the segmented structures have the same porosity, the increase in the
heat transfer coefficient is mainly due to the increased number of hard boundaries (or gaps
due to poor coupling). This suggests that the number of hard boundaries in the segmented
structures has a significant influence on the overall heat transfer performance of the whole

structure.
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Figure 6.19: Variations in the heat transfer coefficient of LCS samples with SS structures
arranged according to the number of sections present within the structure for each water
flow rate: a) 0.28 L/min, b) 0.45 L/min, c) 0.68 L/min, d) 0.91 L/min and e) 1.12 L/min.
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structures with different nominal porosities: a) 40%, b) 50% and c) 60%.
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Fig. 6.21 schematically illustrates the temperature distribution within the SS structure. As
discussed in Section 6.4, the gaps/hard boundaries between the layers act as a large pore
where the fluid can reside and therefore, contribute to heat transfer by convection in the
vertical direction. This contribution to the heat transfer is enhanced with increased number
of gaps. Moreover, at high water flow rates, the convection effects in the hard boundary

region are further enhanced, leading to more pronounced contribution to heat removal.

T1

T7<T6<I5<T4<I3<T2<11

T T Fluid Flow

7 1B 1T 16 17

Figure 6.21: Heat transfer through the LCS multi-boundary segmented structure showing the
temperature profile.

6.5.1 Comparison with Segmented Vertical Bilayer Structures
Fig. 6.22 compares the heat transfer coefficients of SVB samples with SS halved samples. In

general, the heat transfer coefficients of SS samples with two sections are similar to their

SVB counterparts.
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Figure 6.22: Comparison between the heat transfer coefficients of LCS segmented structures
(halves) with SVB structures for each water flow rate: a) 0.28 L/min, b) 0.45 L/min, c) 0.68
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6.5.2 Comparison with Results in Literature

Very little attention has been given so far on the study of the heat transfer performance of
porous media with structures containing soft or hard boundaries similar to that in SS, SVB
and IVB structures. Only very few studies are currently available in the literature, amongst
which were those conducted by Zaragoza and Goodall (2013) and Carpenter and da Silva

(2014).

Zaragoza and Goodall (2013) found that the presence of gaps or hard boundaries decreased
the heat transfer performance of segmented samples when compared to their integrated
structure counterparts (soft boundary), using air as coolant. On the other hand, Carpenter
and da Silva (2014) found that increasing the number of hard boundaries or gaps did not
affect the heat transfer performance of segmented porous structures, using air as the

coolant. These contradict the results presented in the current section.

The fluid used in the previous studies was air, whereas in this present study, water was used
as the coolant. The fluid flow properties (form drag particularly) are more sensitive to water
flow than air flow in LCS porous samples, as evident in Section 5.2. This means that even
though the permeability coefficient of the LCS sample is a constant regardless of the fluid
used, the form drag in the fluid flow is still influenced by the type of fluid. The form drag
coefficients were higher in water flow than in air flow for LCS homogeneous samples
(Section 5.2) and as a consequence, turbulence mixing is greater with water flow.

Turbulence mixing enhances heat removal by convection, hence, for segmented LCS porous
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structures, a higher heat transfer performance was achieved in comparison to their

homogeneous counterparts.

Zaragoza and Goodall (2013) also reported that for segmented bilayer structures with hard
boundaries, placing the more permeable layer by the air inlet and the less permeable layer
by the air outlet led to greater heat transfer coefficient. Similarly, Carpenter and da Silva
(2014) also reported the same trend in heat transfer with layer orientation for stacked
bilayer samples containing hard boundaries. This contradicts the results for SVB structures
in this study, wherein having the more permeable layer by the water outlet resulted in
better heat transfer performance. This disagreement could be due to the differences in the
structure of these porous media (Section 5.1.5) such that the effects of the hard boundary
along with the already complex structure of the LCS samples are more prominent than the

effect of the layer orientation in SVB structures.

On the other hand, placing the higher porosity layer (more permeable) by the water inlet
gave a higher heat transfer coefficient for IVB structures (soft boundary) in this study
(Section 6.3.2). This is in agreement to that reported by Zaragoza and Goodall (2013) for

integrated porous bilayer samples with soft boundaries.

219



6.6 Heat Transfer Coefficient of Samples with Directional Porosity

The heat transfer coefficients of LCS porous copper samples with directional porosity (DP1-
DP5) were measured for water flow rates ranging from 0.28 L/min to 1.12 L/min. The effect
of adding four tubular channels on the overall heat transfer coefficient of the LCS samples
with different nominal porosities were investigated. The heat transfer coefficients are

summarised in Table 6.9 and displayed in Fig. 6.23.

Table 6.9: Heat transfer coefficients of LCS samples with directional porosity.

Sample Nominal Actual Flow Rate Heat Transfer
Reference Porosity (%) Porosity (%) (L/min) Coefficient
(kW/m?.K)
DP1 40 54.4 1.12 26.6
0.91 19.6
0.68 15.3
0.45 10.8
0.28 7.7
DP2 50 63.8 1.12 36.7
0.91 28.1
0.68 19.6
0.45 13.9
0.28 8.2
DP3 60 67.1 1.12 66.7
0.91 52.5
0.68 42.7
0.45 26.5
0.28 17.0
DP4 70 75.3 1.12 38.6
0.91 32.8
0.68 27.2
0.45 18.7
0.28 13.0
DP5 80 82.3 1.12 36.7
0.91 31.6
0.68 24.4
0.45 17.8
0.28 12.6
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Figure 6.23: Variations in heat transfer coefficients with nominal porosity of LCS porous
copper samples with directional porosity.

The heat transfer coefficient of the LCS samples with directional porosity (DP) increases with
increasing water flow rate because more water is available to remove heat from the porous
sample. Also apparent from Fig. 6.23 is the existence of an optimum porosity of 60% for

heat transfer performance.

As discussed in Section 6.1.2, the sample’s permeability to the coolant and thermal
conductivity are the parameters which highly influence the overall heat transfer
performance of the porous LCS samples. Fig. 6.24 schematically illustrates the temperature
distribution within the LCS porous copper samples with directional porosity. For DP samples
with low porosity, the thermal conductivity may be high due to the high volume of copper
present; however, the heat transfer performance is limited by its relatively low
permeability. Similarly, for DP samples with very high porosity, heat removal by convection

may be high due to its high permeability, but heat transfer is limited by thermal conduction
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since less copper is available within the sample to remove heat. Therefore, to achieve the
maximum heat transfer performance, heat removal by conduction and convection within

the sample must be balanced, which occurs at the point of optimum porosity.

T2<I1

Directional Pore

e — 3 Fluid Flow

Figure 6.24: Heat transfer through the LCS porous copper sample with directional porosity
showing the temperature profile.

6.6.1 Effect of Directional Porosity

Fig. 6.25 compares the heat transfer performance of LCS homogeneous copper with LCS
samples with DP according to their nominal porosity. The heat transfer of LCS samples with
DP is much greater than their homogeneous counterparts, especially at very high water flow
rates. For low porosity samples (40%-50%), the heat transfer coefficient was improved by up
to eight times when DP was introduced within the LCS structure. For higher porosity

samples, a three-fold increase in the heat transfer performance was evident when DP was

added to the LCS structure.
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Figure 6.25: Comparison between the heat transfer coefficients of LCS homogeneous
samples (H) and LCS samples with directional porosity (DP) of similar nominal porosity: a)
40%, b) 50%, c) 60%, d) 70% and e) 80%.
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Fig. 6.26 shows that the trend in heat transfer coefficient as a function of nominal porosity is
very similar to that found in LCS homogeneous samples. An optimum porosity of 60% was

noticeable in both cases.
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Figure 6.26: Comparison between the heat transfer coefficients of LCS homogenous samples
and LCS samples with directional porosity categorised according to the nominal porosity.

Fig. 6.27 compares the heat transfer performance of LCS homogeneous samples (1.12 L/min
water flow rate) with LCS samples with DP according to their actual porosity with tubular
channels included. The optimum actual porosity for both structures are very similar. The
trend in the heat transfer coefficient varied a little, especially at the lower actual porosity
region. Nevertheless, for the same flow rate, the heat transfer coefficient of all the LCS

samples with DP was greater than their homogeneous counterparts.
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Figure 6.27: Comparison between the heat transfer coefficients of LCS homogenous samples
and LCS samples with directional porosity categorised according to the actual porosity.

It is obvious from the results that the heat transfer performance of porous LCS copper was
greatly improved when four tubular channels were introduced at the centre of the structure
along the flow path. As shown in Section 5.8, the addition of the direct channels led to the
increase in the permeability of the structure, and therefore higher heat removal by

convection.

The direct tubular channels are only located at the centre of the structure and makes up a
small fraction of the whole structure. The majority of the structure is still a homogenous
structure. Similar to homogeneous structures, the heat transfer performance is still affected
by the sample’s porosity. Hence, an optimum porosity where heat transfer by thermal

conduction and convection is maximised exists in LCS samples with directional porosity.

The advantage of utilising LCS samples with directional porosity is that for the same
pumping power and water flow rate, a higher heat transfer performance than homogenous
structures can be achieved, as evident in Figs. 6.26 and 6.27. This was because the addition

of the direct tubular channels lowered the sample’s overall resistance to the fluid flow with
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very little reduction in the fraction of copper. Hence, the heat transfer was improved by

increased permeability without compromising the sample’s thermal conductivity.

6.6.2 Comparison with Other Porous Media

Currently, there is no report in the literature on the heat transfer performance of porous
media with a similar structure to LCS samples with directional porosity. The porous structure

currently available that offers directional porosity is lotus-type porous metal.

Muramatsu et al. (2013) reported that the heat transfer performance of lotus-type porous
copper fins was higher than aluminium foam of 92% porosity using air as the coolant. A
maximum heat transfer of 1.5 W/K per fin surface area was reported. Ogushi et al. (2006)
and Chiba et al. (2011) reported that lotus-type porous copper heat sinks (¢ = 39%, pore =
0.3 mm, fin thickness = 3 mm, fin gap = 5.5 mm, total width = 30 mm, total length =20 mm,
total height =9 mm) have a heat transfer coefficient of 80 kW/m?>.K at a water flow velocity
of 0.2 m/s, which was 1.7 times greater than micro-channels and 6.5 times greater than

conventional fins of similar overall dimensions (Chiba et al. 2011).

In the present study, a maximum heat transfer coefficient of 66 kW/m?%.K was measured for
LCS samples with directional porosity (sample DP3 at a water flow velocity of 0.2 m/s). This
is close to the heat transfer performance reported by Chiba et al. (2011) and Ogushi et al.
(2006). The performance of the LCS porous copper with DP could be better, considering that
the LCS samples in this current study is only half as thick as the lotus-type porous copper
heat sinks used in their study. However, due to the very different porous structure,

comparative analysis between these two types of porous copper is difficult.
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6.7 Summary

For all the structures studied in this chapter, the heat transfer performance increased with
water flow rate since more water was available to remove heat. There also exists an
“optimum porosity” for each structure, at which heat transfer by convection and conduction

was balanced and therefore, the overall heat transfer was maximised.

For homogenous samples, an optimum porosity of 60% was found. The heat transfer
coefficient was approximately four times greater than that of an empty channel (100%
porosity). This demonstrates the suitability of LCS porous copper in thermal management

applications.

For HB samples, the optimum heat transfer performance was influenced by the layer closest
to the heat source. Having the higher porosity layer directly in contact with the heat source
resulted in higher heat transfer performance. This was because more water can flow
through the region close to the heat source. In general, the heat transfer performance of HB
samples was inferior to their homogeneous counterparts. It is likely that the porosity of the
HB structures studied was further from the “optimum porosity”, while the porosity of their

homogeneous counterparts was closer the “optimum porosity”.

For IVB structures, optimum combinations of layer porosity were evident for each porosity
category. The optimum porosity combination is equivalent to an overall porosity in the

range of 55% to 65%, which is similar to that found in homogeneous samples (60%). In
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addition, the H/L orientation gave a higher heat transfer coefficient than the L/H
orientation. In the H/L orientation, the fluid slows down as it approaches the low porosity
region from the high porosity region. Therefore, the fluid dwells longer in the high porosity
region and turbulence mixing occurs, increasing the convective heat transfer. In general,
when compared according to the lower porosity layer (e.g. 40-50 vs H40), the IVB structures
have higher heat transfer coefficients than their homogeneous counterparts. This was
because the second layer of the IVB structure has a higher porosity, increasing the overall

porosity of the sample towards the optimum porosity.

Optimum combinations of layer porosity were also evident for each porosity category in SVB
structures. However, the optimum porosity combination in SVB structures was due to the
presence of the high porosity 80% layer allied with the presence of a hard boundary (or gap
due to poor coupling) between the layers. The existence of a hard boundary enhances the
heat transfer by increasing the opportunity of the fluid 1) to find alternative routes as the
fluid enters the second layer, and 2) to reside in the gap and contribute to heat transfer by
convection in the vertical direction. For all the SVB samples studied in this section, having
the L-H orientation gave a higher heat transfer coefficient than the H-L orientation. In the L-
H orientation of the SVB structures, the high porosity second layer has a high surface area
for heat transfer which compensates the reduced temperature gradient. This, along with the
“hard boundary effect”, led to the greater heat transfer coefficient of SVB structures with L-
H orientation, in comparison to the H-L orientation and their IVB and homogeneous

counterparts.
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For the multi-boundary segmented structures, it was obvious that the existence of hard
boundaries within the LCS structure greatly improved the heat transfer performance, due to
enhanced heat removal by convection. As a consequence, increasing the number of gaps
present within the sample led to very high heat transfer coefficients in comparison to their

homogeneous counterparts.

Similar to homogenous samples, an optimum nominal porosity of 60% was observed for
samples with DP. However, much higher heat transfer coefficients were measured for LCS
samples with DP. The direct tubular channels increased the permeability of the structure to
the coolant flow hence, increasing heat removal by convection. For low porosity samples
(40%-50%), an eight-fold increase in the heat transfer performance was evident when DP
was added to the LCS porous structure, in comparison to their homogeneous counterpart.
For higher porosity samples, the heat transfer coefficient was improved by up to three times

when DP was introduced within the LCS porous structure.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

Porous copper samples with different pore structures were manufactured using the LCS
process. The copper powder (base metal) particle size ranged between 50-150 um, while
the potassium carbonate (pore former) particle size ranged between 250-1500 um. The
samples were categorised to four different pore size ranges: 250-425 um, 425-710 um, 710-
1000 um and 1000-1500 um. Six different structures: homogeneous (H), horizontal bilayer
(HB), integrated vertical bilayer (IVB), segmented vertical bilayer (SVB), multi-boundary
segmented structures (SS) and structures with directional porosity (DP), were
manufactured. Their structural, fluid flow and heat transfer properties were investigated.
Table 7.1 summarises the main characteristics of each structure, and its effect on the overall

permeability and heat transfer performance.

230



Table 7.1: Effects of the structure on the fluid flow and heat transfer.

Structure Description Effect on Permeability Effect on Heat Transfer
Uniform distribution of Permeability increased Optimum porosity of 60%
Homogeneous porosity throughout the | with increasing porosity was observed, offering four

sample

since there is less copper
walls impeding fluid flow

times greater heat transfer
than an empty channel
(100% porosity)

Horizontal Bilayer

Two integrated layers
with different porosities
parallel to fluid flow

Majority of the flow
passed through the high
porosity region

Placing the higher porosity
layer next to the heater led
to higher heat transfer since
more water can flow though
the region closer to the heat
source

Integrated Vertical
Bilayer

Two integrated layers
with different porosities
perpendicular to fluid
flow

Permeability was limited
by the lower porosity layer

The H-L orientation gave
higher heat transfer since
the fluid can dwell longer in
the high porosity region,
allowing turbulence mixing.

Segmented Vertical
Bilayer

Two segmented layers
with different porosities
perpendicular to fluid
flow

Permeability was limited
by the lower porosity layer
and the presence of a hard
boundary had negligible
effect on the overall
permeability.

The L-H orientation
performed better since heat
removal by convection was
enhanced by both the high
porosity second layer and
the presence of a hard
boundary

Multi-boundary
Segmented Structure

Segmented layers with
the same porosity

The increasing number of
hard boundaries (gaps)
had negligible effect on
the overall permeability.

Increasing the number of
hard boundaries enhanced
heat transfer by convection
in the vertical direction.

Directional Porosity

Homogeneous structure
with the addition of four
directional pores parallel
to fluid flow

Directional pores
increased the sample’s
permeability to fluid flow,
in comparison to
homogeneous samples.

The directional pores
increased the heat transfer
by convection.

7.1.1 Structural Properties of LCS Porous Copper

The topography, macrostructure and microstructure of the LCS porous copper were

analysed using optical microscope and SEM. The as-produced samples were of similar size as

the mould used during the compaction and kept their shape during sintering. The pore

morphology closely resembled that of the potassium carbonate powder, proving the

capability of the LCS process in producing porous samples with controlled pore size and pore

shape. Necking between the copper particles was also observed, which ensured good

mechanical strength of the porous metal matrix. The smaller cavities/voids between the
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copper particles (inter-particle pores) allowed the interconnection of the larger pores
produced by the space-holder (potassium carbonate). The presence of these voids
increased the sample’s overall porosity. As a consequence, the actual porosities measured
by the direct-volume and Archimedes methods were greater than the nominal porosities for

all the homogeneous samples.

7.1.2 Fluid Flow in LCS Porous Copper

The permeability of the LCS porous copper was measured using a purpose-built apparatus.
The pressure drop increased with increasing fluid flow velocity, fitting well with
Forchheimer’s equation. Both air and water permeabilities were found to be independent of

the sample’s length.

For homogeneous structures, the permeability increased and the form drag coefficient
decreased with increasing porosity and decreasing pore size. The flow was stratified in the
HB structures such that the majority of the flow passed through the higher porosity layer,
leading to higher permeabilities than their homogeneous counterparts. For both IVB and
SVB structures, the permeability was largely limited by the lower porosity layer and the
presence of the boundary between the layers led to higher form drag coefficients. For both
SVB and SS samples, the presence of the hard boundaries had negligible effect on the
overall permeability. The addition of open tubular channels or directional porosity (DP) in

homogeneous structures led to much greater permeability and lower form drag coefficients.
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7.1.3 Heat Transfer Coefficient of LCS Porous Copper

The heat transfer performance of the LCS porous copper samples was characterised by the
heat transfer coefficient measured using a purpose-built apparatus. With increasing water
flow rate, the heat transfer coefficient increased for all the structures studied. An optimum
porosity was observed for all the structures, where heat transfer by convection and

conduction is balanced, maximising the overall heat transfer.

For homogeneous structures, an optimum porosity of 60% was observed (425-710 um pore
size), which offered four times greater heat transfer than an empty channel (100% porosity).
For HB samples, having the higher porosity layer next to the heater resulted in higher heat
transfer performance since more water can flow though the region closer to the heat
source. The heat transfer performance of HB structures was lower than their homogeneous
counterparts with the same overall porosity. For IVB structures, the optimum porosity
combinations fell within the overall porosity range of 55% - 65%. The H/L orientation gave a
higher heat transfer coefficient than the L/H orientation. This was because the fluid dwells
longer in the high porosity region and turbulence mixing occurs, increasing the convective
heat transfer. For SVB structures, the presence of the 80% layer allied with the hard
boundary led to better heat transfer performance. The L-H orientation offered better heat
transfer because the high porosity second layer has a higher surface area for heat transfer,
which compensates the reduced temperature gradient. The existence of a gap at the hard
boundary can enhance the heat transfer by convection in the vertical direction. In general,
the vertical bilayer structures (IVB and SVB) have higher heat transfer coefficients than their

homogeneous counterparts because increased flow turbulence and mixing at the boundary
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enhanced the heat transfer by convection. Multi-boundary segmented structures had higher
heat transfer coefficients than the homogeneous structures, and increasing the number of
hard boundaries increased the overall heat transfer performance. The addition of open
tubular channels in homogeneous structures (DP) led to a three- to eight-fold increase in the
heat transfer performance in comparison to their homogeneous counterparts. The direct
tubular channels increased the permeability of the structure to the coolant flow and hence,

increased heat removal by convection.

The results of this study showed that the structural, fluid flow and heat transfer properties
of the LCS porous copper can be altered by developing tailored, non-homogeneous
structures. Apart from the HB structures, the non-homogeneous structures studied in this

work offered a better heat transfer performance than their homogeneous counterparts.

7.2 Future Work

The LCS process is a versatile process which allows the development of porous metals with
controlled structural parameters (i.e. porosity, pore size and pore shape). This study only
focused on spherical pores and the effect of varying the pore size was only investigated for
homogeneous LCS structures. The effect of varying the pore shape on the fluid flow and
heat transfer performance of the LCS porous copper can be investigated in the future. For
non-homogeneous samples, the effect of changing the pore size of the layers on the overall

fluid flow and heat transfer performance can also be studied.
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Theoretical modelling of the fluid flow and heat transfer performance of the LCS porous
copper with homogeneous and tailored structures would also be beneficial. This would
allow increased understanding of the fluid dynamics and heat transfer mechanisms by
conduction and convection within the complex LCS porous structure. Heat transfer
performance predictions for other structures not considered in this study would also be
feasible, allowing rapid development of LCS porous structures with excellent thermal

exchange properties.

The process parameters for the production of the non-homogeneous LCS structures can be
optimised further to produce higher quality samples. In particular, for the LCS copper with
directional porosity, the design of the directional pores (i.e. diameter, orientation and

shape) can be optimised to further enhance the heat transfer performance.

In addition, the heat transfer performance of the existing porous metals in literature can be
investigated using the same experimental set-up. This would allow more accurate

evaluation of the results and better comparative analysis.
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