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ABSTRACT

The intent of the current research is to emphasize the computational modelling of forced
convection heat dissipation in the presence of high porosity and high thermal conductivity
metallic foam in a circular pipe for different regimes of fluid flow for a range of Reynolds
number. For a constant heat flux condition, the goal is to find out the efficient metal foam
and configurations when air is considered as a working fluid. Flow dynamics and heat
transport phenomenon are captured using Darcy Extended Forchheimer (DEF) flow and
local thermal non-equilibrium (LTNE) models within the porous filled region of the pipe.
The numerical results are initially matched with experimental and analytical results for the
purpose of validation. Initially, the effect of fully filled foam (i.e., L = 0.6L (i.e., 60% L),
0.8L (i.e., 80% L) and L (i.e., 100% L), i.e., L¢ = length of the foam, L = length of test
section), and discrete filled foam (i.e., L = 0.6L (i.e., 60% L) and 0.8L (i.e., 80% L)), in a
pipe is accomplished to decrease and increase the pressure drop and heat transfer rate,
respectively. The average Nusselt number for fully filled foam (L¢ = L) is found to be higher
compared to other filling rate of metallic foams and the clear pipe at the cost of pressure
drop. Further, in the presence of discrete filled foam (L¢ = 0.8L), the heat transfer rate
deteriorates significantly while increases considerably for fully filled foam (L¢ = 0.8L)
accompanied with the same pressure drop. As an important finding, it has been observed
that the laminar and transition flow gives higher heat transfer enhancement ratio and
thermal performance factor compared to turbulent flow. This work resembles numerous
industrial applications such as solar collectors, heat exchangers, electronic cooling, and
microporous heat exchangers. The novelty of the work is the selection of suitable flow and
thermal models in order to clearly assimilate the flow and heat transfer in metallic foam.
The parametric study proposed in this work surrogates the complexity and cost involved in

developing an expensive experimental setup.

Further in this contemporary research, a parametric analysis of partially filled high porosity

metallic foams in a horizontal pipe is performed to augment heat transfer with reasonable



pressure drop. The investigation includes six different models filled partially with
aluminium foam by varying internal diameter of foams from the wall side and external
diameter of foam from the core of the pipe. The pore density of the foam ranges from 10
to 45 PPI (pores per inch) and their porosity varies from 0.90 to 0.95. The results showed
that the thermal performance factor of 10 PPI aluminium foam performs close to the 10
PPI expensive copper foam. The performance factor is found to be higher for 30 PPI
aluminium foam amongst the PPI’s of the foam considered. However, the performance
factor is found to be 2.93, 2.22 and 1.73 for 30PPI, 45 PPI and 20PPI with their porosities
0f0.92, 0.90 and 0.90, respectively for the model 1, model 2 and model 3 at lower Reynolds

number of 4500 and then it decreases progressively with increasing flow rates of the fluid.

Further, optimization study is proposed to optimize for various (six) filling rate of the
metallic foam in a horizontal circular pipe. Optimization study in flow through metal foams
for heat exchanging applications is very much essential as it involves variety of fluid flow
and structural properties. Moreover, the identification of best combinations of structural
parameters of metal foams for simultaneous improvement of heat transfer and pressure
drop is a pressing situation. In this work, six different metal foam configurations are
considered for the enhancement of heat transfer in a circular pipe. The foam is aluminium
with PPI varying from 10 to 45 and almost the same porosity (0.90-0.95). The aluminium
foams are chosen from the available literature and they are partially filled in the pipe to
reduce the pressure drop. A special attention is paid to the preference between pressure
drop and heat transfer enhancements. Hence, Technique for Order Preference by Similarity
to Ideal Solution (TOPSIS) optimization techniques with five different criteria (contains
the combination of the weightage/priority of heat transfer and pressure drop) is used. Based
on the numerical results of heat and fluid flow in pipe, it is found that when an equal
importance is given to both heat transfer and friction effect, 30 PPI aluminium foam with

80% filling on the inner lateral of the pipe provides the best score as 0.8197.

Keywords: — Forced convection, Pipe, Metal foam, LTNE, DEF, TOPSIS
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND OF STUDY

In today’s scenario, due to increased demand of heat removal in applications like
electronic cooling, industry, geothermal, solar applications etc. the performance of the
thermal system needs to be improved. The development comprising heat dissipation is
addressed in numerous areas including electronic industry (Ahammed et al. (2016);
Asirvatham et al. (2015); Brusly Solomon et al. (2013)), automotive areas specially in
radiators (Zhao et al. (2016)), di-icing systems involved in wind turbine and aerospace
applications (Sabatier et al. (2016)), cooling of electronic circuit board (Hunt et al.
(2017)), waste heat recovery systems and chemical handling industries. Heat transfer
enhancement with optimal pressure drop in heat exchanger devices is a critical
phenomenon with numerous applications in heat exchangers and process industries.
The fundamental issue in the thermal device is overheating which leads to system
failure and other heat losses which reduces the efficiency of the system greatly. As a
result, effective cooling is a major demand of today’s industry. The main device
required for cooling is a heat exchanger which is used to transfer heat from hot to cold
fluid. Henceforth, the heat transfer enhancement by convection is a very important for
the existing thermal systems. Heat exchangers are used for a variety of purposes
including cooling and increasing system efficiency. For example, in a thermal power
plant, heat exchangers such as super heaters, condensers, feed water heaters, and air
pre-heaters are used. The two important primary parameters in a heat exchangers are
heat transfer rate and the pressure drop across the heat exchanger. As a result,
improving heat transfer while taking into account the pressure drop in heat exchanger
device is currently a highly important task. Thereby, several researchers have devised
strategies to enhance heat transfer rates in a heat exchanger. The conventional
techniques involved like finned systems, heat sinks, cooling of thermoelectric systems

etc. do not achieve the required cooling effect (Angeline et al. (2018) and Godson et al.



(2010)). It is well familiar that the augment of heat transfer is possible with increase in
the surface area (Manova et al. (2020a & b); Nimmagadda et al. (2019); Tharayil et al.
(2016 & 2018); Tomy et al. (2016)). Different techniques are involved for the
enhancement of heat transfer called passive technique, active technique and the
combinations of both according to (Bodade (2013); Gugulothu et al. (2017); Mousa et
al. (2021)).

Figure 1.1 represents the passive method used for improving heat transfer. The passive
technique is a very basic approach that is based on surface treatment. Due to simple
approach, this method does not require any additional power and has a lower operating
cost than the active method. Various surface treatment procedures such as the use of a
baffle, adding surface roughness, modifying the geometry of the pipe/channel, inserting
the tape etc. are used in this approach. The concept behind this is when the flow is
restricted for example by employing baffles the flow separates and recirculates near the
channel walls causing increased mixing and turbulence. This leads to improved heat
transfer rate. Generally, natural convection would be most effective for cooling
electronic equipment by using air as the working fluid which would be more affordable
owing to little maintenance and faster cooling; however, natural convection is
insufficient to cool such systems in some circumstances due to higher heat flux.
Therefore, at higher flux situations the active method is more affordable for the heat

dissipation.

Tube inlet f‘ 1, Tube outlet

Shell outlet Baffle Spacing,

Figure 1.1 Passive method for heat transfer augmentation.

(http://processprinciples.com/2012/06/shell-and-tube-hx-baffles/)

Figure 1.2 presents the active method for improving heat transfer rate. The active

technique works on the principle of forced convection. It means that by employing
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some external devices such as fans, blowers, pumps, vibrating the fluid with a magnetic
field, pulsating flow etc., the fluid is agitated to increase the heat transfer rate. At higher
heat flux situations, the forced convection can promote better heat transfer but it takes

more pumping power.

Figure 1.2 Active method to augment heat transfer.
(http://www.norenproducts.com/forced-convection-cooling)

The combination of passive and active methods is given in Figure 1.3. This method is
widely used in all types of heat exchanger applications since it boosts heat transfer rate
allowing the heat exchanger to be smaller. As a result, we observe this technology in
current heat exchangers which are often small and utilised to cool small electronic
devices like laptops, micro heat exchangers, computers and other electronic
instruments. However, this work is solely done on the passive technique for

enhancement of heat transfer.

AlR FLOAY

FINNED HEAT SiNK

't'

AR FLOW 'J\.IH FLOW

Figure 1.3 Compound method of enhancing heat transfer rate.

(https://thermal.ferrotec.com/technology/thermoelectric/thermalRef05)
From the above discussion, it is understood that the augment of heat transfer is possible
with increase in the surface area. Therefore, the use of porous media method has gained
more attentions by the researchers for augment of heat transfer in many other

applications. Fluid flow and heat transfer through porous media is a novel branch of
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fluid mechanics and heat transfer that is gaining more popularity among the researchers.
The researchers have been paying close attention to the use of porous media in
industrial applications to improve heat transfer. In numerous engineering applications,
porous materials such as perforated plates, wire meshes and metal foams are also

extensively examined for improving heat transfer.

1.2 POROUS MEDIUM

Porous medium means a material consisting of a solid matrix with an interconnected
void (pore) (Kaviany (1991); Neild and Bejan (2006)). The solid matrix may either be
rigid or it may undergo a little deformation. The fluid stream is allowed to flow through
the pores in a single-phase flow; the interconnected void is saturated by a single fluid.
In naturally available porous medium, the distribution (scattered) of void (pore) with
respect to size and shape is irregular. Some of the examples of naturally available
porous media are: beach sand, human lungs, wood, limestone, sandstone, bread slice
etc. However, in the present scenario, the porous metal foam has been gaining more
attention by the researchers since porous metal foam has many advantages over other
types of porous medium which are available in the market (Zhao (2012); Zhao et al.

(2001)).

1.2.1 Applications of Porous Medium

Various engineering disciplines such as mechanical, geological, chemical,
environmental, petroleum and others, are interested in fluid flow and heat transfer
through porous media (Kaviany (1991)). Figure 1.4 presents some of the applications
of porous medium. Porous media is also good candidate for enhancing the combustion
efficiency in order to minimize the pollution formation, such as soot, CO and NOx
detailed in (Devi et al. (2023)). Further, it is possible to exploit porous medium in
domestic heaters, gas turbine combustion chambers, vehicle heaters, fuel cells and
energy managements in many industrial processes, such as furnaces and cogeneration
systems. Such porous media are vast in nature and have different fields of engineering
applications (e.g. groundwater flow, catalytic converters, porous burners, filters (Deb

etal. (2021)) and (Devi et al. (2023)).



3-Way Catalyston a ceramic
> honeycombsubstrate

Impermeable

Figure 1.4 Few applications of porous medium.

(https://www.ebz-dresden.de/process-technology/burner/)

(https://www.iitg.ac.in/pmkumar/greencombustion.html)

1.3 POROUS METAL FOAM

In many engineering applications, it is appealing to design a primary mechanical
structure to fulfil other functions such as heat transfer/dissipation. A reliable
methodology that allows the mechanical performance (strength, weight, stiffness) and
thermal qualities (heat dissipation, pumping power) to be adjusted simultaneously is
desirable for such multifunctional structures. On the other hand, it is acknowledged that
thermal management concerns are diverse. The increasing demand for speed in modern
computers has resulted in enormous heat fluxes (> 100 W/cm?) at the chip level (Zhao
et al. (2001)). The enormous heat fluxes present a challenge when it comes to
eliminating heat from power electronics connections. As a result, one of the most
promising cooling approaches is the use of porous metals as effective compact heat
exchangers for heat removal. This is due to high surface-area-to-volume ratio in these

materials which result in improved heat transport and thermal system miniaturisation.
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Metal foams are the new emerging class of porous medium that contains voids usually
filled with fluid. The metal foam structure forms a network that contains struts and
ligaments to form a metal matrix. The void volume consists of pores that can be
interconnected by fibres (open-cell foams) or which can be closed (closed-cell foams)
(Banhart (2001); Kopanidis et al. (2010); Mendes et al. (2014); Paul and Ramamurty
(2000); Ranut et al. (2014); Solorzano et al. (2008)). The voids in open foams are
connected by open pores called open-celled foam, whereas the voids in closed cellular
foams are connected by open channels but divided by a solid wall called closed-celled
foam. The open-celled metallic foams comprise reticulate cellular structure which is
similar to sponges. As a result, they are frequently referred to as metal sponges (Banhart
(2001)). Metal foams are divided into various groups based on their microstructure:
closed-cell, semi-open, open-cell and fibre arrangement (Banhart (2001); Kopanidis et
al. (2010); Mendes et al. (2014); Paul and Ramamurty (2000); Ranut et al. (2014);
Soloérzano et al. (2008)). The shape of open celled metal sponges gives a high specific
surface area which provides a tortuous form that allows for better mixing to augment
heat exchange. Based on solid phase material, both types are electrically and thermally
conductive, as well as light weight, relative strength and high porosity (Paul and
Ramamurty (2000) and Solérzano et al. (2008)). Metal foams can have high porosity
values of up to 0.99. The number of pores per inch (PPI) can range from 5 to 100
(Kaviany (1991)). Figure 1.5 depicts open cell and closed metal foams.

(@) (b)

Figure 1.5 Metal foams (a) Open cell (b) Closed cell.

(https://ultramet.com/refractory-open-cell-foams/reticulated-vitreous-metal-foam).



A fast-emerging topic of thermal science is forced convective heat transport in porous
materials. Numerous thermal engineering applications such as heat exchangers, thermal
insulations, geothermal systems, filtering devices, microelectronic cooling systems and
chemical industry goods, can benefit from a better understanding of convection through
porous materials. The first study of fluid flow through a porous material was conducted
in the nineteenth century. Darcy (Darcy (1856)) was the first to conduct experiments
and formulate porous medium compositions. He established that the area-averaged
fluid velocity in a porous material column is proportional to the pressure gradient and
inversely related to the dynamic viscosity (i) of the fluid seeping through the porous

material, as shown by the Darcy flow law.
K/ dP K
U, = —(——) = 2 (-vP) (1.1)

where u,, is the seeping/superficial/Darcy velocity of the porous medium which is
smaller than the real/actual velocity. K is a constant called material permeability. It is
responsible for the amount of fluid flow to pass through the porous material. The

permeability depends on the shape and porosity of the porous material.

Following that, the Darcy flow model has been used in a variety of engineering
applications involving fluid flow and heat transfer in porous materials. Although the
Darcy model is widely used in porous media convective heat transfer research, it
ignores a number of important physical aspects in channel/conduit flows. For example,
Darcy flow model does not fulfil no-slip condition on a solid surface boundary because
it ignores friction owing to macroscopic shear and inertial forces, which are important
for moderately fast flows. Hence, Darcy law is applicable only for very smaller velocity
of isothermal and incompressible flows. Also, when the Reynolds number based on
pore or particle diameter grows in the range of 1 to 10, the linearity collapses due to
form drag caused by the porous medium solid phase (Neild and Bejan (2006)).
Therefore, in this situation the Darcy law is not applicable. In order to account the shear
and inertial forces the Darcy law is extended to a Darcy extended Forchheimer law that
defines inertial effects against motion of fluid flow which accounts in the form of

inertial resistance or form drag coefficient depicted in Eq. (1.2). The form drag



coefficient is basically depending on the internal structural of porous ligaments, pore

size and porosity of the porous medium.

o

pu
—VP=TP + N |up|up

(1.2)

The modified Darcy law shown in Eq. (1.1) is originally signified by (Dupuit (1863)).
and (Forchheimer (1901)). The second term of Eq. (1.2) in the right hand side is called
as Forchheimer term where, Cr is called Forchheimer constant. The transition flow
within the porous medium is possible only when the permeability Reynolds number is

greater than 150 (Neild and Bejan (2006)).

It is difficult to fully comprehend the fluid flow and heat transfer characteristics of
porous media. The complicated microscopic transport phenomena at the pore level is
crucial in this regard because they determine macroscopic phenomena like heat transfer
enhancement and pressure loss. However, due to the complexity of the cellular
morphology present in commercial porous metals, a full microscopic analysis of the
transport events at the pore level is usually not possible. As a result, the general
transport equations are frequently integrated over a representative elementary volume
that encompasses both the fluid and solid states within a porous structure. Though the
integrated quantities, in combination with a set of proper constitutive equations
representing the effects of microscopic interactions on the integrated quantities, provide
a rigorous and effective basis for analysing the transport phenomena in porous
materials, the loss of information with respect to microscopic transport phenomena is

unavoidable with this approach.

The volume-averaging approach for heat transport exploration can be applied in two
ways: one is to average over a representative elementary volume containing both the
fluid and solid phases, and the other is to average individually over each phase, resulting
in a different energy equation for each phase (Neild and Bejan (2006); Kambiz Vafai
(2005); Zhao et al. (2001)). The one-equation model and the two-equation model are
the names given to these two models. The one-equation model is valid when thermal
transmission is adequate enough that the local difference in temperature between the
fluid and solid phases is negligible (Neild and Bejan (2006); Kambiz Vafai (2005);
Zhao et al. (2001)). Temperature changes between phases, on the other hand, cannot be
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ignored in some applications. Heat transfer enrichment in porous materials is caused by
the impacts of the interfacial surface and interstitial heat transfer coefficients, which are
connected to the internal heat exchange between the solid and fluid phases. In these
situations, the two-equation model must be used (Neild and Bejan (2006); Xu et al.
(2011b); Zhao et al. (2001)). The heat transport thermal model for the analysis within

the porous medium are discussed detailed in next section 1.4 and 1.5.

1.3.1 Advantages of Porous Metal Foams

The advantages of metal foams are as follows (Zhao (2012) and Zhao et al. (2001)).

e Light weight

e High contact surface area

e [Excellent stiffness to weight ratio

e High porosity

e Ability to increase the turbulence

e High thermal conductivity

e Damping factor is larger than the solid metals (order of 10)

e Low density with good shear and fracture strength

1.3.2 Applications of Porous Metal Foams

Metal foams have unique qualities that allow them to be used in a wide range of thermal
applications. Metal foams with a high porosity are more common and are employed as
a good candidate for heat dissipation in the heat exchanger, electronic industries and
more others (Xu et al. (2011b); Zhao et al. (2001)). Metal foams are used in the

following applications.

e Compact heat exchanger
e Electronic cooling

e Geothermal application
o Filters

e Automotive applications

e Aecrospace applications



1.4 LOCAL THERMAL EQUILIBRIUM (LTE) MODEL

The LTE model assumes that the solid and fluid phases in the porous medium are in
thermal equilibrium such that Tg = Ty = T. Since, heat conduction in both the phases
occurs concurrently, therefore, the net/total heat transfer between the phases of the
porous medium is zero (Neild and Bejan (2006)). Both the phases of the porous media

are subjected to energy conservation as shown in Egs. (1.3) and (1.4).

3 aTS nr

For solid (1 —¢)(pc)s rre (1 —e)V.(k,VT,) + (1 — ) g (1.3)
. oT;

For fluid S(pCp)f W + (Pcp)f upVTf =¢cV. (kaTf) + ¢ q]c”’ (14)

Adding Eqn. (1.3) and (1.4)

aT nr
(0C)err 5+ (pC) Up. VT = V. (kepVT) + degy (1.5)
where (pCesr = (1 —&)(pc)s + € (pcp)s (1.6)
kepr = (1 —¢€) ks + €k (1.7)

nr

Qess’"' = (1 —8)qs"" + eq;" (1.8)

Where, u, = €V. The u, is velocity average taken with respect to a volume element
of the medium consisting of both fluid and solid material called the Darcy or superficial
or seepage or volumetric flux density. The V average velocity taken over the volume
element of fluid only. Here in Egs. (1.6) — (1.8) characterizes the effective heat capacity,

thermal conductivity and heat generations respectively.

1.5 LOCAL THERMAL NON EQUILIBRIUM (LTNE) MODEL

The LTNE model assumes that the porous mediums solid and fluid phases are not in
thermal equilibrium such that Tg # Tr # T due to existence of the temperature gradient
between the solid and fluid phases of the interface. The convection term accounts for

heat transport between the solid and fluid sections and is expressed in Egs. (1.9) and
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(1.10) according to (Neild and Bejan (2006)). Therefore, the energy equations between
solid and fluid phases of the porous medium are presented in Egs. (1.9) and (1.10).

For solid a7,
(1 —=2)(pc)s ot (1.9)

= (1 —&)V. (ksVTs) + (1 — ) g5
+ hsfasf(Tf - TS)

For fluid 0Ty
e(pcp)f E-I_ (pcp)fuy,. VT (1.10)

=eV. (kaTf) + € qf’” + hsfasf(TS - Tf)

Where, ar is the specific surface density presented for simple case

asp =6 (1—¢)/d, (1.11)

Interfacial heat transfer coefficient correlation reported by (Wakao et al. (1979)).

ed 0.6
hes = 2.0 + 1.1 Pr/3Re,** (d—”) (1.12)
h

where dj, is called hydraulic pore scale diameter.

According to (Wakao et al. (1979)), the above Eq. (1.12) is valid for Re = 15 to 8500
and Pr = 0.7. Based on kind of porous medium, different correlations exist for
estimating specific surface area and interfacial heat transfer coefficient (Wakao et al.

(1979)); (Calmidi and Mahajan (2000)); (Tian et al. (2004)); (Zukauskas (1987)).

1.6 ORGANIZATION OF THESIS

Chapter 1 describes the brief introduction about background, porous medium, metal
foam, application of porous medium, application of metal foam and the advantages of

metal foam.

Chapter 2 presents the critical literature on the previous and recent studies on fully and
partially filled foam in a conduit/channel. Also, the literature review is extended to
optimization study with and without presence of metal porous foam. The same chapter
highlights the summary of the literature and research gaps, motive and scope of the

present work and objective of the work.
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Chapter 3 presents the details of numerical consideration of local thermal non-
equilibrium (LTNE) and Darcy extended Forchheimer (DEF) models for the analysis
of forced convection in a horizontal pipe in the presence of discrete and completely
(different lengths) filled metal foams. This chapter also provides fluid flow distributions
as well as solid-fluid temperature distributions of completely filed porous region of the
conduit. Performance factor of discrete and completely filled metal foam is also

examined in account of laminar, transition and turbulent flow regimes.

Chapter 4 explores the numerical investigation of partially filled high porosity metal
foam in a pipe imposed with uniform heat flux. The numerical investigation includes
six different models (numerical domain) with varying metal foam layer thickness from
the conduit wall side and from core of the pipe. The fluid flow and temperature
distributions are presented between porous and non-porous region of the pipe for
various inlet velocity of air. Also, the results of Nusselt number, heat transfer
enhancement ratio and thermo-hydrodynamic performance of partially filled foam pipe

are plotted and discussed.

Chapter 5 is a continuation of chapter 4. Optimization study is proposed for the multi-
objective optimization trade-off between heat transfer and the pressure drop. The
TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) method is
applied for low and high Reynolds number to determine the optimum porous layer
thickness for the maximization of heat transfer and minimization of pressure drop. This
chapter provides the best configuration (model) of pipe/conduit to determine the
location, PPI (Pores Per Inch) and porous layer thickness based on the requirement of

thermal designer for weight of heat transfer and friction resistance.

Chapter 6 highlights an overview of major conclusions of the work as well as a
description of the specific contribution made. There is also a special mention of the

scope of future work.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

In any commercial, industrial and domestic application, a heat exchanger system is
necessary for energy usage, recovery and conversion. The thermal efficiency of any
thermal system can be improved by optimising the heat exchange mechanism, which
lowers the overall system cost. It is critical to design the thermal systems used in
engineering applications to maximise efficiency and ensure smooth operation. Heat
transfer can be improved using a variety of ways across a wide range of technical
applications. Some few examples are heat sinks, micro-channel, extended fin surfaces,

nanofluid, phase change materials, porous media etc.

In the recent times, heat transport phenomenon through high thermal conductive porous
media is one of the most prominent processes in several engineering applications in the
past decades. The motive of many reported heat management studies is to ensure the
augment of heat dissipation in many engineering applications like heat exchangers, heat
pipes, nuclear cooling, and solar collectors. Hence, more high performance cooling
techniques are necessary to avoid the problems of conventional cooling devices. The
use of high thermal conductive porous media has advantages to enhance heat transfer.
The open-celled foam is one of the most promising used enhancer due to high heat
transfer area between the fluid and solid phases of the foam, mixing the fluid flow in
the pores, enhancement of convective heat transfer coefficient and finally the increase
of the thermal conductivity of flow field (i.e. effective thermal conductivity). These
effects promote the thermal performance or efficiency of the system, considerably.
However, the use of open cell metal foam has a significant disadvantage and that is the
increase of pressure drop (or flow resistance) causing the increase of fan or pump

power.
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2.2 FULLY FILLED POROUS MEDIUM IN A
CONDUIT/CHANNEL

Many researchers have reported the thermo-hydrodynamic behaviour of heat and fluid
flow through forced convection heat transfer in a tubes or channels filled with porous
medium. The numerical investigation was examined through the forced convection
channel occupied with aluminium metal foam in account of local thermal equilibrium
(LTE) and local thermal non equilibrium (LTNE) thermal models (Lin et al. (2016)).
In comparison with average Nusselt number, the LTE and LTNE thermal models
confirm similar results when the velocity of fluid is high. Since, the LTE model used to
envisage thermal performance of metal foam at high velocity flow and has large height,
the state of thermal equilibrium is achieved. Further, at the state of equilibrium, the
interfacial heat transfer coefficient does not show any significant effect on the heat

transfer performance.

Xu et al. (2015) explored the numerical computations on convection heat transfer
performance using metal foam in consideration with LTE and LTNE models. It is
concluded that the use of porous metal foam conductivity and porosity play a significant

role in the evaluation of heat dissipation rate with LTNE model.

Kuwahara et al. (2011) explored the analytical investigation of effective porosity on
saturated porous media fully filled in a channel in account of LTNE model. In this
study, an effective porosity concept addressed the effects of thermal dispersion as well
as the tortuosity on specific effective heat conductivity of fluid and solid phases in the
saturated porous medium. Further, metal foam with air combinations showed that the
LTE assumptions could hold good for isothermal hot and cold walls, but it can fail in

account of uniform heat flow walls.

Yang et al. (2015) accomplished the LTNE model for fully developed forced convective
heat flow through the tube filled with porous foam where constant heat flux boundary
conditions is incorporated. The exact solution obtained for the combined metal foam
and air predict that the LTE assumptions may fail for the case of uniform heat flux

assigned at the wall. This is because of the volume averaged temperature for aluminium
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foam is significantly higher than those of air temperature. Finally, the obtained solution

is fairly well agreeing with exact solution.

Nakayama (2011) numerically examined the LTNE forced convection air flow through
the annulus fully filled with porous medium where the inner wall is heated with a
uniform heat flux and outer wall is made an adiabatic boundary conditions,
respectively. For local thermal constant heat input boundary condition at inner wall, the
temperature gradient of fluid near the wall becomes very high in order to develop

required constant heat input adjacent to the wall.

Gangapatnam and Kurian (2018) numerically examined the forced convection heat
dissipation rate with the effect of foam thickness filled inside the vertical channel. They
reported that, the convection coefficient deteriorates for the foam thicknesses of 10 mm
to 20 mm and 20 mm to 30 mm where the enhancement in convection coefficient was

observed only of 12% and 5.35% respectively.

Calmidi and Mahajan (2002) experimentally and numerically studied forced convection
heat transfer through the channel completely filled with high porosity metallic foam.
They considered various pore density of aluminium porous foams with their porosity
changes from 0.89 to 0.97. Results revealed that, for foam-air combinations showed
lesser influence on thermal dispersion effect since high heat conductivity of solid

porous foam.

Wang and Guo (2019) carried out numerical investigation with completely cubic metal
foam filled inside the channel. The model called volumetric convection heat dissipation
coefficient for porous metallic foam was developed while considering the convection
heat dissipation and heat conduction with the attached foam ligaments. From the results,
foam filled near the wall of the channel, the velocity gradient is larger than in an empty

channel, and the boundary layer at the wall becomes thinner.

Li et al. (2018b) applied discrete scale approach (DSA) versus continuum scale
approach (CSA) with convection and coupled radiation in rectangular four — sided
channel filled with porous metal foam. The LTNE model with Monte Carlo method

was employed to compute the radiation heat emission rate. For the studied cases, the
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CSA and DSA can predict constantly the temperature field whereas the inconsistency

among them is relatively higher for the LTNE region.

Nazari et al. (2015) conducted experimental study on forced convection heat dissipation
using nano-fluid in a circular pipe filled with metallic foam heat exchanger. The mass
flow rate of the experimental study was varied in the range between Re = 500 to 5000,
while the temperature of pipe wall is kept constant. The maximum advancement in the
Nusselt number was found to be 57% at Re equal to 3704 for Al>Os3 inside the pipe
filled with metallic foam. Further, the pumping power was increased by 39% for Al,0O3

nano-fluid with volume fraction of 1.5% at Re = 3704.

Baragh et al. (2018) performed forced convection analysis in a single-phase flow
through circular pipe with different arrangement of porous medium heat exchanger.
They considered six different arrangement of porous medium for various flow regimes
like laminar (Re = 1125), transition (Re = 3500) and turbulent (Re = 6437) inside the
conduit. When the diameter of the porous medium is equal to the diameter of the pipe,
it i1s found that the rate of heat dissipation as well as enhancement ratio is higher
compared to other configurations considered in the study of laminar and turbulent

flows.

Pavel and Mohamad (2004) experimentally and numerically examined augment of heat
removal rate for gas heat exchanger fitted with various configurations of porous inserts.
They reported that, for larger value of porous radius ratio in combinations with lower
porosity leads to maximum fluid velocity shifted much nearly to the pipe wall,
subsequently maximum heat transfer. When porous radius ratio is equal to one (fully
filled pipe), develops constant velocity profile across the pipe diameter, therefore the

heat removal rate reduces.

Abadi and Kim (2016) experimentally analysed heat dissipation rate and pressure drop
in a tube heat exchanger filled with copper porous metallic foam. The R245fa
(Pentafluoropropane) is considered as working fluid whose mass flux changes from 200
to 1000 kg/m?s. Small copper tube filled with metallic foam enhances heat dissipation

rate due to high superficial area to volume ratio exposed for heat dissipation. The heat
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convection coefficient and the pressure drop showed strong dependent on Re number

as well as the porous foam geometry.

Yang et al. (2022a) studied the coupling effects in a plate heat exchanger fully filled
with porous media. The findings demonstrate that the thermal performance of one
channel in a plate heat exchanger filled with porous media is influenced not only by
this channel flow and heat transfer parameters, but also by the flow and heat transfer
parameters of the plate heat exchangers of the other channel. When designing a plate

heat exchanger with porous medium, this coupling effect should be taken into account.

Chen et al. (2019) considered the simulation of fluid flow and conjugate heat transport
within the foam zones, the Darcy-extended Forchheimer equation and the LTNE model
are used. When neglecting the heat radiation effects, the deviations of 18.5 percent in
temperature and 13 percent in the performance factor were observed. However, with
increasing length of the heat exchanger and ratio of annular dimension leads to enhance

the performance factor as well as the effectiveness of heat exchanger.

Boyd and Hooman (2012) explored three-dimensional numerical investigation on metal
porous foam heat exchanger for several cooling techniques such as water and air
cooling. This study considered a graphite porous block with a thickness of 1 mm
inserted among the cooling passage and the chamber of fuel cell system. Results
demonstrates that, for the identical pressure drop the heat performance of water cooled

heat exchanger was observed to be equal as that of air cooled foam heat exchanger.

Mancin et al. (2013) experimentally investigated forced convection through various
copper and aluminium foam samples. The metal foam samples of pore density are
varied from 5 PPI to 40 PPI and their porosity changing from 0.89 to 0.95. Two
dissimilar thickness of porous foam such as 20 mm and 40 mm are considered for the
experimental investigation. From the results, 20 mm thick foam sample obtained
maximum efficiency even after 50% reduction in heat dissipation area relatively to 40

mm thick foam sample.

Kotresha and Gnanasekaran (2019) numerically investigated the effect of thermal
conductivity and thickness of aluminium and copper metal foams filled through the

vertical channel. Results reported that, the effect of variation in thermal conductivity of
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foam does not showed any significant effect on heat transfer rate. But, in the variation
of thickness of copper and aluminium foams, the copper metallic foam enhances only

4 percentage upsurge in heat dissipation rate than aluminium metallic foam.

Chumpia and Hooman (2014) investigated heat transfer and pressure drop
characteristics of a metal foam-wrapped tubular heat exchanger. The thickness (or
height) of the foam layer ranges from 5 mm to 20 mm. The results reveal that foam heat
exchangers with a thicker foam layer operate better than those with a thinner foam layer

within the specified air velocity range.

Zhao et al. (2006) employed Darcy Brinkman-extended equation and two-equation heat
transfer models inside porous region to investigate heat transfer performance of a metal
foam filled tube heat exchanger. The heat transfer capacity of a metal-foam filled tube

heat exchanger increases with increasing pore density (PPI) or decreasing porosity.

Chen et al. (2022) performed numerical investigation of fluid flow and heat emission
through wrapped metal foam heat exchanger. In this work, cold nitrogen flow through
a tube to cool hot nitrogen running through a tube bank. They discovered that, as the
nitrogen enters with a foam height of 2 mm, and that increasing Re number enhances

outside heat transfer performance at the expense of external pressure drop.

Bagci and Dukhan (2018) experimentally studied the effect of oscillating water flow
through high porous open-celled aluminium metal foam. The results showed that the
PPI has appreciable repercussion on oscillating H>O flow parameters counting entry
pressure, friction factor and pressure losses. At lower frequencies 40 PPI foam showed

similar results of friction factor for steady state as well as oscillating water flow.

Ghafarian et al. (2013) used computational fluid dynamics investigation in an
oscillating flow through a channel fully filled with porous foam. The effects of foam
porosity, Reynolds number, amplitude and frequency of oscillating air flow, A (thermal
conductivity of solid) on the surface temperature distribution, and the local Nusselt
number of porous channel have all been studied. They reported that, the heat transfer
augment of oscillating flow via metal porous foam filled channel is observed to growth

with amplitude as well as the frequency of oscillating flow in an appropriate range.
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Leong and Jin (2005) conducted the experimental study on the enhancement of heat
emission of sinusoidal oscillation flow through the conduit/channel completely filled
with pore density of 40 PPI aluminium metallic foam subjected steady uniform heat
flux. From the results, the use of porous foam in a plate channel considerably improved
heat emission with the oscillating flow. However, the kinetic Reynolds number Re,,
and dimensionless amplitude of flow displacement A, increases the cycle-averaged

local Nusselt number.

Hutter et al. (2011) examined forced convection heat transfer through the tube inserted
fully filled with designed metal foam. Reynolds numbers ranging from 600 to 7600
were considered. The geometry and structure of the metal foam has a significant impact.
The increase in convective heat transfer with increased pore size attributed to the larger
ligament thickness was seen in commercially available metal foam. When compared to
sintered structure without a wall connection, the convective heat transfer rate of fully

sintered device was found to be 30% higher.

Lu et al. (2006) explored the forced convection heat emission and pressure drop through
the tube filled with porous metallic foam. They found that, in account of low
conductivity foam, the influence of PPI is quite small and therefore the pressure drop
can be reduced with use of high porosity foams. However, the heat transfer with use of
porous metal foam can enhance significantly, up to 40-times higher comparatively to

plain hollow tubes.

Boules et al. (2021) conducted experimental study on enhancement of heat dissipation
through horizontal cylinder encased with fully and segmented layers of porous metallic
foam. The constant heat input is imposed on the cylinder wall. The forced convection
experiment was conducted for Re number range from 7500 — 18000. The segmented
foam layer exhibited the best performance at largest diameter ratio, with 1.47 times the

performance of bare cylinder at highest Re.

Alomar (2020) explored numerical examination and importance of non-Darcian flow
and LTNE thermal model for two-phase flow in a horizontal porous channel evaporator
with localised heating. Results reported that the growth of two-phase flow in axial

direction is more significant influence than that in transverse direction. This statement
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could be endorsed that the reduction in coefficient of effective diffusion in the region
of two-phase which decreases the transport energy diffusion from superheated vapour

region in axial direction.

Lu and Zhao (2019) explored the effect of various flow regimes on the forced
convection heat dissipation through the manufactured copper foam by lost carbonate
sintering (LCS) process. Five different flow regimes are identified by witnessing the
variation in the slope of AP/LV — Re namely: (i) pre — Darcy, (i) transition to Darcy
(Retp), (ii1) Darcy (Rep), (iv) transition to non — Darcy (Retn) and (v) non-Darcy
(Renp). In pre — Darcy regime the Re < 10. Therefore, the various regimes of flow are
classified as; pre — Darcy (Re < Rerp), transition to Darcy (Retp < Re < Rep), Darcy
(Rep < Re < Retn), transition to non — Darcy (Retn < Re < Renp) and non — Darcy (Re

> RenD).

Baloyo and Zhao (2021) explored the experimental study on structural effects of copper
foam sample by lost carbonate sintering process. Various copper foam samples were
fabricated with different porosity range from 0.5 to 0.8. The size of the pore is varied
from 250 um to 1500 um. The K>CO3 (potassium carbonate) food grade powder
particle (space holder) is used to interconnect the voids between the copper powder
particles and which allows and enhances the permeability of fluid samples. Results
reported that. The maximum convection coefficient was attained at an optimal porosity

of 0.6.

Arbak et al. (2017) conducted the experimental study on the influence of PPI (pore
density) on the thermal development with the use of open-celled porous foam. They
noticed that, the thermal entry length for 10 PPI foam was around 2.9 pipe diameters
(150 mm) and for 40 PPI foam was about 2.4 pipe diameters (122 mm); these values
were consistent across Darcy and Forchheimer flow regimes and were unaffected by

flow velocity.

Tio et al. (2000) examined analytical investigation of inclined micro heat pipe (MHP)
filled with porous media. The Darcy equation incorporated for two-phase flow MHP
porous media. At a given operating temperature of MHP, could exists a threshold value

of heat transfer rate (Qmax), however; beyond which the micro heat pipe (MHP) cannot
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function effectively due to flooding, dry-out or the mixtures of both will occur. Further,
consistent to Qmax also prevail an optimal level charge (Mopt), of MHP. Also, the gravity
effect can also enhance the heat performance of MHP, and which is also depending on

its orientation of the MHP.

Shen et al. (2021) performed the experimental study on fluid flow and thermal features
of metallic porous foam heat pipe radiator (HPR). The pore density of 15 PPI copper
metal foam is used in a heat pipe radiator to improve heat transfer between the ambient
air and condensed part of the heat pipe. The results revealed that, the heat resistance of
MFHPR (metal foam HPR) remains essentially stable when heating power increases,
whereas the heat resistance of TFHPR (traditional finned HPR) declines as the heating
power increases. Also, with the same pressure drop the heat resistance of MFHPR is

still 5.6% lesser comparatively to TFHPR.

Edrisi et al. (2017) study mainly focused on heat removal rate in a ceramic heat insulator
porous media. The self-consistent technique is adopted in order to accomplish effective
heat conductivity of porous media. Here, the porous media is divided into discrete and
the continuous phases. This process tends to an equation for effective convection
coefficients and the porosity. They observed that, the chemical composition of porous
matrix affects features of porous matrix such as size of the pores, spatial arrangements

of pores, thermal and homogeneity characteristics of porous media.

Samudre and Kailas (2022) conducted experiments with use of open-pore celled metal
foam and foam-fin heat sinks for the cooling applications in order to improve the
performance of the system. The idea of current study is to minimize the thermal contact
resistance by employing epoxy-gluing technique and fused-bonding approach. When
compared to epoxy-gluing approach, fused bonding technique reduces the heat contact

resistance by 19 times.

Celik et al. (2017) examined numerical investigation to determine the interfacial
convection heat transfer coefficient for a thin periodic porous medium under mixed
convection. For lower porosity values below 0.51, the average Nusselt number does not

have any significant effect on Richardson (R;) and Reynolds numbers (Re).
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Furthermore, the interfacial convection heat transfer coefficient increases after

Reynolds number exceeds 100, when Richardson number varies from 0.01 to 10.

Magyari and Storesletten (2008) reported the mixed convection flow in inclined porous
channel considering effect of viscous dissipation. The balance governing equation
evaluated analytically where the tilt angle of porous channel changes from 0 < ¢ < 90°.
They also observed that with vertical or inclined porous channel (i.e., inclination angle
(¢) less than 90°), the velocity boundary value problem states or exists dual solutions
for any given value of Ra number and dimensionless average velocity u,,, provided

that Uy, < Uy max-

2.3 PARTIALLY FILLED POROUS MEDIUM IN A
CONDUIT/CHANNEL

Partially filled tubes or channels with insertion of porous layer thickness can be
alternate solution in order to minimize the pressure drop without heat transfer too much.
Xu et al. (2011a) explored analytical investigation on heat transport through open celled
metallic foam material partly filled in a parallel plate horizontal channel/conduit. The
study concludes that the mass flow fraction in the porous medium is highly affected by
the hallow ratio. The saturation hollow ratio exists where the mass flow fraction reduces

to a level lesser than 10%.

Xu etal. (2011b) carried out analytical investigation in account of Darcy-Brinkman and
two-equation models in order to compute the fluid flow and forced convective heat
transfer through the tubes partially filled with open-celled high porosity metallic foam.
It is stated that, at higher values of porosity the friction factor reduces and Nu number

is found to be maximum at an optimal value of porosity.

Qu et al. (2012a) explored the partially filled porous foam inside annulus region and
studied the effect of porosity, PPI and dimensionless porous thickness. The resistance
due to fluid flow is reduced by reducing the pore density, increasing porosity and
reducing the dimensionless thickness of the foam layer. The heterogeneity coefficient
for the porosity values of 0.85, 0.90 and 0.95 is very close to each other, but significant

changes appeared with increase of PPI of the porous foam.
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Lu et al. (2016) explored analytical investigation on fluid and heat flow features of a
fixed parallel plate partly filled with metallic foam. The temperature and velocity
outlines are predicted for various pore densities of the metallic foam. The Nusselt
number advanced marginally when dimensionless height of porous block is smaller
(i.e., H < 0.3) then, Nusselt number increases considerably faster with increment in
dimensionless height of the porous blocks accompanied with the cost of pumping

power.

Ghorab (2015) explored partially filled foam channel being tested with two different
heights of porous blocks (0.5 and 1) and bottom wall of the channel heated with four
discrete uniform heat sources. When compared to non-foam channel, the Nusselt
number for the partly filled foam convergent channel (exit height = 0.25 and porous
block height = 1) is increased by 20—40%. As a result, the size of the heat exchanger

can be lowered by 37.5 percent.

Lai et al. (2021) numerically examined the fluid flow and heat removal rate through
rectangular channel partly filled with various height of porous foam layers. The porous
media is placed at the centre indicate that, with increasing height of porous media the
Nusselt number and dimensionless velocity increases firstly and then reduces. Also, at
high value of porosity, the dimensionless velocity and Nusselt number grows sharply

as specific surface area (SSA) increases.

Maerefat et al. (2011) numerically investigated the effects of partially filled porous
layer inserts. In the first arrangement, increment in porous thickness augment Nusselt
number, and porous thickness value that maximizes the Nusselt number range from 0.8
to 0.95 where the Da number value drops from 107 to 10°%. In the second arrangement,
with increment in porous thickness reduces the Nusselt number significantly for lesser
values of heat conductivity, and minimal values of Nusselt number exits with optimum
porous layer thickness range from 0.6 to 0.85 where the Da number falls from 107 to

10°°.

Shokouhmand et al. (2011) examined the effect of insertion of porous layer thickness
in partially filled conduit on augment of forced convective heat transfer. For both

scenarios, the effects of several parameters such as porous media thickness, Da number,
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and the ratio of porous media effective conductivity to fluid conductivity were
examined and compared. Pressure loss was found to be larger in the case of a porous
layer positioned in the channel core than in the case of a porous medium near to the
walls. On the other hand, inserting a porous layer in the channel core results in larger

Nusselt number for lower values of Da numbers.

Shokouhmand et al. (2009) reported that the channeling effect is more significant on
Da and Nusselt numbers. However, in account of channeling effect the Da number
increases up to optimum value that leads to increase Nusselt number. In the case of a
fully filled channel, this impact was lost. As a result, channels partially filled with

porous medium provide the best thermal performance.

Mahmoudi and Karimi (2014) performed the numerical investigation of partially filled
porous material in a pipe for the augment of heat transfer in account of LTNE thermal
model. The two thermal boundary conditions (model A and model B) were included
into the interface fluid of porous material. It should be noticed that the model A and
model B indicate different temperatures at solid and fluid phases for different Da

numbers with variable radius of foam materials.

Golbaghi Masouleh et al.(2022) carried out analytical investigation on core flow
through the cascade heat exchanger augment with open-celled porous foam filled
partially in an annulus. The PEC curves showed that with increasing Darcy number or
lowering the heat conductivity ratio improves heat exchanger performance
significantly. The ideal porosity for the highest heat exchanger performance is 0.91 in

the ratio A¢ /A = 10™*.

Peng et al. (2015) examined heat transfer enhancement on partially filled tube of
diameter 0.02 m out of which 0.018 m is filled with porous medium at the core of tubes.
The air flowing through a tube inserted with a A (solid thermal conductivity) porous
medium, has a complex effect on the ETfHE's (enhanced tube for heat exchangers)
performance. The Nusselt and PEC values grow greatly when A is less than 24.88
W/(m K) and marginally when A is greater than 24.88 W/(m K) under moderately large
Re numbers. When the Re < 1250, however, the Nu number and PEC attain their

maximum values when the A, is at 24.88 W/(m K).
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Saedodin et al. (2017) performed experimental and numerical investigation of
conventional tubular collector and solar heat exchanger filled partially and fully with
copper metal foam. From the observations, as the flow rate increases, the dimensionless
temperature gradient at upper wall of the channel increases, resulting in a smaller

temperature difference between the wall and the fluid, as a result higher Nu number.

Alkam and AI-Nimr (1999) examined analytical and numerical approaches through
solar collector tubes which is partially filled with porous substrates at near wall of the
tubes. The solar collector efficiency was increased from 15% to 130 percent, especially
at higher levels of the total loss coefficient. However, the collector performance has
improved up to a certain limit of porous layer substrate thicknesses, and beyond that,

the thermal performance has remained static.

Li et al. (2017) explored the effect of core flow for enhancement of heat transfer with
the use of thermoelectric module Bi;Tes (Bismuth telluride) to improve the waste heat
from the automobile exhaust gas. The study is carried out for three different filling rate
of foam 0%, 50% and 75% with variation in 10 PPI, 20 PPI and 30 PPI of the foam.
When the stream flow rate at the inlet is 120 m*/h, the inlet temperature is 300 °C, and
the pore density is 20 PPI with a 75 percent filling rate of the foam, the wall convection

coefficient increases dramatically from 70 to 300 W/(m?K), or up to 4 times.

Lietal. (2018a) conducted experiments on heat removal rate enhancement of a gas tube
heat exchanger partly filled with porous metallic foam. At the core region of the tube
10 mm and 15 mm thick copper foams of 10 PPI, 20 PPI and 40 PPI with constant
porosity of 0.98 are filled (50% and 75% filling rate by volume) inside the tube,
respectively. The wall convection coefficient found to be higher for 75% filling rate

than that of 50% filling rate of the metal foam.

Yang and Hwang (2009) carried out the numerical investigation of turbulent air flow
and heat dissipation through the partially filled metal foam heat exchanger. In the
turbulent flow regime, the Re number is varied from 5000 — 15000, the Da number
range from 107! — 10" and porous radius ratio altered from 0.0 — 1.0. According to the
numerical results, changing the flow field and inserting porous layer thickness causes

the boundary layer thickness to condense, resulting in an increased heat removal rate in
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the pipe. Furthermore, when the porous radius ratio is smaller than 0.6, Da number has

less impact on pressure loss.

Sener and Yataganbaba (2016) investigated the pressure drop and heat emission rate
through the rectangular channel partly and fully filled with 10 PPI and 20 PPI
aluminium metal foam. The experiments were carried out in a wide range of Re number
ranges between 893 to 24,423. In the case of surface curvature parameter k' > 0, the
influence of Re number on heat transmission and pressure gradient reduces for all pore

densities.

Nimvari and Jouybari (2017) studied the effects of turbulence within the porous foam
layer partially filled in a pipe. To examine the impact of turbulence on fluid flow and
heat transfer, the findings of laminar and turbulent computations are investigated at
varied Da numbers and porous layer thicknesses. For lower values of Da numbers,

where the local Reynolds number based porous media (Re,) within the porous layer is

smaller than critical Re,, TKE penetration is found to be statistically significant.

Huang et al. (2010) conducted experimental study of porous inserts at the core flow
inside the tube for the enhancement of heat removal rate. The diameter of porous
medium is considered which is slightly lesser than the tube diameter where the tube
wall heated with a uniform heat flux. The PEC decreases progressively for porosity
values 0f 0.951, 0.975 and 0.966 in account of laminar flow, where as in turbulent flow

regime the order of porosity values of 0.951, 0.966 and 0.975.

Ahmed et al. (2019) performed numerical investigation of fluid flow and heat transfer
characteristics of partially filled helical grooved metallic foam at core of tubular
channels. From the results, when aspect ratio = 0.55, the influence of number of helical
grooves (HG) and pitches (d) is seen in (4HG 20), which displays the maximum
decrease in pumping power around (25%) and a decrease in system weight of 16.74
percent, with an augment in the Nu number around 7%, and the PEC is near 1.21 when

at Re = 1000.

Sheikhnejad et al. (2017) experimentally analysed the thermal performance of circular
tube partly filled porous medium under uniform heat flux. On a ferromagnetic flow,

transverse magnetic fields were assigned between two parallel fixed magnetic bar at a
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certain distance from entry of the test section. On account of both magnetic field as well
the porous media improve significantly the heat transfer up to 2.4 fold. But, the porous

media contributes more pressure loss than that of the magnetic field.

Rabbani et al. (2019) performed the experimental study on the heat dissipation of MgO
nanofluid through the tubes partially filled with copper porous metal foam. The average
convective heat transfer augment to a high as 9% and 15% for tube I and 11, respectively,
when nanofluid was used instead of base fluid. In comparison to the empty tube, the
pressure loss and Nusselt number in tubes I and II increased dramatically. The tube I,

Nusselt number enhanced by 22% higher than the tube L.

Pourfarzad et al. (2021) experimentally studied the effect of silver-water nanofluid
concentrations flows through a rectangular channel partially filled with copper porous
foam. Results revealed that, metal foam filled channel could raise the top wall and

bottom wall thermal convection coefficient by 1.6 — 3.7 times at highest Re number.

Torabi et al. (2016) reported the effect of nanofluid concentration on heat transfer
through partially filled porous channel. The nanoparticles concentration has negligible
effect on temperature inside the porous insert. With addition of 5% of volume

concentration of nanoparticles can enhance Nusselt number up to around 15%.

Xu and Gong (2018) carried out the numerical investigation of forced convection heat
dissipation through partly filled composite metal foam (CMF) in a conduit. At lower
PPI, a porosity gradient has marginal influence on the friction factor, but as pore density
increases, the effect grows. The friction factor reduces with progressively increment in
porosity in the entire porosity zone for three-level CMF with high pore density core

foam layer.

Xu et al. (2018) explored forced convection heat dissipation through the tubes partially
filled with graded metal foams (GMFs) in account of local thermal non-equilibrium
model (LTNE). The GMF 0.98 & 0.8 has a greater friction factor than GMF 0.8 & 0.98.
The friction factor increases somewhat with fixed pore density gradients of 5 PPI1 & 10

PPI and 20 PPI & 5 PPI, then reduces significantly with increasing porosity.
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Additionally, the porous media can be further used to increase the combustion
efficiency, fuel cells, gas burners etc. (Kaushik et al. (2018)) investigated a comparative
study on energy and cost savings in a self-aspirated residential LPG cook-stove with a
porous radiant burner in comparison to a conventional LPG burner (CB). Recently, in
order to achieve clean and effective LPG combustion, (Deb et al. (2020)) investigated
the performance characterization of a cluster porous radiant burner (PRB). At an
equivalence ratio of 0.7, they claimed that maximum thermal efficiency increased by

19% in comparison to the conventional burner.

Deb et al. (2021) performed the numerical investigation on combustion mode in a
clustered porous radiant burner. For an equivalency ratio of 0.9, stable partially
submerged combustion was obtained. When the equivalency ratio was operated at a

level higher than 0.95, the burner was found to be unstable.

Devi et al. (2023) investigated the performance evaluation of a porous radiant burner
to a conventional burner. They stated that, the traditional PRBs emitted greater values,
3276 ppm and 27 ppm respectively, while sideways faced PRBs emitted maximum CO
and NOx, 165 ppm and 8.2 ppm respectively.

2.4 REVIEW ON OPTIMIZATION WITH/WITHOUT POROUS
MEDIUM

As it was mentioned above, the enhancement of heat transfer is always accompanied
with pressure drop. Although the aim of many researchers who consider both the heat
transfer and pressure drop in their studies is to find a location for the best metal foam
layer in a channel or tube for both maximum heat transfer and minimum pressure drop.
It seems finding the best location is difficult since by increasing heat transfer the
pressure drop also increases. Hence, the thermal designers should decide about a
priority between two parameters of heat transfer and pressure drop. In some
applications such as cooling systems of nuclear plants or cooling of supercomputers,
the pressure drop can be sacrificed due to importance of heat transfer enhancement.
But, in some other applications such as commercial heating systems, the pressure drop
causing a considerable consuming of energy as well as a generation of noise (due to

pumps or fans) plays an important role on the applicability of a heat transfer enhancer.
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Hence, based on the preference of a thermal designer between pressure drop and heat
transfer, the best location and thickness of a metal foam layer in the pipe must be
calculated. Hence optimization study is an important to determine the trade-off between
the heat transfer and pressure drop to determine the optimum porous layer thickness

and optimum structural properties of porous medium etc.

Krohling and Pacheco (2015) adopted a Technique for Order Preference by Similarity
to Ideal Solution (TOPSIS) method to evaluate the ranking and comparing with
evolutionary algorithm. This technique can be used to identify the best algorithm, the
second good and the worst. In terms of computational weight, TOPSIS has a very
simple computing technique that will encourage researchers and practitioners in various

fields to employ it.

Rastogi et al. (2015) TOPSIS method is incorporated in optimizing the heat comfort
and energy saving air conditioning and ventilating systems applications with the use of
phase change materials. This paper aims to broaden the use of the Multiple Criteria
Decision Making (MCDM) method to rank and choose PCMs for household HVAC

(heating, ventilation and air conditioning) applications.

Long et al. (2015) presented continuous thermally regenerative electrochemical cycle
(TREC) system was optimized with varied heat source input temperatures with
maximum output power and exergy efficiency as the major objective functions. From
the results, the output power and thermal efficiency improve with rising heat source

inlet temperature under various optimization methods.

Yang et al. (2022b) proposed optimization analysis of annular thermoelectric generator
(ATEG) comprising cylindrical heat exchanger and annular thermocouples. The
numerical domain of concentric ATEG is first developed using FEM (finite element
method). The simulated results presents, the optimized ratio of inner and outer

diameters of the heat exchanger is 0.94.

Tian et al. (2020) employed the artificial neural network (ANN) and genetic algorithm
(GA) to attain the best comprehensive performance of exhaust gas heat exchanger
involving porous fins and porous baffles. Results demonstrates that, with addition of

porous fins and porous baffles could increase the heat transmission rate by 92.14%,
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reduction in pumping power by 64.70% and decrease in weight by 11.35% with
identical mass flow rate of 0.1280 kg/s.

Han et al. (2015) considered response surface method (RSM) for multi-objective
optimization for designing geometric parameters of double-pipe heat exchangers. As
per Pareto optimal solutions, the best design parameters of a double-pipe heat
exchanger with inner corrugated conduit under the restraints Nu./Nug > 1.2 are
obtained to be H/D = 0.22, P/D = 0.82, /D = 0.23 with Re = 26,263, equivalent to

highest value of overall heat transfer performance of 1.12.

Shirvan et al. (2017) the sensitivity analysis is carried out with use of response surface
method to optimize the porous layer thickness for maximization of heat transfer in
double pipe heat exchanger. As a result, a double-pipe heat exchanger with a high Darcy
number and an ideal porous layer thickness of 1/3 or 1 is recommended, which has the

best thermal efficiency.

Zheng et al. (2015a) applied genetic algorithm (GA) optimization for the optimization
of porous layer inserts for the augment heat transfer in a tube. The enhanced tube region
was divided into number of layers in radial flow direction. In each divided region of the
tube, porosity of the foam is varied from 0.5 to 1.0. The results suggest that by
employing the optimised porous layer inserts, the enhanced tube thermo-hydraulic

performance may be significantly improved.

Wang et al. (2017) incorporated optimization of porous media filled in a tube banks for
the augment of heat transfer in exhaust heat exchanger. The metal foams are wrapped
over the tube banks with various porous layer thickness. The effect of dimensionless
porous layer thicknesses (0.1, 0.15, 0.2, 0.3 and 0.4) and inlet velocity were considered

and analysed in detail for pressure loss and heat transfer.

Shi et al. (2021) employed a multi-objective genetic optimization coupled Kriging
surrogate model for maximizing heat transfer rate and minimizing the friction factor
through the tube filled partially with gradient metal foam. The results revealed that, the
performance becomes more sensitive to gradient variation as the filling ratio increases.
The optimal results of flow resistance are reduced by 19.57% whereas the heat transfer

rate augment by 7.088%.
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Zheng et al. (2015b) studied the optimization of porous layer inserts located at central
receiver tube filled partially or fully with porous medium. The receiver tube exposed to
a non-uniform heat flux in the circumferential direction. When Ag/A; >100, the ERT
with in-filling and out-filling porous inserts performs well in terms of thermo-hydraulic
performance. The Nu of all types of ERTs increases as Re increases, whereas the PEC

falls as Re grows.

Ge et al. (2016) examined the performance of the tube filled partially with porous
inserts; the two contrary objectives of Nusselt number and friction factor are considered
simultaneously. The TOPSIS method is employed to assist decision makers to examine
best alternate solution from the Pareto front. In compared to the option with the highest
Nu number, the results obtained by TOPSIS method drops 48.35% in Nu number while
the friction factor drops by 82.21.

Siavashi et al. (2018) employed particle swarm optimization (PSO) algorithm to
maximize heat transfer and minimize pumping power in account of graded porous
medium (GPM) and multi-layered porous medium (MLPM). The tube of radius 0.06 m
and length 5 m, filled with MLPM of six porous layer with same thickness and different

properties.

Nasution et al. (2022) explored the effectiveness of an artificial intelligence (AI)
technique called genetic algorithm-based fuzzy inference system (GAFIS). The result
presents, the influence of GAFIS parameters such as the number of cluster, population

and mutation percentage on the prediction error are studied.

2.5 SUMMARY OF LITERATURE AND RESEARCH GAPS

From the above-mentioned literature, it is understood that several experimental,
analytical and numerical research have been carried out with the use of porous media
like wire meshes, metal foams and perforated plates etc. under partially and fully filled
inside the pipe/tubes/channels/ducts. Also, a few researchers incorporated the
optimization study with and without use of the porous media. The present research

mainly focuses on to capture the thermo-hydrodynamic characteristics and optimization
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of optimum porous layer thickness in consideration with pore density and porosity of

the porous media. Some salient points drawn from the above literature are as follows.

Many researchers have reported that porous media can be a great passive heat
transfer enhancer due to more availability of surface area.

The open-celled porous ligaments gain more attention compared to closed-
celled porous ligaments foam in terms of heat transfer and the pressure drop.
Well-established Darcy Extended Forchheimer flow (DEF) and local thermal
non-equilibrium (LTNE) models have been identified from the literature to
capture the behaviour of the fluid flow and the heat transfer in the presence of
porous media.

It is also mentioned that for multi-objective optimization study, multi-attribute
decision making methods are proven to be more simple, well-established and

less time consuming process.

It is also pertinent to mention that based on the above literature review the authors have

identified the following research gaps:

The numerical investigation of fully and discrete filled porous media for
different flow regimes (i.e., laminar, transition and turbulent) with variation of
pore density and porosity of the aluminium metal foam with constant heat flux
and variable heat flux have been reported less.

The study of thermo-hydrodynamic characteristics and the effects of porous
layer thickness located partially near wall and at core of the pipe for the augment
of heat transfer with reasonable pressure drop is unnoticed.

Numerical simulations are needed to investigate the best configuration of a
metal foam layer in a tube by considering the change of PPI as well as Reynolds
number.

Optimization study for maximization and minimization of heat transfer and
pressure drop for the best possible configurations, locations, thickness and
structure of the metal foam layer in the preference of thermal designer is not

addressed fully.
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2.6 MOTIVE AND SCOPE FOR THE PRESENT WORK

It is understood that more experimental and numerical insights are required to
understand the physics behind the flow and heat transfer in the presence of metal foam.
Hence, in order to obtain more meaningful understanding of fluid flow and heat
dissipation through porous medium both numerical simulations and experiments are
required. But, the detailed parametric exploration with the experimental study is a time
consuming and more expensive one. Henceforth, the numerical investigation is carried
out for various configurations of fully and discrete metals foams filled along the length
of the pipe/conduit in this thesis. It is also pertinent to mention that the numerical
investigation is quite challenging in the presence of metal foams under partially filled
conditions with different Reynolds number due to the physical nature of the metallic

foam.

Further, the authors identified that the enhancement of heat transfer was achieved with
the help of high porosity metal foams. Meanwhile, such enhancement happens at the
expense of pressure drop. To achieve better enhancement and reasonable pressure drop,
many researches preferred partial filling of metal foams. Partially filled channels or
tubes/pipes by inserting a metal foam layer can be a solution in order to reduce pressure
drop without trade-off heat transfer too much. Number of reported studies on the
partially filled channel or tubes/pipes considering both heat transfer enhancement and
pressure drop by using metal foam layers are limited compared to studies performed
just for heat transfer enhancement. For the optimization study on this issue, the main
parameter for determination of the best location, thickness and structure of metal foam
layer is the preference of the thermal designer between heat transfer and pressure drop.
In coordination with this, this thesis emphases the numerical investigation and multi-
objective optimization of forced convection heat transfer and fluid flow through

conduit/tube without and with open-celled porous medium.
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2.7 OBJECTIVES OF THE WORK

1. To model and investigate the numerical simulation of forced convection heat
transfer in the presence of fully and discrete filled aluminium metal foam in a
pipe.

2. To model and determine the performance evaluation of partially filled high
porosity metal foam configurations in a pipe.

3. To study and determine the performance score based multi-objective
optimization for thermal design of partially filled high porosity metal foam

pipes under forced convection.

2.8 CLOSURE

The detailed explanations of the literature survey on porous media partially or fully
filled inside a pipe/tube/channel is given and the optimization study with and without

porous media are also discussed in this chapter.
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CHAPTER33

NUMERICAL SIMULATION OF FORCED
CONVECTION HEAT TRANSFER IN THE
PRESENCE OF FULLY AND DISCRETE FILLED
ALUMINIUM METAL FOAM IN A PIPE

3.1 INTRODUCTION

This chapter investigates and describes numerically the forced convection heat transfer
through the pipe with the effects of completely and discrete (discontinuous) foam filled
lengths, pore density and porosity under forced convection for various flow regimes to
improve the performance of the heat exchangers. The results in terms of velocity
distribution, solid-fluid temperature distribution, wall temperature, heat transfer
convection coefficient, Nusselt number (Nu), pressure drop, friction coefficient (f),
Colburn j factor (j), heat transfer enhancement ratio and thermal hydrodynamic
performance factor for all the aluminium metal foams involved in the present analysis

are plotted and discussed.

3.2 PROBLEM GEOMETRY

The present investigation considers a horizontal cylindrical pipe of diameter 0.1 m and
a thickness of 7 mm made up of aluminium material (Baragh et al. (2018)). The wall
of the pipe is attached with heater around the circumference of the pipe and the heater
is assigned with constant heat input. Aluminium metal foam of various pore densities
with different porosities is fully filled in the pipe to improve the thermal performance.
The metal foam having a length of 0.6 m which is completely filled exactly at the centre
of the pipe of diameter 0.1 m. In the present analysis, the pore densities of 5, 10, 20 and
30 metallic foam whose porosities varying from 0.85 to 0.95 is considered as per (Lu
et al. (2016)) for increasing the heat dissipation rate from the pipe wall to the fluid

inside the pipe. The schematic of the pipe along with the metal foam is shown in Figure
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3.1. The hydrodynamic and thermal performances through the pipe are determined for

laminar (Re = 1125), transition (Re = 3500) and turbulent (Re = 6437) flow regimes.

Heat flux, q;, =275 (W/m?)

Fluid imtet

Figure 3.1 Illustration of the circular pipe.

3.3 PROBLEM STATEMENT

The present analysis involves a cylindrical pipe of diameter 0.1 m and a thickness of 7
mm made up of aluminium (Baragh et al. (2018)). The problem domain is analogous
to the experimental setup considered by (Baragh et al. (2018)). The pipe wall is attached
with heater around the circumference and the heater is assigned with constant heat
input. Various computational domains (five numerical domains) are considered in the
present study to investigate the fluid flow characteristics and thermal performance and
the schematic is shown in Table 3.1. Initially a detailed analysis is performed for 0.6L
m fully filled foam placed exactly at centre of the pipe with the appropriate boundary
conditions. Subsequently, a novel parametric study is performed by keeping in mind
that the pressure drop and the heat transfer performance must be decreased and
increased, respectively. To accomplish this, four more numerical models have been
created apart from the one mentioned above. The details of the four models are: L¢ =
0.6L m discrete filled foam, L¢ = 0.8L m fully filled foam, L¢ = 0.8L m discrete filled
foam and L¢ = L m fully filled foam, refer Table 3.1. In the current study, four different

pore densities of 5, 10, 20 and 30 PPI aluminium metallic foam and their porosities

36



changes from 0.85 to 0.95 is considered as per Lu et al. (2016). The hydrodynamic and
thermal performances through the pipe are determined for laminar (Re = 1125),

transition (Re = 3500) and turbulent (Re = 6437) flow regimes.

Table 3.1 Various computational domains considered for present study.

Computational domain Metallic foam filled

Uniform heat flux

Ls=0.6L m filled foam

L, L=06Lm !

Uniform heat flux

it
. . l L= 0.6L m discrete filled foam

L=02L L=0.2L L=0.2L
R

Uniform heat flux

Ls=0.8L m filled foam

|...__.I.I =0.8L m

Uniform heat flux

L= 0.8L m discrete filled foam
4102 Lz02 1,202 Lo

Uniform heat flux

Ls =L m filled foam

2L Li=Lm

ble N o
[ T 1

—4—

- Metallic foam filled region Non-metallic foam filled region

The pipe is axis symmetry at the centreline along the z-direction of flow (Pavel and
Mohamad (2004)); hence, a 2-D computational domain is considered for further
numerical computations and is shown in Figure 3.2. The upstream domain is extended
by 2L in order to accomplish a developed flow (Sunden (2012)). Likewise, the
downstream of the domain is extended by 1.5L to avoid the exit effects (Mohammed et
al. (2013) and Lin et al. (2016)). A uniform velocity profile is applied at the inlet while

zero pressure is defined at the outlet. The upstream and downstream walls of the pipe
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are assigned with adiabatic wall conditions. The heater is coupled to pipe wall and is
defined with uniform heat flux while the axis of the pipe is defined with axis symmetry
boundary condition. At the interior surface amongst the foam and foam free region, the
continuous in shear stress and energy is incorporated. Here, L¢ denotes the length of
metal foam filled in a pipe and L denotes the length of the pipe which is considered as

L=1m.

Uu;, (m/s 1 R
in (M) g > Poy (Pa)
—

‘Wall thickness 7 mm
Adiabatic Wall heat flux = q,, (W/m?) Adiabatic Wall
A SN W AR
Tmlet b - i Pressure
velocity, — i i .. outlet,
1 1
1 1
1 1

ray (7] z
| o 2L
() [

Z

Figure 3.2 Illustration of numerical domain for 0.6L m fully filled foam.

3.4 BOUNDARY CONDITIONS

Due to axis symmetry, only upper half of the pipe is considered for computational
domain (Mahmoudi and Karimi (2014)). At r = 0, symmetry at centerline causes the
velocity gradients and temperature gradients to be zero in r direction. At the entry of
the fluid, Z =0, v=0, T = Tin, u = uin and at the exit of the pipe Z = 4.5L, the gradients
of u, vand T along Z — direction are zero. Details of boundary conditions used for the

computational domain are presented in Table 3.2 as per (Mahmoudi and Karimi

(2014)).
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Table 3.2 Boundary conditions used for the computational domain.

Boundaries Boundary conditions
Inlet Z=0,u=Uin, v=0,T =Tin
oT

Outlet Z=45L,P = Pyp, 5-=0
Entry wall and exit wall r=R. v=0.u=0 XZ-0p

9 b 3 61"
Heated wall r=R,u=0, v=0, ¢,=q"
Horizontal axis r=0,v=0, ‘;_” =0, % —~0

]
Interface between wall r=R u=20 v =0 ql=— {kfe % +
and metal foam T T
ko Ys
se 6r} Interface

3.5 DETAILS OF NUMERICAL SIMULATION

The numerical calculations are performed using commercially existing software
ANSYS FLUENT 19.2 (ANSYS FLUENT (2019)). An investigation on conjugate heat
transfer is explored for the computational domain as it involves both conduction heat
transfer in the thickness of the pipe (solid region) as well as convection in the non-foam
porous section of the channel. The fluid considered is air and the properties are
calculated based on inlet temperature. The entry velocity of the fluid varies from 0.17
m/s to 0.95 m/s; hence, the Reynolds numbers evaluated based on the hydraulic
diameter of pipe ranges from 1125 to 6437 as per (Baragh et al. (2018)). Based on the
values of Reynolds number, the flow is assumed as laminar, transition and turbulent.
The use of a well-known k-e turbulence model to capture the turbulent aspects of the
flow in the open section of the channel/pipe was initially examined, and it was
discovered that the convergence of the variables took more CPU time. The convergence
of the identical solution using k-w turbulence model was faster than the k-e turbulence
model, and it was discovered that the hydrodynamic and thermal performance with both
turbulence models were observed to be the same. Hence, for further numerical

simulations in the turbulent aspects k- turbulence model were adopted. The i-kl-w
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model (ANSYS FLUENT (2019) and Walters (2019)) and k- model (ANSYS
FLUENT (2019); Kotresha and Gnanasekaran (2020); Lin et al. (2016)) are adopted in
the non-porous foam region to capture the characteristics of transition and turbulent
flows in the channel. The critical Reynolds number for the fluid flow is assumed to be
laminar flow regime when Re < 2200, transition flow regime when 2200 < Re < 4000
and turbulent flow regime is assumed to be when Re > 4000. The thermo-physical

properties of air are presented as follows: T = Tin = 300 K, C, = 1005 J/(kg.K), us =
1.8 x10 N-s/m?, A =0.0279 W/(m.K), py = 1.22 kg/m® and Pr=0.71.

The governing equations are employed to compute non-foam region of fluid flow

through the pipe are as follows (Huang et al. (2010) and Mahmoudi and Karimi (2014)).
Continuity equation:
0 10
— B = 3.1
o= (pw) + — = (rpv) = 0 G.1)
Z- momentum equation in clear region:
0 10
37 (puu) + o (rpvu)
op 190 ou 0 ou (3.2)
=—5, 1 ;5(7‘(# + ﬂt)E) + &((# +Mt)5>

r-momentum equation in clear region:

9 our) + = 2 rpvw)
9z P rar PYY

_dp 10 o\ (u+upv
= gt (T ) -

0 ov

_ i (3.3)
+ 0z <(M + pe) 62)

Turbulent kinetic energy equation:
10 (rpvk) + 10 (rpul)
raz PV ror - ¢

e )F = ()] o

= Gy — pkw
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Turbulent specific dissipation rate:

10

10
e (rpvw) + e (rpuw)

170 U\ 0w d U\ 0w

- ;[a(r(“a)a) i (r(/”a)a)] (3-5)
w

= E(QG(» — Ckw)

Energy equation in clear region:

d 10
g(pCpuT) + - a(pCprvT)
d /cu uUpnOoT 10 U unoT (3.6)
595 i 55)
where pu and p, are air and turbulent dynamic viscosity, respectively. The value of y;
can be calculated from following equation

Cy p k?
w

(3.7)

U

O¢, 0,4, Ok , C; and C, are turbulent constants ref. ANSYS FLUENT 19.2 (ANSYS
FLUENT (2019)). Gy and G, in Egs. (3.4) and (3.5) are detailed in ANSYS Fluent
(ANSYS FLUENT (2019)).

The details regarding the governing equations of k-kl-w transition and k- turbulent
models are listed in (ANSYS FLUENT (2019) and Walters (2019)) and (ANSYS
FLUENT (2019); Kotresha and Gnanasekaran (2020); Lin et al. (2016)) respectively.
The porous metallic foam is taken as isotropic homogeneous medium and modelled
using DEF flow model in the present computations. The DEF model is added to the
momentum equation as a source term and the inertial and viscous loss terms which are
considered because of permeability and form drag coefficient of the porous medium.
The governing equations adopted for computing the highly porous state are as follows

(Huang et al. (2010) and Mahmoudi and Karimi (2014)).
Continuity equation:

9 10 — 0
5, P + — = (rp(v)) = (3.8)
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Z-momentum equation in porous region:

1
(p(u)( N+ (Tp(v>(u))

_ a<p> G\, 10 oW\ 4o

T 0z +£62<Meffﬁ>+r£6r< THerf gy ) G-9)
F

~ e Vo + | )

r-momentum equation in porous region:

1
(P(u>( N+ 3 (Tp(v)(vD

a(p) v\ 10 a(v) (3.10)
e (8 7 e G

_.uefI];('U)_pF |W|< ) ﬂeff( )

ez

Since a local thermal non-equilibrium approach is used in the study, two
energy equations are required,

for fluid phase of the porous region:

9 10
=5 (PCouN(T)s) + — = (pCor(vXT)y)

G.11)
Lo A\ 10 AT
_E(Afe 0z >+r6r<mfe or )

+ hsfasf((T)s - (T)f)

for solid phase of the porous region:

J oT)s\ 10 a(T)s
0 =£<Ase aZ >+r6 ( /1 7>_h5fasf((T)s_(T)f) (312)

where, the bracket of ( ) in Egs. (3.8-3.12) shows the volume average of the
considered dependent variable since flow in a porous medium exists. As, and Ag, are
effective thermal conductivity for the fluid and solid phases,

where,

Ase = (1 —€)Ag and Ap, =€ Af (3.13)
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where, A, and Ay, represents the effective thermal conductivity of solids and fluid
respectively, A; represents the thermal conductivity of fluid, p,rs represents effective
viscosity which is equivalent to the viscosity of operating fluid, K denotes the

permeability, ¢ is the porosity of the metal foam and F' represents form drag coefficient

or inertia parameter.

The solution method includes pressure-velocity linked through pseudo transient explicit
relaxation factors scheme. The spatial discretization of second order is considered for
momentum, pressure, turbulent dissipation rate, turbulent kinetic energy and energy
equation. The convergence criteria for the continuity equation is fixed as 10° and
momentum equation is fixed as 10, for k-kl-w and k- is fixed as 10~ and for energy
equation is fixed as 107'°. In the present work, the metal foam properties such as
superficial area density (a,5) and interfacial heat transfer coefficient (hyf) are evaluated
based on Eq.(3.14) and Eq.(3.16), respectively as suggested by (Calmidi and Mahajan
(2002) and Zukauskas (1987)).

Superficial area density,

1—-¢
3nd, <1 - ex'p_(m)>

Asp = 3.14
’ (0.59d,,)* G.149)
Interfacial heat transfer coefficient,
_(ﬁ)
hgrdg (1 — exp \0.04 )
Ay
0.76 Reg,** Pr°%7,(1 < Req, < 40)
(3.15)

0.5 0.37 3
0.52 Req S Pr ,(40 < Req, <10 )
| 026 Rey,”® Pro37,(10° < Rey, < 2x10°)

where, Af is the thermal conductivity of operating fluid, Pr represents Prandtl number,
Reg, represents Reynolds number which is evaluated based on the fiber diameter of the

porous, refer Eq. (3.16).
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1— exp_((é.ai))

gV

(3.16)

Redf = Juds

where, d represents the fiber diameter in m and d,, represents the pore diameter. The

properties of metallic foam such as pore size, fiber diameter, permeability and inertial

coefficient are calculated using Table 3.3 according to Lu et al. (2016).

Table 3.3 Correlation used to compute the properties of metallic foam.

S. No. Properties Correlations
; 0.0254
1 Pore size (d =
) P PPI
. . d (1-¢) 1
2 Fiber diameter (d 7 _118
1 (dy) d, Y. _((1_8))
1— ¢ V004
d -1.11
3 Permeability (K) K = 0.00073 (1 — g)~022* (d_f> dz
P
Inertial/Form 4.\ 163
4 CI = 0.00212(1 — g)~%132 <_f>
coefficient (CI) dp

3.6 GRID INDEPENDENCE STUDY

Optimal size of grids for the numerical investigation is obtained by carrying out grid
independence study. 10 PPI metallic foam with porosity of 0.9 for the heat flux of 275
W/m? is considered. Computations are performed for three different grid sizes of 67281,
86811, and 106341 to obtain the optimal grid size. The temperature variation on the
wall of the pipe and pressure drop for all the three grid sizes is shown in the Table 3.4.
Based on the highest number of grid size, the deviation of average wall temperature and
pressure drop for other three grid sizes is calculated and found that the grid size of

67281 and 86811 shows a deviation of 1.12%, 0.079% and 0.37%, 0.02% respectively
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with respect to 106341 grid size. The grid size of 86811 is preferred for further

numerical investigation because it shows less deviation compared to other grid sizes.

Table 3.4 Grid independence analysis for 0.6L fully filled foam.

Deviation (%)

Grid sizes T, (°C) AP (Pa) Ty AP
67281 46.24 50.53 1.12 0.079
86811 45.89 50.56 0.37 0.02
106341 45.72 50.57 Base line

3.7 VALIDATION OF THE NUMERICAL RESULTS

3.7.1 Temperature on Top Surface Validation

The variation of temperature at the top surface (x = 0.5 /) is measured with the flow
Reynolds number. In order to validate the present approach, the results obtained using
numerical simulations is compared with the experimental results of (Garrity and
Klausner (2015)). Three pore densities of fully filled aluminium metal foam have been
considered i.e., 10 PPL, 20 PPI and 40 PPI and a large deviation is observed from Figure
3.3 at low mean velocity of the fluid for all the PPI considered. Later, the deviation

reduces as the velocity of the fluid flow increases. Similar results have been reported in

(Lin et al. (2016)).
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Figure 3.3 Variation of temperature on the top surface (x = 0.5 /) of aluminium metallic

foam.

3.7.2 Pressure Drop Study

Likewise, a comparison is made between the pressure drop of present simulations for
fully filled aluminium metallic foam and experimental data of (Garrity and Klausner
(2015)), refer Figure 3.4. Pressure drop results are matching with experimental results

with an average deviation of 5.3%.
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Porosity, £ = 0.918
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Figure 3.4 Variation of pressure drop through aluminium metal foam (/ = 0.1524 m)

with mean velocity of fluid.
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3.7.3 Velocity Distribution for Fully and Partially Filled Foams

To further buttress the solution methodology, the results are compared with the
analytical results of (Lu et al. (2016)) which is flow through parallel plates fully and
partly filled with metal foam. The dimensionless velocity of the present study agrees
well with the analytical results, refer Figure 3.5(a). The numerical results for fully filled
metallic foam are also compared with the analytical results of (Xu et al. (2011)) which

is depicted in Figure 3.5(b).

4

10 PPl, s =0.90

Lu et al. (2016) - Analytical, H =1
® present study, H=1

— = Xuetal. (2011) - 60 PPI, £=0.95
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E3F —o—Present study, H=0.5 05 —--Xuetal (2011) - 10 PPl ¢ =0.95 3
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Figure 3.5 (a) Variation of velocity profile for fully/partly filled aluminium metal foam
with (Lu et al. (2016)) and (b) validation of velocity profile for fully filled metal foam
with (Xu et al. (2011)).

Further, numerical simulations are performed for the turbulent forced convection heat
transfer and the results of the average Nusselt number is compared with experimental
results obtained by (Hamadouche et al. (2015) and Zhao et al. (2001)) which is shown
in Figure 3.6. The average Nusselt number results is compared with experimental
results obtained by (Hamadouche et al. (2015)) for the pore density of 40 PPI with a
height (h,) of metal foam block is 20 mm, refer Figure 3.6. In the similar way,
numerical simulation are performed for pore density of 10 PPI with the porosity of
0.933 and is compared with experimental results of (Zhao et al. (2001)) which is

depicted in Figure 3.6. From the Figure 3.6, it confirms that the results of average
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Nusselt number is very close to the experimental results of (Hamadouche et al. (2015)

and Zhao et al. (2001)).
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Figure 3.6 Comparison average Nusselt number for the present study with
(Hamadouche et al. 2015) and (Zhao et al. 2001).

3.7.4 Comparison of Wall Temperature

Further, to adopt the computational methodology for the pipe filled with aluminium
metallic foam, the wall temperature obtained along the length of the pipe is compared
with experimental data of (Baragh et al. (2018)) depicted in Figure 3.7. In the numerical
computation, the aluminium metal foam of 30 PPI and 20 PPI laminar and transition
regimes of flow, respectively, with different porosities is compared with the
experimental data reported by (Baragh et al. (2018)). The uniform heat flux is assigned
over entire 1 m length of the pipe and the metallic foam is attached exactly at the centre
of the pipe along the flow direction i.e., 0.2L to 0.8L. As the fluid enters the test section
(i.e., non-foam region of the pipe 0 to 0.2L) the heat is transferred instantly to the fluid
due to the temperature difference between the flowing fluid and heated wall by means
of convection heat transfer. Also, the wall temperature at the entry region of pipe (i.e.,
0 to 0.2L) is lower compared to the exit region (i.e., 0.8 to 1L), since the heat transfer
rate at the entry region is higher between flowing fluid and the pipe wall. However, a
high conducting metallic foam is attached exactly at the centre of the pipe which is also

trying to absorb more amount of heat from the wall and then it instantly transfers the
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heat to the fluid which tends to decrease the wall temperature at the foam attached
region (i.e., 0.2L to 0.8L) compared to non-foam region of the pipe (i.e., 0 to 0.2L and
0.8 to 1L), clearly seen in Figure 3.7. It is observed from the comparison that the
temperature profile obtained in the current study follows the similar tendency of the
experimental data of (Baragh et al. (2018)). In case of the experimental result obtained
by (Baragh et al. (2018)), wire mesh of 17 wires per inch was placed at different
locations along the pipe length while in the current investigation metallic foam of 30
PPI and 20 PPI having a length of 0.6 m along the pipe length is considered. The
foremost reason to adopt metal foams instead of wire mesh in the current study is
because of well-established fluid flow and heat dissipation models of metal foam
reported in the literature. Due to insufficient literature and no firm establishment of heat
dissipation models in the case of wire mesh, the present work uses metal foams for the
heat enhancement study. As a result, the variation in the temperature profile has been
noticed between the numerical and experimental results; but, the deviation of wall
temperature amongst different porosities of 30 PPI and 20 PPI metal foam for different

locations is found to be less.
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Figure 3.7 Wall temperature of the present study is compared with experimental results

of (Baragh et al. (2018)) (a) Re = 1125, (b) Re =3500.
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3.8 RESULTS AND DISCUSSION

3.8.1 Solid-Fluid Temperature and Velocity Profile

The variation of solid and fluid temperatures for different locations of the pipe are
presented in Figure 3.8(a-b). Figure 3.8(a) explored the solid temperature and fluid
temperature variation for fully filled (i.e., Ly = L m) metallic foam along the radius of
the pipe. From the figure, it is observed that at entry length of the metal foam (i.e., Z =
2 m) the fluid temperature is constant and significantly lesser than that of solid
temperature except near the wall. This is because, due to low thermal conductivity of
the fluid, the fluid absorbs lesser amount of heat. As length of the metallic foam
increases, the solid and fluid temperatures increase and become equal except near the

wall.

Figure 3.8(b) examined the variation of solid and fluid temperatures for discrete
metallic foam (i.e., Ly = 0.6L m) along the radius of the pipe. From the figure, it is
observed that the fluid temperature is constant at the entry of the metal foam region
while solid temperature is also constant but higher than the fluid temperature except
near the wall. As the length of pipe increases (i.e., at non-foam region Z = 2.3 m and
2.7 m), the fluid temperature shows almost constant at core of the pipe and it approaches
the wall fluid temperature. However, in the foam region (i.e., Z = 2.5 m) the solid and
fluid temperatures are found similar except near the wall. Figure 3.8(c) presents the
velocity distribution for fully filled metallic foam (i.e., L = L m) for pore density of 10
and porosity of 0.90. From the figure, we can observe that the velocity distribution in
the metallic foam increases with increasing flow Reynolds number. It is also seen that
the velocity distribution is constant from the core of the pipe to the adjacent wall and it

reduces to zero as the fluid approaches the wall of the pipe.
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Figure 3.8 Solid-fluid temperature variation along the length of pipe in radial direction

(a) Lr=L m and (b) Lf= 0.6L m. (c) Velocity distribution for L= L m at different Re.

3.8.2 Wall Temperature of Pipe

The changes in wall temperature obtained for four different PPIs with same porosity
for distinct Reynolds number is shown in Figure 3.9. The variation of wall temperature
for laminar (Re = 1125), transition (Re = 3500) and turbulent (Re = 6437) flow regimes

is shown in Figure 3.9(a) - (¢), respectively. From the results, it is understood that the
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wall temperature declines with the increase in the PPI of the aluminium metallic foam
for all the flow features considered in the study. For example, the 30 PPI metal foam
shows average decrease of 29.78% in wall temperature than 5 PPI metal foam in the
laminar flow regime and similar results are observed in the other two flow regimes. It
is also noticed that the temperature on the wall of the pipe reduces at the metal foam
attached region compared to non-porous region of the pipe for each PPI of the metallic
foam. This is because the metal foam absorbs more heat from the pipe wall since it is
directly attached to the wall; hence, conduction plays significant contribution for
dissipation of heat.

The wall temperature at the entry region of pipe is lower compared to the exit region
since the heat transfer rate at the entry region is higher between flowing fluid and the
pipe wall. It is also clear from the results that, for particular metallic foam pore density,
the wall temperature decreases as flow Reynolds number increases. For example, the
pore density of 10 metal foam shows a mean decrease of 21.89% and 31.44% in wall
temperature for transition and turbulent flows compared to laminar flow. This is due to
effective momentum transfer among the fluid in both the transition and turbulence
region compared to laminar region. Due to high PPI, less difference in the wall
temperature is observed between 20 and 30 PPI for all the flow regimes considered.

This is due to increase in interfacial surface area.
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3.8.3 Convective Heat Transfer Coefficient

The local convection heat transfer coefficient is evaluated by Eq. (3.17).

n
dw

h=Tw

_Tmf
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Where, h; represents local convection coefficient in W/(m?2. K) for each locations of
data points, q,, represents continuous heat flux boundary condition assigned on the wall

in W/m?, T, and T, r represents wall temperature and mean fluid temperatures in °K.

The mean heat transfer coefficient is evaluated by Eq. (3.18).

XV h
L (3.18)

where, h represents average heat transfer coefficient in W/(m?.K), N represents total

h=

number of samples or each data points of calculated local heat transfer coefficient.

Figure 3.10(a-c) demonstrates the changes in convection heat dissipation coefficient for
different PPI of the metallic foam of porosity 0.95 for laminar (Re = 1125), transition
(Re =3500) and turbulent (Re = 6437) flow regimes. From the results, it is realized that
the convection coefficient increases with increase in the PPI of the metallic foam for
laminar, transition and turbulent flows. For turbulent flow, the 30 PPI metal foam shows
average increase of 51.9% convection coefficient compared to 5 PPI aluminium
metallic foam. This is because the metal foam enhances the thermal performance owing
to high conductivity of metallic foam and due to combined modes of heat dissipation
such as conduction and convection. For a particular PPI of the metallic foam, the
convection coefficient increases with respect to increase in Re. The transition and
turbulent flows of the 30 PPI metallic foam shows an average increase of 17.22% and

39.54% in convection heat transfer coefficient respectively, compared to laminar flow.

Figure 3.10(d) demonstrates the various filling rate of metallic foam for 30 PPI with
porosity of 0.85 along the length of pipe with respect to Re. The 1L m fully filled metal
foam shows an increase in convection coefficient of 103.13%, 96.52% and 78.62%
compared to 0.6L m fully filling rate of metallic foam for laminar, transition and
turbulent flow regimes, respectively. It is also seen from the figure that the insertion of
0.6L m discrete and 0.8L m discrete metallic foam throughout the length of pipe shows
a decrease in convection coefficient with respect to the flow Reynolds number
compared to 0.6 m continuous and 0.8 m continuous filling rate of metallic foams.
It is also noticed that the results of 0.6L m filled foam and 0.8L m discrete filled metallic

foam shows similar results at Re = 6437. It can be inferred from the obtained results
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that placing discrete metallic foam in a pipe is not so effective in enhancing the heat
dissipation. Similar kind of tendency is observed in the porous medium literature

(Bamorovat Abadi and Kim (2017)).
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Figure 3.10 Illustration of convection coefficient for 0.6L m filled foam with various
PPI of metallic foam for (a-c), (a) laminar, (b) transition, (c) turbulent flows and (d)

Average convection coefficient for different filling rate of metallic foam.
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3.8.4 Average Nusselt Number

The local Nusselt number is computed based on D;, of the pipe and it is defined in Eq.

(3.19).

_ hDy

Nu;
' Aair

(3.19)

Where, Nu; represents local Nusselt number of each set of data points, h; represents
local convection heat transfer coefficient of each data set of points in W/(m2.K), D,
represents hydraulic diameter of the pipe in m and Af represents fluid thermal

conductivity in W/(m.K).
The hydraulic diameter of the pipe is calculated using Eq. (3.20).

44,
Dh = P

Where, A, represents cross sectional area of the pipe in m? and P is the perimeter of the

(3.20)

pipe in m.
The average Nusselt number is evaluated by Eq. (3.21).

hD,,

Nu= —
Af

(3.21)

Where, Nu is the average Nusselt number, h represents the average heat transfer
coefficient W/(m2.K) and D, is hydraulic diameter (m) and As is thermal conductivity

of fluid W/(m.K).
The Reynolds number is computed based on the hydraulic diameter and is defined as

uD
o= Pruln
Ky

(3.22)

The variation of mean Nusselt number for the pipe for different flow characteristics is
depicted in Figure 3.11. Figure 3.11(a) demonstrates the changes in mean Nusselt
number of different porosities for all the flow features of 30 PPI metal foam. From the
results, it is noticed that the average Nusselt number decreases with increment in the
porosity of the metal foam for all the flow characteristics. This is due to the fact that

with increasing porosity of the metallic foam, the surface area density reduces that tends
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to decrease the heat transfer coefficient which is directly proportional to the surface
Nusselt number. At a particular porosity of the metallic foam, the heat dissipation rate
decreases with increase in Re. For the porosity of 0.90 the decrease of 4.47% in average
Nusselt number is obtained compared to porosity of 0.85 for Re = 6437. Similar results

are obtained for other PPI’s of the metal foam for different flow regimes.

Figure 3.11(b) demonstrates the variation of mean Nusselt number for four distinct
PPI’s (i.e. 5, 10, 20 and 30 PPI) for laminar, transition and turbulent flow for porosity
of 0.85 metal foam. The result reveal that with increase in the PPI of the metallic foam
the average Nusselt number increases for all flow regimes. The heat dissipation
increases as Reynolds number increases for a particular PPI of the metallic foam. For
example, 20 PPI metal foam shows 20.44% and 49.99% increase in heat transfer for
transition and turbulent flows compared to laminar flow regime. Similar kind of results

1s observed for other PPI of the metallic foam.

Figure 3.11(c) demonstrate the changes in mean Nusselt number with flow Reynolds
number for distinct PPI of metallic foam with a porosity of 0.95. For the purpose of
comparison, the Nusselt number obtained for clear pipe (empty pipe) is also shown in
the figure. As expected, an increase in the thermal performance is seen with increase in
Re for all the pore density metal foams as well as for the clear pipe. The improvement
in rate of heat transfer by adding metallic foam porous structures is seen clearly from
the plot and it is also noticed that at particular Re, the thermal performance augments
with increase in the PPI of the metallic foam. For example, at Re = 1125, the 20 PPI
and 30 PPI metallic foams give 42.92% and 71.22% increase in heat dissipation

compared to 10 PPI metallic foam.

Figure 3.11(d) explored the difference in average Nusselt number for various filling
rate metallic foam for 30 PPI with respect to flow Re. From the results it is observed
that the 1L m fully filled metal foam shows the highest average surface Nusselt number
compared to other filling rate of metallic foam with respect to flow Reynolds number.
1L m fully filled metallic foam shows the average Nusselt number increase of 98.67%,
91.06% and 75.04% compared to 0.6L filled metallic for laminar, transition and
turbulent flow regimes, respectively. However, with insertion of 0.6L m discrete and

0.8L m discrete metallic foams, it is found that the highest decrease in the average
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Nusselt number occurs at higher flow rates compared to 0.6L m filled and 0.8L m fully
filled foams. The average Nusselt number decrease of 15.03% and 20.93% is observed
compared to 0.6L m filled and 0.8L m continuous filled foam in the range of Re 1125
to 6437.
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Figure 3.11 Average Nusselt number of 0.6L m fully filled foam for (a-c), (a) varying
porosities (b) varying PPI (c) varying Re for 0.6L m fully filled foam and clear pipe and

(d) Average Nusselt number of various filling rate of metallic foams with Re.
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From the Figure 3.11(d), it is also noticed that, 0.6L m discrete metal foam gives
marginally similar heat transfer rate compared to 0.6L m filled foam while 0.8L m
discrete metallic foam gives significant changes in mean Nusselt number compared to
0.8L m continuous filling metal foam in the laminar flow regime. Hence, for better
augmentation of heat dissipation the discrete insertion of metallic foam is not

preferable.

The changes in mean Nusselt number for a range of Re number is shown in Figure 3.12.
Figure 3.12(a) demonstrates the changes in mean Nusselt number with Re for distinct
pore densities of metallic foam for a porosity of 0.90. The result obtained for average
Nusselt number is compared with (Baragh et al. 2018). The average Nusselt number
increases by 86.22%, 119.55% and 141.86% for 20 PPI, 30 PP1 and 40 PPI respectively
in the range of Re = 1125 to 6437 compared to (Baragh et al. 2018). Similar kind of
results is observed in the literatures (Baragh et al. 2018; Pavel and Mohamad 2004).

Figure 3.12(b) demonstrate the changes in mean Nusselt number with inflow Re for
distinct PPI metallic foam for a porosity of 0.95. The result of average Nusselt number
is compared with the results reported in (Baragh et al. 2018). As estimated, the heat
transport rate increases for 20 PPI, 30 PPI and 40 PPI of the metallic foam compared to
(Baragh et al. 2018) for laminar (Re = 1125), transition (Re = 3500) and turbulent (Re
= 6437) flow regimes. By extending the present analysis for 40 PPI metallic foam with
the porosity of 0.9, the increase of 146.3% and 162.5% in average Nusselt number is
obtained compared to (Baragh et al. 2018) for transition and turbulent flow regimes.
Furthermore, for 40PPI with porosity of 0.95, the increase of 88.8%, 151.1% and
130.11% in average Nusselt number corresponding to laminar, transition and turbulent

flows is observed compared to (Baragh et al. 2018) with penalty of pressure drop.
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Figure 3.12 Comparison of mean Nusselt number for different PPI, (a) comparative

results (b) porosity 0.95, with (Baragh et al. 2018).

3.8.5 Pressure Drop Study

Figure 3.13(a) shows the variations in pressure loss across the length of pipe with inlet
velocity for metal foam of 0.95 porosity with varying pore densities. The pressure loss
increases as inflow velocities of fluid increases for all the PPI of the metallic foam. It
is noticed that at specific velocity the pressure loss increases as PPI of the metallic foam
increases. Figure 3.13(b) explored the pressure loss across the length of pipe for various
filling rate of 10 PPI metallic foam with different fluid velocity. From the figure, it is
observed that the pressure drop increases with increasing filling rate of metallic foam.
Among various filling rate of metallic foam, 1L m fully filled metal gives the highest
pressure drop across the length of pipe than the other filling rate of the metallic foam.
From the figure, it is noticed that the pressure drop for 0.8L m discrete metal foam and
0.8L m continuous filled foam is the same for all velocity of fluid. Nevertheless, for
fluid velocity less than 0.6m/s, the deviation of the pressure drop among all the cases
considered in this work is marginally comparable. Though there is no change in the
pressure drop for 0.8L m discrete metal foam and 0.8L m continuous filled foam cases,
there is a slight deviation in pressure drop for 0.6L m discrete metal foam compared to

0.6L m fully filled foam for the fluid velocity more than 0.6m/s. Similar pressure drop
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study is seen in literature (Kamath et al. 2013; Tsolas and Chandra 2012) which is also

illustrated in Figure 3.13(c).
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Figure 3.13 (a) Pressure drop for varying PPI and clear pipe, (b) changes in pressure
drop for various filling rate of metallic foams and (c) comparisons of pressure drop

results.
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3.8.6 Friction Coefficient (f) Study

The friction coefficient across the pipe is evaluated using the pressure drop among the
entry and outlet of the pipe and is given by Eq. (3.23).
= — 3.23
AL 29
where, 4P is the difference in pressure among the entry and outlet of the pipe (Pa), Dy

is the hydraulic diameter (m), u;, is the inlet velocity (m/s) and L is the length of the

pipe (m).

Figure 3.14(a) shows the changes in average friction coefficient with inlet flow
velocities for distinct pore densities of 0.95 porosity metallic foam. The friction
coefficient shows a decline with respect to fluid entry velocity for all pore densities of
metallic foams considered in the current study. It is clear from the results that the
friction coefficient increases as PPI of the metallic foam increases for range of Reynolds
number studied. This is due to more obstruction of the flow as PPI increases, hence the
friction is expected to be more compared to clear pipe case. When the fluid velocity
increases the fluid is forced to enter the pores of the metal foam that results in less
friction at higher velocities. The changes in friction coefficient across the length of pipe
for various filling rate of metallic foam with fluid velocity is depicted in Figure 3.14(b).
The figure explored that the friction coefficient reduces with increasing fluid velocity
for all filling rate of the metallic foams. From the figure, it is noticed that the 0.8L m
fully filled foam and 0.8L m discrete metal foam provide very similar results for all
flow rates while 0.6L m discrete metallic foam reduced the friction coefficient

compared to 0.6L m fully filled foam with respect to inlet fluid velocity.
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Figure 3.14 (a) Friction coefficient for varying PPI and clear pipe and (b) Friction

coefficient for various filling rate of metallic foams.

3.8.7 Heat Transfer Enhancement Ratio (Nugg)

The effectiveness of heat exchanger is examined from heat transfer enhancement ratio
and is defined as the ratio of mean Nusselt number for fully filled foam to the mean
Nusselt number for the clear pipe.
Nu
Nugp = — (3.24)
Nug
where, Nugp, is referred as heat transfer enhancement ratio, Nu represents mean Nusselt

number for metallic foam filled in the pipe and Nug represents mean Nusselt number

of empty pipe.

The Nugg for different PPI with corresponding Re is presented in Figure 3.15(a). It is
recorded that the heat transfer enhancement ratio declines with increasing velocity of
the flowing fluid for all the metallic foams considered in the current study. It is also
seen that the Nugy is greater at lower flow rate related to higher flow rates, this is
because of less residence time of the fluid in conjunction with the metal foam during
higher Reynolds number. The metal foam of 30 PPI shows higher rate of heat transfer

enhancement ratio than the other PPI’s of the porous metallic foam considered in the
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current research for various Reynolds numbers studied. Hence, from the results it is
concluded that the increase in PPI of the porous metallic foam increases the Nugy for
all the flow regimes. Similar kind of results are obtained for other porosities and pore

density of the porous metallic foam in a fully filled pipe.

The Nugy for various filling rate of metallic foam with corresponding Re is depicted in
Figure 3.15(b). The 1L m fully filled metal foam shows the highest Nugp than the other
filling rate of metallic foam in laminar, transition and turbulent flow regimes
respectively. The 1L m fully filled foam shows the increase in Nugg of 102.05%,
94.03% and 77.93% than the 0.6L m filled foam when Re equal to 1125, 3500 and 6437,
respectively. From the figure it is observed that the 0.8L m discrete and 0.6L. m fully
filled foam shows same Nugg in turbulent flow regime. Beyond Re = 6437, one can
choose 0.6L m fully filled foam rather than 0.8L m discrete filled metal foam for the

same heat dissipation with less pressure drop.
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Figure 3.15 Nugp with varying Re (a) For 0.6L m fully filled foam varying PPI of metal

foam and (b) various filling rate of metal foam.

64



3.8.8 Performance Factor (1,)

The thermal performance factor is computed using the dimensionless parameter called
performance factor which is defined as ratio of Colburn j factor to pumping power of

the fluid which is given by (Manglik (2003)).

Np = (3.25)

- |\.
W] =

The performance factor increases with increasing filling rate of metallic foams and
reduces with increasing flow rates of the fluid. Figure 3.16(a) explored that the
performance factor is found to be highest for 1L m and 0.8L m fully filled metallic
foams in laminar flow regime and it reduces in transition and turbulent flow regimes
respectively. From the figure, it is noticed that there is a significant change in
performance factor in transition flow regime and similar results are found in turbulent

flow regime for 0.8L m discrete and 0.6L m fully filled foam.

The present study is also extended to 40 PPI with various filling rate of metallic foams.
The variation of performance factor for various filling rate of metallic foam with flow
Reynolds number is presented in Figure 3.16(b). From the figure, it is observed that the
performance factor is found to be above 1 for 1L m fully filled and 0.8L m filled
metallic foams and is closer to 1 for 0.8L m discrete metallic foam in laminar flow
regime. The increase in performance factor of 105.56%, 52.5% and 17.5% for 1L m
fully filled, 0.8L m continuous filled and 0.8L m discrete filled metallic foam,
respectively compared to 0.6L m filled foam at Re equal 1125. From the figure, it is
also noticed that the performance factor found to be the same beyond Re = 3500 for
0.8L m discrete and 0.6L m filled foam. By comparing Figure 3.16(a & b) for 40 PPI
metallic foam, the performance factor increases 13.82%, 20.2% and 7.2% compared to
30 PPI metallic foam for 1L m fully filled, 0.8L m fully filled and 0.8L m discrete filled
foam in laminar flow regime, respectively. Moreover, the 30 PPI metallic foam shows
significant changes in the performance factor in the transition flow regime while 40 PPI
metallic foam shows marginally similar results in transition flow regime for 0.6L m
fully filled foam rather than 0.8L m discrete metallic foam. Additionally, the

performance factor shows similar results in turbulent flow regime. Nonetheless, beyond
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Re equal to 3500 one can select 0.6L. m filled foam rather than 0.8L m discrete metallic

foam for the same performance factor with minimum pressure drop.
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Figure 3.16 Variation of n,, for various filling rate of metallic foams with Re for (a) 30

PPI metallic foam (b) 40 PPI metallic foam.

3.9 SUMMARY

The horizontal pipe of length 1 m, diameter 0.1 m and 7 mm thick filled with aluminium

metal foam of different pore density and porosities was considered for the numerical

exploration. The features of fluid flow and heat transfer are computed for various flow

regimes like laminar (Re = 1125), transition (Re = 3500) and turbulent (Re = 6437).

Based on the present study, the salient features made are as follows.

The wall temperature of 0.6L m fully filled foam reduces with increasing PPI
of the metallic foam for all the flow characteristics considered in the
investigation.

The convection coefficient increases with increasing PPI of the metallic foam
for a constant Re. 1L m fully filled foam shows highest heat transfer coefficient
compared to other filling rate of the metallic foam in laminar (Re = 1125),

transition (Re = 3500) and turbulent (Re = 6437).
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e The IL m fully filled and 0.8L m fully filled metallic foam shows the average
Nusselt number increase of 86.95% and 44.64% compared to 0.6L m fully filled
foam for the range of Re number from 1125 to 6437 with the penalty in pressure
drop.

e For the insertion of 0.8L m discrete metallic foam, the average heat dissipation
rate decreases by 17.3% compared to 0.8L m fully filled foam for the Reynolds
number 1125 to 6347. In general, one can choose 0.8L m fully filled foam rather
than 0.8L m discrete metallic foam for augment in heat transfer with the same
pressure drop and friction coefficient.

e The Nuggis higher at low flow rate and improves with increasing PPI and
length of the metallic foam and reduces with increasing flow Re. Beyond or Re
= 6437 one can select 20 PPI and 0.6L m fully filled foam instead of 30PPI and
0.8L discrete metallic foam with the minimum pressure drop.

e The performance factor increases with increasing the length of the foam (i.e., L¢
= 0.6L m fully filled foam, Ly = 0.8L m fully filled foam and Ls= 0.6L m fully
filled) and PPI of the metallic foam for laminar (Re = 1125), transition (Re =
3500) and turbulent (Re = 6437) flow regimes respectively. Beyond Re = 3500,
one can choose 0.6L m fully filled foam rather than 0.8L m discrete metallic

foam with minimum pumping power.

3.10 CLOSURE

The detail explanation of the forced convection heat transfer through the pipe filled
with high porosity aluminium metal foam was discussed in this chapter. The five
different numerical domains were considered with the effect of metal foam length (i.e.,
fully and discrete filled metal foam), pore density and porosity of the foam with mass
flow rate for the investigation. The next chapter considers the variation of foam layer
thickness (partial filling foam) from the wall side and from core side of the pipe in order
to reduce the pressure drop and improve the thermo-hydrodynamic performance of the

heat exchanger.
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CHAPTER 4

PERFORMANCE EVALUATION OF PARTIALLY
FILLED HIGH POROSITY METAL FOAM
CONFIGURATIONS IN A PIPE

4.1 INTRODUCTION

This chapter explores the numerical investigation of performance evaluation of partially
filled high porosity metal foam configurations in a pipe. The investigation includes six
different models partially filled with metallic foams by varying inner diameter of foams
from the wall side and external diameter of foam from the core of the pipe. The pore
density of the aluminium foam ranges from 10 to 45 PPI and their porosity varies from
0.90 - 0.95 and copper foam having a pore density of 10 PPI with porosity of 0.88. The
methodology considered to compute the complex porous structure of the metal foam is
described and the results of velocity distribution, solid-fluid temperature distribution,
Nusselt number, heat transfer enhancement ratio and thermo-hydrodynamic

performance of partially filled foam pipe are plotted and discussed.

4.2 PROBLEM STATEMENT

In this study, a straight horizontal pipe of length 1 m, diameter 0.10 m, and a wall
thickness of 7 mm is considered according to (Baragh et al. (2018)). The heater is
embedded circumferentially over the pipe wall along its length and the heater is defined
with uniform heat flux of 275 W/m? (Baragh et al. (2018)). In the existing research, the
aluminium foam is filled partially inside the pipe with four different pore densities of
10 PPI, 20 PPI, 30 PPI and 45 PPI with their porosities ranging from 0.90 to 0.95 and
a comparison is made with the copper foam having a pore density of 10 with porosity
of 0.88 (Kamath et al. (2011 & 2013) and Kotresha and Gnanasekaran (2018)). The
flow inside the pipe is assumed to be turbulent whose Reynolds number is varying from

4500 to 20500 and is evaluated based on hydraulic diameter of the pipe. However, flow
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inside the porous layer thickness is considered to be laminar where the Reynolds
number based on permeability is less than 150 as per (Neild and Bejan 2006).
Subsequently, a novel parametric exploration is performed in order to improve the
thermal performance and minimize the pressure drop of the metal foam filled pipe. For
a detailed analysis, totally six different models (domains) are considered for the
computational domain and the turbulent flow characteristics and the thermal
performance of partially filled foams inside the pipe are examined, shown in Table 4.1.
In model 1 to model 3 (i.e., M1, M2 and M3), the external diameter of the foam is fixed
and is equal to the diameter of the pipe while the internal diameter of foam is varied
from the wall to the core of pipe. In the model 4 to model 6 (i.e., M4, M5 and M6), the
external diameter of the foam is increased from the core to towards the wall of the pipe
while internal diameter of the foam is made equal to zero which is clearly shown in the

Table 4.1. The dimensions of all the six models are presented in the Table 4.2.

Table 4.1 Schematic of the various models considered for the present study.

Models Ml M2 M3 M4 M5 M6

Partially
foams
filled in a

pipe
‘ Grey colour indicates metal foam filled region.

O White colour indicates clear region.

Table 4.2 Dimensions of the partially filling metallic foams.

Models dir (m) Doy (m)
M1 0.06 0.10
M2 0.04 0.10
M3 0.02 0.10
M4 0.00 0.04
M5 0.00 0.06
M6 0.00 0.08
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4.3 NUMERICAL DOMAIN AND BOUNDARY CONDITIONS

The pipe is axis symmetry about the centerline along the stream (i.e., z-direction) flow
(Pavel and Mohamad (2004)); henceforth, a two-dimensional computation domain is
considered which is shown in Figure 4.1. At the entrance, the length of pipe is extended
by 2L in order to achieve a developed flow (Sunden (2012)); while at the exit, length
of the pipe is extended by /.5L to eliminate the exit effect (Mohammed et al. (2013)
and Lin et al. (2016)). A constant velocity profile is defined at the inlet of the pipe. The
adiabatic wall boundary conditions are defined at entry and exit length of the pipe walls.
The heater is fixed to the pipe wall and is assigned with constant heat input of 275 W/m?
as per (Baragh et al. (2018)).
Wall thickness 7 mm

\[ heat flux = q;, (W/m?)

EERREEREE

Adiabatic Wall

/

Adiabatic Wall

/

Liliiill -
Inlet. | | Pressure
veloujy, I - B | . outlet,
Uy (m/s) 7 Ir | | . P, (Pa)
H._.___._). U —
i o Axis symmetry
” 2L b L i L5L
07 | T

Figure 4.1 Representation of computational domain.

Because of the axis symmetry, only above half part of the pipe is considered for the
computational domain (Mahmoudi and Karimi (2014)). For the computational domain,
the details of the boundary conditions are incorporated based on the literature

(Mahmoudi and Karimi (2014)), which are depicted in Table 4.3.
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Table 4.3 Boundary conditions imposed for the numerical investigation.

Boundaries Boundary conditions
Inlet Z=0:u=un,v=0T=Tyn
Outlet Z=45L:P = Poym, =-=0
Entry wall and exit wall r=R-v=0u=0 2L=0
’ ’ > or
Heated wall r=R:u=0:v=0 qg=q,
Horizontal axis r=0:v=_0: 3—1: =0, Z—: =0
" el
Interface between wall and metal foam r=R:u=0,v=0,q), =— {Afe -+
T
6(T)S}
¢ or Interface

Apart from the boundary conditions, interfacial coupling conditions between porous
medium and clear fluid are required to close the governing Egs. (3.1) — (3.12) presented
in Chapter 3. For the heat and fluid flow, the continuity in velocity, shear stress and
heat flux at porous medium and clear fluid interface must be assured to have physical
significance as depicted in Table 4.4 as per literature (Alazmi and Vafai (2001);
Mahmoudi and Karimi (2014); Qu et al. (2012); Xu and Gong (2018)). The porous
foam zone and the clear fluid zone are modelled by creating two different cell zones in
the ANSYS FLUENT 19.2. The interfaces at the two cell zones assist as coupling
conditions at the porous zone and clear fluid zone. In ANSYS FLUENT 19.2, on
account of LTNE model the solid and fluid phases bifurcate separately. In the porous
zone, the computed values of input properties of the metallic foam are given as per
LTNE model to determine the characteristics of heat transfer between the fluid and

solid phases.
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Table 4.4 The interface coupling conditions at porous medium and the clear fluid.

Velocity of fluid U mterfacet = Wimterface

Temperature of fluid  Tslinterfacet = Tflmterface_

Ty a(T)* oT
or ar Interface* or Interface”
b py 0{u) ou
Shear stress - = Uf =
€ or Interface* or Interface™
oT.
Heat flux Ils _ B
S€ or Interface* th (Tsllnterface"' Ty Interface‘)

4.4 DETAILS OF NUMERICAL COMPUTATION

The numerical computations are examined using software ANSYS FLUENT 19.2. The
properties of air are computed based on the inlet temperature of the fluid. The velocity
of air is varying from 0.6639 m/s to 3.0246 m/s; henceforth, the Re is calculated based
on hydrualic diameter (i.e., D, = 4A4./P) of pipe that ranges from 4500 to 20500
(Kamath et al. (2013); Lin et al. (2016); Yang and Hwang (2009)). The flow inside the
pipe is assumed to be turbulent. The two equation k- turbulence model is employed
to predict the features of turbulent flow in the non-foam region of the pipe. The
governing equations involved in non-porous region of the pipe are reported in Chapter
3 of Egs. (3.1) — (3.7).

The governing equations of the k- turbulence model is givenin detail in (ANSYS
FLUENT (2019)). The porous region of the pipe is assumed to be an isotropic
homogeneous medium. The Darcy extended Forchheimer (DEF) flow model is
employed to envisage the features of air flow in the porous foam region inside the pipe.
In the momentum equation, the DEF model is added as a source term. In the porous
medium; the viscous and inertial loss terms are taken into account in the momentum
equation due to permeability and form drag coefficient, respectively. The flow within
the aluminium foam layer is assumed to be laminar whose permeability based Reynolds
is less than 150 (Neild and Bejan (2006)). The governing equations are considered for
calculating in foam filled region of the pipe are reported in Chapter 3 of Egs. (3.8) —
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(3.13) (ANSYS FLUENT (2019); Huang et al. (2010); Mahmoudi and Karimi (2014);
Yang and Hwang (2009)).

The heat dispersion in the porous region is considered to be insignificant in the present
numerical analysis due to high conductivity of foams and working fluid air (Calmidi
and Mahajan (2002)). The pressure-velocity coupling with pseudo transient scheme is
employed for the numerical computation. The second order discretization is considered
for the pressure, momentum and energy equations. The convergence criteria for
continuity and momentum and for k- turbulence model and for energy equations are
107, 107 and 107'° respectively. For the present numerical study, the properties of the
metallic foams are considered as per (Kamath et al. (2011 & 2013); Kotresha and
Gnanasekaran (2018)) which is shown in the Table 4.5.

Table 4.5 Properties of aluminium and copper metallic foams (Kamath et al. (2011 &
2013); Kotresha and Gnanasekaran (2018)).

Form drag
Foam Permeability Uncertainty Uncertainty
PPI Porosity coefficient
Material (K) 107, m? in (K) (%) in (C) (%)
©)

10 0.95 2.480 +7.95 94.98 +2.45

Al 20 0.90 2.177 +9.67 208.82 +2.21

30 0.92 1.644 +9.83 148.97 +3.68

45 0.90 0.420 +5.87 397.01 +5.80

Cu 10 0.88 1.742 +19.20 176.75 +4.60

In the present study, the properties of metallic foam such as interfacial area density
(asr) and interfacial heat transfer coefficient (hgy) are evaluated based on suggested by
(Calmidi and Mahajan (2002)) and (Zukauskas (1987)) reported in Chapter 3 of Egs.
(3.14) — (3.16). The superficial surface area properties of the metallic foams are

evaluated and presented in the Table 4.6.
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Table 4.6 Superficial surface area of aluminium and copper metallic foams.

Pore size, Fibersize, Porosity, Interfacial surface

Material PPI
d, (mm)  d (mm) € area, agp (m™)
10 4.952 0.445 0.95 360.60
20 3.416 0.451 0.90 960.65
Aluminium foam
30 2.324 0.216 0.92 936.38
45 1.654 0.184 0.90 1671.76
Copper foam 10 4.644 0.687 0.88 822.83

4.5 GRID INDEPENDENCE STUDY

The gird independence study is accomplished for the proposed numerical model to
obtain optimum number of grids. 10 PPI aluminium foam with ¢ = 0.95 at Re = 5000 is
selected for the study. A constant heat flux of 275 W/m? is assigned at wall of the pipe.
In the present study rectangular element is considered for numerical simulations. The
numerical study is accomplished for five different gird sizes of 31461, 38481, 45501,
52521 and 59541. The deviation of average wall temperature and pressure loss along
the length of the pipe are computed based on higher grid size (base line data) and
presented in the Table 4.7. Among the five distinct grid sizes, the grid size of 52521 is
found to be significant in terms of percentage deviation of T,, and 4P. Henceforth, the

subsequent numerical computations are performed for the grid size of 52521.

Table 4.7 Grid independence study for 10 PPI, e = 0.95 at Re = 5000 for model 3.

Deviation (%)

Number of grids T,, (°C) AP (Pa) T AP
31461 37.59 44.77 1.51 5.23
38481 37.32 45.67 0.77 3.32
45501 37.19 46.78 043 0.97
52521 37.11 47.18 0.22 0.13
59541 37.03 47.24 Base line data
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4.6 VALIDATION OF NUMERICAL MODEL

In order to adopt the present approach, the results of top surface temperature and the
pressure drop are compared with experimental results reported by (Garrity and Klausner
(2015)) for 10 PPI and 40 PPI with a constant porosity of 0.918 aluminum foam which
is shown in Figure 4.2. From the Figure 4.2(a), when the mean fluid velocity is less, the
deviation between the present numerical and experimental results is found to be more
for 10 PPI and 40 PPI aluminum foams. However, the deviation becomes less at higher
mean velocity of air flow. Similar results have been reported in (Kotresha and
Gnanasekaran (2019) and Lin et al. (2016)). The results of pressure drop is compared
with experimental results of (Kamath et al. (2013)) for 10 PPI aluminum foam which
is shown in Figure 4.2(b). The results of pressure drop are matching with (Kamath et
al. (2013)). On the other hand, the deviation of pressure drop increases gradually at

higher flow rate. The mean deviation of the pressure drop results is found to be 5.9%.

7 Porosity, £ = 0.918 1400 |- 10 mm Aluminium foam
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Figure 4.2 The variation of (a) temperature on the top surface with (Garrity and

Klausner (2015)) and (b) pressure drop with (Kamath et al. (2013)).

In Figure 4.3, validation is done for dimensionless velocity. Validation of the numerical
approach is important before analyzing the various model proposed in the present work.

The validation study consists of parallel plates for three different heights (i.e., H=1,
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0.8 and 0.5 1.e., fully and partially filled foam) of 10 PPI aluminium metallic foam with
porosity of 0.90 as per (Lu et al. (2016)) and the results are shown in Figure 4.3. The
results of dimensionless velocity distribution along the dimensionless height of the
channel obtained for the present study is agreeing well with the analytical results of (Lu

et al. (2016)).

10 PPI, £ =0.90

Lu et al. (2016) - Analytical, H =1
@ present study, H=1

= Lu et al. (2016) - Analytical, H = 0.5

—»—Present study, H=0.5

——Lu et al. (2016) - Analytical, H = 0.8

& Presentstudy, H=0.8

Dimensionless velocity (ulu )

0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless distance (y/Y)

Figure 4.3 Variation in dimensionless velocity versus dimensionless height.
4.7 RESULTS AND DISCUSSION

4.7.1 Velocity and Temperature Distributions

Though we are interested in investigating the heat performance, the characteristics of
the fluid in partially filled metal foam is very important. Therefore, the velocity
variation is reported for different flow rates in the porous as well as non-porous foam
filled region at exit (Z = 3 m) of the conduit. With these corresponding velocity profiles
the temperatures are being measured at the exit (Z = 3 m) for Model 2 and Model 5.

The velocity and temperature distribution results are plotted at the exit (Z= 3 m) of the
pipe. Figure 4.4(a-b) presents the results of velocity of the fluid with respect to radius.
Increasing inlet velocity of the air more flow happens in open-space region of the pipe;
but, the velocity of the air decreases in the foam filled region. But, the trend of the

velocity profile differs for the model 2 and model 5. The tendency of the velocity profile
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is similar to the study of (Lu et al. (2016)).
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Figure 4.4 Velocity distribution at exit of the conduit along the radius for model 2 and

model 5.

The variation in the temperature profile at the exit of the pipe with different flow rates
of the fluid for the models 2 and 5 is shown in Figure 4.5(a) and (b), respectively. For
any given velocity, say u = 0.6639 m/s, the temperature showed almost constant except
near the wall of the pipe. However, the temperature at the exit of the pipe decreases
with increasing inlet velocities of the fluid. It is also observed that for higher velocity
of the fluid there is a significant reduction in exit temperature; however, as the velocity
of the fluid approaches maximum the changes in the exit temperature are minimum
which is clearly observed from Figure 4.5. The gradient of temperature at the surface
of the pipe also takes attention. For the model 2 the gradient is higher than model 5
since inner surface of pipe is covered by metal foam. Hence more heat transfer from

the surface to the fluid for the model 2 is expected.
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Figure 4.5 Temperature distribution at exit of pipe along the radius for model 2 and

model 5.

In this context, the results of 45 PPI metallic foam show the highest decrease in velocity
for the foam filled region and maximum velocity in the open passage of the pipe
compared to the lower PPI’s of the metallic foam as shown in Figure 4.6(a). With
increasing PPI of the metallic foam, the size of the pore decreases which in turn
increases the inertial resistance to the air motion; hence, the fluid rushes towards the
open passage of the pipe. Reducing the internal diameter of the foam from wall towards
core of the pipe (i.e., model 1, model 2 and model 3) the velocity distribution in the
porous region decreases due to the resistance offered by the metal foam. Also, the
model 3 shows lesser velocity in the non-foam region than the model 1 and model 2.
This may be due to more amount of fluid concentrated at the porous region than the
core of the pipe and narrow gap between foam and non-foam region. However, as the
diameter of the foam increases from core to towards the wall of the pipe (i.e., model 4,
model 5 and model 6), the velocity distribution increases in the foam as well as non-
foam region of the pipe which is shown in Figure 4.6(b) and (c). This is because of the
decrease in the open passage between the foam filled and the wall of the pipe that leads
to more flow in the foam filled region. The tendency of velocity distribution is similar
to (Kotresha and Gnanasekaran (2018) and Lu et al. (2016)). Similar kind of results is

observed for the model 1, model 2 and model 3.
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Figure 4.6 Velocity distribution for (a) Model 6 with varying PPI, (b) Model 1 — Model
6 for 30 PPI and (c) velocity contours for Model 1 — Model 6 for 30 PPL

From the results, it is seen that the temperature variation at the exit of the pipe along

the radius is found to be marginally higher for 45 PPI compared to other PPI’s of the

metallic foam in porous region while it reduces in the non-foam filled region of the pipe
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which is shown in Figure 4.7(a). This is because the velocity in the foam filled region
decreases due to smaller pore size which creates more turbulence that results in
absorption of more heat from the wall. As the air flows through the open passage, the
velocity of the flow increases which in turn reduces the capacity of heat absorption rate
that leads to decrease in variation in exit temperature at higher PPI of the metallic foam.
Similarly, for a 30 PPI of the metallic foam the temperature variation at exit of the pipe
shows marginally higher for the model 1, model 2 and model 3 than that of model 4,
model 5 and model 6 which is shown in Figure 4.7(b). This may be due to direct contact
of the foams with the heated wall of the pipe for the first three models while metal

foams are placed at core of the pipe for the last three models.
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Figure 4.7 Temperature distribution along radius of the pipe (a) model 6 and (b)

comparative results of all models.

4.7.2 Average Wall Temperature (T,,)

The T,, decreases with increasing the velocity of the flow for all the six models which
is shown in Figure 4.8(a-f). Figure 4.8(a-c) explored that by fixing the external diameter
of foam equal to the diameter of the pipe and reducing the internal diameter of the foam
below 0.06 m, there is no substantial decrease in the T,, of the pipe wall. It has been

found that the T,, for model 2 and model 3 is the same when the velocity is varied from
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0.6639 to 3.0246 m/s. Henceforth, it is suggested that highly conductive foams should
be fixed to the wall side of the pipe. Favorable heat transfer occurs in model 2 where
maximum reduction in the T,, of the conduit is achieved, revealed in Figure 4.8(a-c). It
is also observed that the 45 PPI aluminium foam affirms maximum reduction in the T,
than the other PPI’s of the foams. This is due to decreased fiber diameter and proper
mixing of the fluid that flows through the small opening.

It has also been observed that the 20 PPI and 30 PPI aluminium foams and 10 PPI
copper foam are found to be similar in terms of T,, for the model 4, model 5 and model
6 as shown in Figure 4.8(d-e). This is due to the specific surface area density which is
marginally the same for the 20 PPI and 30 PPI of the aluminium foam; contrarily, 10
PPI copper foam possess higher thermal conductivity at the same time the specific
surface area nearer to the 20 PPI and 30 PPI of the aluminium foam. Figure 4.8(f)
explored the comparative study for all the six models for the pore density of 30 and
porosity of 0.92 of the aluminium foam. Model 1, model 2 and model 3 show least
T,, compared to the model 4, model 5 and model 6. This is because highly conductive
foams are embedded with hot surface which absorbs more amount of heat by means of
conduction heat transfer and then instantly transfers to the fluid by means of convection

heat transfer.
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Figure 4.8 Variation in (a-e) the T,, with respect to velocity of air for model 1-model 5

and (f) comparative study of T,, for all the six models.

4.7.3 Forced Convection Coefficient

The average heat transfer coefficient (h) is computed using the Eq. (4.1).

YA
N

The local forced convection coefficient (h) is evaluated using Eq. (4.2).

h= 4.1)

83



Aw

h=——F—— 4.2
Ty — Ty (4.2)

where, T, and Ty, are the wall and mean fluid temperatures, respectively.

The results of h versus Re for model 1, model 2 and model 3 for the aluminium and
copper metallic foams are shown in Figure 4.9(a-c). From the results, it is explored that
with increasing Re, the h increases for all the PPI of the metallic foam considered for
the study. This is because the highly conductive aluminium and copper foams are
attached to the circumferential direction along its length of the pipe which tends to
absorbs more amount of heat from the wall and transfer immediately to the incoming
air. The temperature difference between the wall and fluid decreases with increasing Re
and is inversely proportional to the convection coefficient. The 45 PPI aluminium foam
has an increase of 63.90%, 70.11% and 83.12% in h compared to 10 PPI of the
aluminium foam for the model 1, model 2 and model 3, respectively in the range of Re
from 4500 to 20500. Moreover, the h for 20 PPI and 30 PPI lies between 10 PPI and 45
PPI of the aluminium metallic foam. Furthermore, 10 PPI copper metallic foam has an
augment of 13.68%, 15.55% and 19.45% in h compared to 10 PPI aluminium metallic
foam for the model 1, model 2 and model 3, respectively in the range of Re from 4500
to 20500.

Figure 4.9(d) explored the comparative study performed for 30 PPI with porosity 0.92
of the aluminium metallic foam with all the six models. The results showed that the
model 2 and model 3 has augment of 7.14% and 8.66% in h compared to model 1 while
model 3 has an increase of only 1.41% in h compared to the model 2 for the range of
Re considered. From the study, model 2 seems to be better in terms of heat dissipation
compared to model 3. It is also pertinent to mention that with increasing external
diameter of foam from the core of the pipe to the wall, the h increases progressively for
model 4, model 5 and model 6. The increasing h is due to the narrow gap between the
foam and wall of the pipe that tends to increase velocity of the air in the non-foam (near
the wall) region of the pipe. However, the model 4, model 5 and model 6 show lesser
h than that of model 1, model 2 and model 3. The model 2 has an enhancement of
108.38%, 68.19% and 36.44% in h compared to model 4, model 5 and model 6,
respectively. Also, model 5 and model 6 have augment of 23.87% and 52.66% in h than
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that of model 4 in the range of Re varied from 4500 to 20500.
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Figure 4.9 Variation of (a-c) h vs. Re for model 1-model 3 and (d) comparative study

of h for all six models.

4.7.4 Average Nusselt Number (Nu)

The mean Nusselt number is evaluated by the Eq. (4.3).

Nu =

hDy,
Aair

(4.3)

The hydraulic diameter of pipe is computed using the Eq. (4.4).




D — 44,
TP
The Re is computed based on the hydraulic diameter of the conduit which is defined as

in Eq. (4.5).

(4.4)

_ PsUinDp
My

Re 4.5)

The results of average Nusselt number versus Re for the model 2 and model 6 for
aluminium and copper metallic foams and clear pipe are depicted in Figure 4.10(a-b).
From the Figure 4.10(a) it is clearly observed that with increasing Re, the average
Nusselt number increases for all PPI’s of aluminium and copper metallic foams as well
as clear pipe. The model 2 has shown a significant increase in the heat dissipation rate
compared to clear pipe with flow Re number. Since, highly conductive metallic foams
are attached to the periphery of the pipe wall the flow of air accelerates in the foam
filled region which in turn increases the velocity gradient in the vicinity of the wall and
creates thinner boundary layer compared to the clear pipe. This leads to a proper mixing
of the flow in porous region which tends to increase the heat dissipation rate.
Consequently, the 45 PPI aluminium metal foam has an augment of 654.95% in average
Nusselt number compared to the clear pipe and 70.11% of average Nusselt number
compared to 10 PPI of the aluminium metallic foam; furthermore, 10 PPI copper foam
has an augment of 15.55% in average Nusselt number compared to 10 PPI of the
aluminium metallic foam for the model 2. In addition to that, the heat dissipation rate
is more or less similar for 20 PPI, 30 PPI of aluminium foam and 10 PPI of copper
metallic foam for the model 6 which is depicted in Figure 4.10(b). This is because the
superficial surface area density of the 20 and 30 PPI of the aluminium foam is similar
and 10 PPI copper foam gains higher thermal conductivity and the specific surface area
is found to be nearer to the 20 PPI and 30 PPI of the aluminium metallic foam.

From the results it is observed that the model 3 has a marginal increase in the average
Nusselt number compared to the model 2 and significant increase in average Nusselt
number compared to model 1 as shown in Figure 4.10(c). Consequently, model 3 has
an augment of 13.61% in average Nusselt number compared to model 1 and only 3.54%
in average Nusselt number compared to model 2. In addition, the model 2 has an

augment of 9.72% in average Nusselt number than that of model 1. It is also observed
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that, the heat dissipation rate increases beyond Re = 16500 for the model 6 compared

to model 1 with the penalty of pressure drop. However, the model 2 and model 3 gives

more or less similar results of average Nusselt number for the 10 PPI copper metallic

foam with respect to Re which is presented in Figure 4.10(d).
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Figure 4.10 Changes in (a-b) average Nusselt number vs. Re for model 2 and model 6

and (c-d) comparative results of average Nusselt number for all six models filled with

45 PPI aluminium and 10 PPI copper foams respectively.

From the results of Figure 4.10(d), it is seen that the average Nusselt number increases
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progressively for the model 6 beyond Re = 12500 compared to model 1 and above Re
= 16500 for the model 2 and model 3. In addition, the model 1 shows better heat
dissipation rate with minimum pressure drop than that of model 4 and model 5 with
respect to flow Re.

The comparison of present study with (Baragh et al. (2018)) for 20PPI and 0.9 porosity
is reported in the following Table 4.8. In addition, 45PPI with 0.9 porosity has also
been considered to find out percentage increase in heat transfer compared to (Baragh et
al. (2018)). For the same metal foam configurations, with insertion of aluminium metal
foam the percentage enhancement is 16.79%, 15.55%, 57.94% and 58.45%, 59.59%
and 132.92% of average Nusselt number compared to (Baragh et al. (2018))
respectively, for the turbulent flow regime as shown in Table 4.8. This enhancement is
due to high thermal conductivity of metal foam which is having more specific surface
area density and smaller structure of pores that leads to enhancement in the heat

dissipation rate.

Table 4.8 Percentage increase in average Nu for 20 PPI and 45 PPI with porosity of
0.90 compared to Baragh et al. (2018).

Present Present
Baragh et
Baragh study (%) study (%)
Present  al. (2018) )

et al. 20 PPI increase 45 PPI increase

study  (Re = 6437) . R

(2018) . (Re=6500) Nu  (Re=6500) inNu

Nu
Nu Nu

Model 1 Model 4 66.12 77.22 16.79 104.77 58.45

Model 2 Model 5 82.5 95.26 15.55 131.66 59.59
Model 3 Model 6 77.5 122.4 57.94 180.51 132.92

Note: (Baragh et al. (2018)) of model 1, model 2 and model 3 is equal to the present
study of model 4, model 5 and model 6.
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4.7.5 Pressure Drop

Figure 4.11(a) presents the contour plots for the variation of pressure drop along the
length of the pipe for the pore density of 30 for the Model 1 — Model 6 at constant
velocity of 0.9590 m/s respectively, shown in Figure 4.11(a). Model 1 —Model 3 shows
pressure drop marching higher values while the diameter of the foam increasing from
the wall to the core of the pipe. However, the diameter of foam placed at core of the
pipe found to have lesser pressure drop except the model 4.

The pressure drop was measured between the inlet and outlet of the test section (i.e., Z
= 2 m is at inlet of the test section and Z = 3 m is at outlet of the test section) of the
pipe. The results of pressure drop versus velocity of fluid for the model 1 and model 2
which are partly filled with various PPI’s of the foams and the clear pipe are shown in
the Figure 4.11(b-c). With insertion of foams inside the pipe the pressure drop per unit
length of the pipe increases in comparison with the clear pipe and it increases with
increasing the velocity of flow. This may be due to the increase of the resistance caused
by the metal foam. Also, in this context, the pore density of 45 with porosity of 0.90
has shown the highest pressure drop compared to the other PPI’s of the porous foams.
Here, due to higher PPI of the metallic foams the fiber diameter reduces which tends to
increase the inertial resistance of the foam thereby leading to increase in the pressure
drop. In addition, 20 PPI and 30 PPI of aluminium foam and 10 PPI of copper foam
show the similar results of pressure drop. This may be due to the difference in PPI and
porosities of the foam considered in the study.

Figure 4.11(d-e) presents the comparative results of pressure drop per unit length of the
pipe for all the six models which are filled partly for the pore density of 30 and 45 and
the clear pipe considered in the study. From the results, the pressure drop is found to be
higher for all the models compared to the clear pipe. However, the pressure drop for
model 1 and model 4 are found to be the same while it decreases significantly for the
model 5 and model 6 compared to the model 2 and model 3 in the range of air velocity
of 0.6639 to 3.0246 m/s. The reason is that as the metallic foam is placed at the core of
the pipe there is a decrease in the velocity gradient in the vicinity of the wall which
tends to reduce the pressure drop. It is also observed that with decrease in the internal
diameter of the foam (i.e., model 1, model 2 and model 3) and increase in the external

diameter of the foam (i.e., model 4, model 5 and model 6) the pressure drop along the
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length of the pipe increases significantly. The tendency of the pressure drop is similar

to (Kamath et al. (2013) and Lu et al. (2016)).
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Figure 4.11 Changes in pressure drop for (a) contour plots for model 1 — model 6, (b-
c¢) comparative study for model 1 and model 4 (d-e) comparative study of model 1 —

model 6 for 30 PPI and 45 PPI partly filled foam and clear pipe.

4.7.6 Friction Coefficient (f)

The friction coefficient in the presence of partially filled foam inside the pipe and the
clear pipe across its length is calculated using Eq. (4.6).
_ —2’)11; ?nlz Dn (4.6)
In Eq. (4.6) the velocity is measured at the inlet (Z = 0) of the pipe. Figure 4.12(a-b)
presents the friction coefficient for the model 1 and model 4 filled partly with various
PPTI’s of the foams and the clear pipe. The friction coefficient decreases with increasing
flow rates of the air for partly filled foam and the clear pipe. However, all PPI’s of the
partly filled foam inside the pipe encounter more friction compared to the clear pipe.
The insertion of higher PPI of the metallic foam leads to increase the friction coefficient
compared to other PPI’s of the metallic foams. It is also observed that the pore density
of 20 PPI and 30 PPI of aluminium foam and 10 PPI of copper foam show more or less
similar coefficient of friction for the model 1 and model 4 respectively and this is due

to the difference in the porosities of foams considered.

Figure 4.12(c-d) explored the comparative study of friction coefficient for all the six
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models filled partially with the pore densities of 30 and 45 and their porosities of 0.92
and 0.90. The friction coefficient is found to be higher for all the models than that of
the clear pipe.
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Figure 4.12 Changes in (a-b) friction coefficient vs. velocity of air for model 1 and

model 4 and (c-d) comparative study of pressure drop for 30 PPI and 45 PPI partly

filled foam and clear pipe.
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However, the model 1 and model 4 show similar fashions of friction coefficient and
decrease in friction factor significantly for the model 5 and model 6 in comparison with
the model 2 and model 3 in account of the pore densities of 30 and 45 with respect to
the flow rates. The reason is that as the metallic foam is placed at the core of the pipe a
decrease in the velocity gradient in the vicinity of the wall occurs which tends to reduce

the pressure drop.

4.7.77 Heat transfer Enhancement Ratio (Nugg)

The enhancement ratio is an important parameter to determine the effectiveness of the
heat exchanger by means of increasing the surface area within the fluid flow with
insertion of various configurations of the metallic foams. Nugg is defined as heat
transfer with insertion of metallic foams to heat transfer without insertion of metallic
foam inside the pipe which is evaluated using Eq. (4.7). At the same time, it is possible
to find out the best optimal model on account of foam samples to achieve higher Nugp.

Nutgp = (47
Nug

From the results, model 1, model 2 and model 3 with 45 PPI aluminium metallic foam
shows highest Nuggp while the 10 PPI aluminium foam shows the least Nugg. 10 PPI
copper foam shows significantly Nugg than the 10 PPI of aluminium foam with Re
number which is shown in Figure 4.13(a-c). In addition, the Nugy is higher at lower
flow rates and decreasing with increasing flow rates of the air for all the PPI and
porosity of foams considered for the model 1, model 2 and model 3. However, the 45
PPI aluminium foam shows the enhancement of 65.40% in Nugg compared to 10 PPI
of the aluminium metallic foam while 10 PPI copper foam has an increase of 12.95%
in Nugg than that of 10 PPI aluminium metallic foam for the model 1 in the range of
Re =4500 to 20500.

The Nugg is compared for the all the six models for the 30 PPI aluminium metallic
foam filled partly in a pipe which is shown in Figure 4.13(d). From the results, it is
revealed that the model 2 and model 3 show the highest Nugp compared to the other

models for all flow rates of the air. Model 2 will be a better choice rather than the model

3 because of lesser pumping power. Successively, the model 2 has an average
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enhancement of 7.69%, 122%, 79.58% and 44.73% compared to model 1, model 4,

model 5 and model 6, respectively in the range of Re varied from 4500 to 20500.

Furthermore, the model 1 has secured better Nugy than that of model 4, model 5 and

model 6. Subsequently, the model 1 has an average increase of 105.82%, 66.49% and

34.18% in Nugg than that of model 4, model 5 and model 6 respectively in range of Re

consider for the study.
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Figure 4.13 Nugg vs. flow Re for (a-c) model 1- model 3 and (d) comparative results

for 30 PPI aluminium foam.
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4.7.8 Colburn j Factor (j) and Performance Factor (7],,)

The performance factor and the Colburn j factor are the important findings parameters
to design and measures the overall performance of any of the heat exchanger. The

Colburn j factor is computed from Eq. (4.8).

j = St.(Pr)3 (4.8)

The results revealed that j decreases with increasing flow rates of the fluid for the clear
pipe as well as partially foam filled pipe as depicted in Figure 4.14(a). However, the j
is higher for the lower Re and decreases progressively with increasing Re for all PPI’s
of the metallic foams. In addition, the j is found to be higher for all PPI’s of the metallic
foam compared to the clear pipe with flow rates of air. In the presence of metal foam,
the air is forced to flow through the open pores that leads to accelerating the flow
resulting into increased turbulence and increased Stanton number (S7) at lower flow
rates. It is also seen that at higher PPI of the metallic foam the j increases significantly
and decreases with decreasing PPI of the metallic foam. Also, 10 PPI copper foam
attains higher j than that of 10 PPI aluminium foam due to its higher thermal
conductivity and higher superficial surface area.

From the results, the j for all the models increases significantly compared to the clear
pipe which is revealed in Figure 4.14(b). However, the j for the model 2 and model 3
remain the same and model 1 performs slightly nearer to the model 2 and model 3 in
the range of Re considered. Furthermore, for the model 1 there is a significant increase
in the j compared to the model 4, model 5 and model 6 at lower flow rates while the
significance is less at high flow rate (Re = 20500) for the model 1 and model 6.

Therefore, in terms of performance the heat exchanging device should be the model 1.
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Figure 4.14 Colburn j factor vs. Re for (a) model 1 and (b) comparative results of 30

PPI aluminium foam for all six models.

To compute the overall thermal performance of the any heat exchanging devices a
dimensionless parameter called performance factor which is the ratio of Colburnj factor
to the power required to pump the fluid given by (Manglik (2003)) in Eq. (4.9).
J

1

f3

Figure 4.15(a) presented the performance factor that decreases with increasing the flow

Np = (4.9)

rates of the fluid for all the PPI’s of the foams. At higher flow rates the air is forced to
flow through the small pores; as a result, more pumping power is required to overcome
the obstruction of the fluid. This results in a significant reduction of the performance
factor. The 30 PPI with porosity of 0.92 aluminium foam shows the highest
performance factor compared to other PPI’s of the metallic foams. This is because the
porosity of the foam increases that allows more amount of air to flow through the
opening resulting to decrease in the pressure drop. However, beyond Re = 10500 the
20 PPI and 45 PPI aluminum foam gives more or less similar performance factor. In
addition, the 10 PPI with porosity of 0.95 aluminium foam perform very closer to 10
PPI with porosity of 0.88 copper foam with lesser pumping power.

From the Figure 4.15(b), the model 1 performs the highest performance factor
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compared to the other models. The model 1 has average increase of 32.35%, 68.22%,
116.86%, 125% and 136.84% in the performance factor compared to the model 2,
model 3, model 4, model 5 and model 6, respectively. This is because the model 1
requires minimum pumping power to lift the fluid from inlet to the exit section of the
pipe compared to the other models except the model 4. Hence, by comparing Figure
4.15(a & b) it is concluded that for better performance factor of the heat exchanging
devices one can choose model 1 filled with 30 PPI with porosity of 0.92 aluminium

foam compared to the other models.
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Figure 4.15 Performance factor versus Re for (a) model 1 and (b) comparative results

for 30 PPI aluminium foam for all six models.

4.8 SUMMARY

Two dimensional simulations were carried out to study the effect of partial filling of
high porosity metal foams in a horizontal pipe of diameter 0.1 m and length 1 m. The
numerical exploration considered six different models with variation in PPI’s and
Porosity of the aluminium and copper metallic foams. The analysis was carried out for
turbulent forced convection heat dissipation with wide range of Reynolds number from
4500 to 20500. Based on the present investigation, the salient points are drawn below:

e With increasing velocity of the air, the velocity distribution at the exit of the

tube increases in the porous as well as non-porous region. While, the
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temperature at the exit of the conduit is not significant at higher velocity of the
air.

The convection heat transfer coefficient and the Nugr showed more or less
similar results for the model 2 and model 3 compared to the other models for 30
PPI aluminium foam sample. Hence, for better convective heat transfer
coefficient and Nugp with minimal pressure drop it is better to choose model 2
rather than model 3.

On account of 45 PPI aluminium foam, the model 3 has marginal and significant
augment in average Nusselt number compared to model 2 and model 3
respectively, in the range of Re number. However, model 6 was observed to
have more enhancement beyond Reynolds number of 16500 compared to model
1 at the expense of pressure drop.

For 10 PPI copper foam, the model 6 showed the highest average Nusselt
number beyond Reynolds number 16500 compared to model 2 and model 3.
However, the model 1 has an augment of 55.87% and 26.47% in average
Nusselt number compared to model 4 and model 5, respectively in the range of
Reynolds number from 4500 to 20500.

30 PPI aluminium metal foam showed the highest thermal performance factor
for the model 1 compared to other PPI of the metal foams in the range of
Reynolds number considered. However, the thermal performance factor of 10
PPI aluminium foam is very close to the expensive 10 PPI copper foam. Hence,
one can choose 10 PPI aluminium foam with reasonable performance factor

with minimal pressure loss and lesser cost of the foam.

4.9 CLOSURE

In this chapter, the numerical investigation of partially filled high porosity metal foam

configurations in a pipe were carried out with wide range of Reynolds number. In the

current chapter, six different porous layer thicknesses were varied from the wall side as

well as from core of the pipe. The next chapter presents the continuation of the present

chapter. Since the pressure drop and heat transfer are major concerns of the present

study, a more detailed parametric study is required for the optimum configuration
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proposed in the current chapter. Therefore, the next chapter considers the optimization
study employed for multi-objective function for minimization and maximization of
friction resistance and heat transfer rate, respectively in order to determine best

configuration, porous layer thickness and pore density of the aluminium metal foam.
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CHAPTER 5

PERFORMANCE SCORE BASED MULTI-
OBJECTIVE OPTIMIZATION FOR THERMAL
DESIGN OF PARTIALLY FILLED HIGH POROSITY
METAL FOAM PIPES UNDER FROCED
CONVECTION

5.1 INTRODUCTION

This chapter explores the continuation of the previous chapter 5. Aluminium foam layer
with four different values of pore density are 10 PPI, 20 PPI, 30 PPI and 45 PPI and
thickness (but almost the same porosity, i.e., 0.90 — 0.95) are located at two different
positions as center and lateral surface of the pipe, and totally 6 models are emerged.
Since the pressure drop and heat transfer are major concerns of the present study, a
more detailed parametric study is required for the optimum configuration proposed in
the chapter 4. Hence, Chapter 5 explores the performance score multi-objective
optimization to minimize and maximize the friction resistance and heat transfer rate,
respectively. The TOPSIS method is applied to solve multi-objective functions. This
chapter presents that how TOPSIS method can provide the best model for finding
location, thickness and PPI of a porous layer based on the priority of the thermal

designer for the weight of heat transfer and friction effects.

5.2 PROBLEM STATEMENT

In the present chapter, a straight circular pipe of diameter 0.10 m, length 1 m and
thickness of wall 7 mm is considered. The heater is coupled with the pipe wall along its
length. Four different aluminum foam samples are taken into account for the numerical
investigations. The pore densities and porosities of aluminum foam samples vary from
10 PPI to 45 PPI and 0.90 to 0.95 (Kamath et al. (2011 & 2013); Kotresha and

Gnanasekaran (2018)), respectively and they are partially inserted inside the circular
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pipe. The flow in the open passage of the pipe is turbulent whose Reynolds number
ranges from 4500 to 16500 as per (Yang and Hwang (2009)), evaluated based on the
hydraulic diameter (i.e., D, = 4A4/P) of circular pipe. Totally six different models are
emerged. In model 1 to model 3 (i.e., M1, M2 and M3), the external diameter of the
foam is fixed and is equal to the diameter of the pipe while the internal diameter of
foam is varied from the wall to the core of pipe. In the model 4 to model 6 (i.e., M4,
M5 and M6), the external diameter of the foam is increased from the core to towards
the wall of the pipe while internal diameter of the foam is made equal to zero. The
schematic views of the studied 6 different models (M1, M2, M3, M4, M5 and M6) are
shown in Table 5.1 and the details of the dimensions are depicted in the Table 5.2.

Table 5.1 Numerical domains considered for all six models.

Models M1 M2 M3 M4 M5 M6
Partially
filled
foam
Table 5.2 Details of the dimensions of all six models.
Models dif (m) Doy (m)
Ml 0.06 0.10
M2 0.04 0.10
M3 0.02 0.10
M4 0.00 0.04
M5 0.00 0.06
M6 0.00 0.08

For numerical computation, two-dimensional axis symmetry about its centerline along
the flow direction is taken into account which is depicted in Figure 5.1. The pipe is
extended 2L at the entrance to attain a developed flow (Sunden (2012)) while /.5L is
extended at the outlet of the pipe to avoid the exit effect (Mohammed et al. (2013) and
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Lin et al. (2016)). A uniform velocity profile and zero pressure are assigned at the inlet
of the circular pipe. It should be mentioned that there are two definitions of Reynolds
number in this study. One of them is Re number based on hydraulic diameter used for
the flow in the free passage and the second one Re number based on the permeability

of aluminum foam employed for flow in the aluminum foam.

Ui, D

Re = PrUinlUn (5'1)
Ky
U VK

Re, = 2LHmnYT (5.2)
Ky

where K is permeability depends on aluminum foam and Dy, is hydraulic diameter of
pipe evaluated by the following Eq. (5.3).

_ 44,

Dn = (5.3)

where A and P are the cross-section area and perimeter of the pipe, respectively. The
average value of velocity in metal foam is less than u;, but in order to have a fix
reference velocity for all obtained results including results of free region and metal
foam, it is used in Eq. (5.2). As it was mentioned before, the flow is turbulent in the
clear region of the pipe. For the aluminum foam layer, Re number based on the
permeability changes from 9.22 to 82.17 and flow is laminar since it is less than 150
(Neild and Bejan (2006)). The thermal dispersion is not considered in this work due to
high thermal conductivity of metal foam and low thermal conductivity working fluid
(Calmidi and Mahajan (2002)). The structural and hydrodynamic properties of the
studied aluminium foam are presented in Table 5.3 and Table 5.4 (Kamath et al. (2011
& 2013); Kotresha and Gnanasekaran (2018)).
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Figure 5.1 Schematic of computing domain.

Table 5.3 Properties of aluminium metallic foams Aluminium (Kamath et al. (2011 &

2013); Kotresha and Gnanasekaran (2018)).

(If):ris Porosity  Permeability = Uncertainty Form drag Uncertainty
per inch) (e) (K) 107, m? in (K) (%) coefficient (C) in (C) (%)
10 0.95 2.480 +7.95 94.98 +2.45
20 0.90 2.177 +9.67 208.82 +2.21
30 0.92 1.644 +9.83 148.97 +3.68
45 0.90 0.420 +5.87 397.01 +5.80
Table 5.4 Superficial surface area of aluminium metallic foam.
Pore size, Fiber size, Porosity, Interfacial surface area,
PPl d, (mm) dp (mm) € asp (m™)
10 4.952 0.445 0.95 360.60
20 3.416 0.451 0.90 960.65
30 2.324 0.216 0.92 936.38
45 1.654 0.184 0.90 1671.76

Briefly, in the chapter 4, heat transfer can be considerably enhanced by using metal
foams; however, it considerably increases pressure drop in a pipe. Partially filled pipes
by inserting a metal foam layer can be a solution in order to reduce pressure drop

without trade-off heat transfer too much. Hence, the partially filled pipes considering
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both heat transfer enhancement and pressure drop by using metal foam layers are
limited compared to studies performed just for heat transfer enhancement. The chapter
6 explore the optimization study on this issue, the main parameter for determination of
the best location, thickness and structure of metal foam layer is the preference of the
thermal designer between heat transfer and pressure drop. According to the priority
assigned by a thermal designer, TOPSIS can accurately evaluate the best position and
thickness as well as PPI (Pore Per Inch) and porosity of a metal foam layer. TOPSIS is
a multi-objective optimization method. This study focuses on the design criteria of
friction factor to average Nusselt number and we assumed that the wall temperature is
not the primary interest. However, any parameters such as maximum wall temperature,
minimum entropy generation, weight and heat exchanger size can be objective and the
optimization can be done based on the required design parameters can be achieved.

The aforementioned advantages of TOPSIS motivated authors to perform the present
study. A numerical study is performed by considering aluminum metal foam layers
inside a pipe with different porous layer arrangement and various aluminum foam as
well. Instead of doing a parametric research by changing the values of governing
parameters, six real cases with real structural parameters of aluminium foam are
considered. Aluminum foam layer with different values PPI and thickness (but almost
the same porosity) are located at two different positions as center and lateral surface,
and 6 models are emerged. The best model and PPI for 5 different weights of heat
transfer and friction factor for the wide range of Reynolds number are calculated by
using TOPSIS method. TOPSIS is applied at lower and higher flow rates of the fluid
for solving multi-objective function to minimize and maximize the friction coefficient
resistance and heat transfer rate, respectively. The present study shows that how
TOPSIS method can provide the best model for finding location, thickness and PPI of
a porous layer based on the priority of the thermal designer for the weight of heat
transfer and friction effects. To the best of our knowledge, very few study in the Chapter
2 that considers the above complimentary circumstances for the benefit of both heat
transfer and pressure drop in a meticulous and systematic approach by using TOPSIS

method for wide range of the governing parameters.
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5.3 GOVERNING EQUATIONS AND BOUNDARY CONDITIONS

The flow inside the pipe is assumed incompressible and steady. The gravity effect is
neglected and heat transfer by thermal radiation is negligible. The aluminium foam is
isotropic, homogeneous and non — deformable. There is no thermal resistance between
the aluminum foam and the solid surface of the pipe. A local thermal non-equilibrium
approach is used for the heat transfer between the metal foam matrix and the flowing
fluid inside it. Since the flow inside the clear region is turbulent, k- turbulence model
is employed in clear region of circular pipe (Yang and Hwang (2009)). The governing
equations involved in non-foam region and porous region of pipe according to
(Mahmoudi and Karimi (2014)) and (Huang et al. (2010)) discussed in Chapter 3 (Eqs
(3.1)-(3.13)).

As it was mentioned before, due to low values of Reg, the effect of thermal dispersion
is neglected. The details of the boundary conditions assigned for the numerical domain
(Huang et al. (2010)) are presented in Chapter 4 in Table 4.3. The interface between the
solid and fluid phases assumes no slip boundary conditions as well as no fluid
penetration and conjugate (aluminum wall coupled with the metallic foam) heat
transport model of ANSYS FLUENT software is accomplished as reported in literature
of (Imani et al. (2013 & 2012)). The governing equations and interfacial condition
involved between clear and porous regions are described detailed in Chapter 4 (see
Table 4.4) as per (Xu et al. (2011b)) and (Mahmoudi and Karimi (2014)).

Further, the properties of aluminium foam like specific area density (a,s) and interfacial
heat transfer coefficient (hgs) are computed based on (Calmidi and Mahajan (2002))
and (Zukauskas (1987)) using Egs. (3.14) — (3.16) reported in chapter 3. The specific
surface area density of the aluminium foam computed and depicted in the Table 5.4.
The steps involved in the numerical simulation of the present work is depicted in the

form of a flowchart given in Figure 5.2.
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Figure 5.2 Flowchart representing the steps involved in numerical simulation.

HT = Heat transfer; DEF = Darcy extended Forchheimer flow; M1 = Model 1; M2 =
Model 2; M3 = Model 3; M4 = Model 4; M5 = Model 5 and M6 = Model 6; Nu =

Nusselt number; and f'= Friction coefficient.
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5.4 TOPSIS METHOD FOR MULTI — OBJECTIVE FUNCTIONS

TOPSIS method/technique is beneficial in dealing and making decision matrix with
multiple objective functions involved in the real world problems. In the current
investigation, the TOPSIS method is applied in order to minimize and maximize the
friction coefficient and heat transfer parameters, respectively.

Initially, the thermo-hydrodynamic parameters are computed with the help of numerical
investigation and further five different weights are assigned with different
conditions/criteria’s: viz; criteria I: (f)min:(Nt)max = 0.0:1.0, criteria II: (f)min:(Nu)max =
0.25:0.75, criteria IIL: (f)min:(Ntt)max = 0.50:0.50, criteria IV: (f)min:(Nu)max = 0.75:0.25
and criteria V: (f)min:(NVt)max = 1.0:0.0 in order to obtain the performance score or rank
of the matrix for the given multi-objective function.

As mentioned earlier, the main objective of the current study is to focus on the
prominence of minimizing the friction coefficient and maximizing the heat transfer rate
by considering six different models which are partially filled inside the pipe. To
accomplish this, TOPSIS method is used to obtain the best possible combination of
models and the foam samples that are involved based on the computed values of the
performance score. The followings are the detailed conditions/criteria involved to

evaluate the thermo-hydrodynamic attributes:

5.4.1 Step I: Computation of Normalized Matrix

The simulated results obtained from the numerical investigation are normalized using
Eqgs. (5.4) and (5.5). The results of friction coefficient and average Nusselt number
values are converted into normalized magnitudes. Generate a matrix of two columns
each containing Nusselt number values (Nu;;) and friction coefficient (f;;)
respectively. Then extend the matrix with another set of two columns each containing
normalized magnitudes of Nusselt number and friction coefficient (Nu; ;) and f; i)

respectively using Egs. (5.4) and (5.5).

Nul-l

_— (5.4)
VZit, Nuiz1

Nui3 S
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fi2
VI fi3 (5.5)

where ‘1’ indices show the rows of the matrix and m refers to total number of foam

fi4=

samples.

5.4.2 Step II: Computation Weight Assigned Normalized Matrix

Additionally, in order to obtain the weighted normalized matrix using Egs. (5.6) - (5.7);
the weight is assigned or multiplied (i.e., it is varying from 0 to 1) to the hitherto
computed values of normalized matrix magnitudes of friction coefficient and average
Nusselt number. The assigned weight totally depends on the specific interest of the
users.

Vis = (Nujs). Wiy, i=1,2,.....m. (5.6)
Vie = (fia)-Ws i=1,2,....... m. (5.7)

where Wy, and Wy are the assigned weight for average Nusselt number and friction

factor. Two new columns (5" and 6™) are added into the matrix.

5.4.3 Step III: Compute Ideal Worst Values of V™ and Ideal Best Values of V*
Among Weighted Normalized Matrix of Nu and f.

The ideal worst values and ideal best values are obtained from the previously computed
weighted normalized matrix of friction coefficient and the average Nusselt number. In
the present study, the friction coefficient considered as non-beneficial parameter while
average Nusselt number considered as beneficial parameter. Henceforth, the highest
value among the weighted normalized matrix of friction coefficient is considered as
ideal worst, while the lowest value among the weighted normalized matrix of friction
coefficient magnitude is treated as ideal best value. On the contrary, the highest value
among the weighted normalized matrix average Nusselt number is treated as ideal best
value, while the lowest value among the weighted normalized matrix of average Nusselt
number is considered as ideal worst value. Evaluate the ideal best alternative V* and

ideal worst alternative V™ is represented using the Egs. (5.8) to (5.11).
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Vyy " = max (Vis) (5.8)

Vf+ =min (Vjg) (5.9
Vyy = min (Vis) (5.10)
Ve~ = max (Vi6) (5.11)

5.4.4 Step IV: Compute Euclidean Distance from Weighted Resultant Ideal Best
Value

The relative distance between each weighted normalized magnitudes (i.e., it may be
best or worst) from a particular selected value is called Euclidean distance. Positive
Euclidean distance is evaluated based on weighted normalized matrix magnitudes from

resultant ideal best magnitudes given by Eq. (5.12).

0.5
St = [(Vis — V)2 + (Vie — Vf+)2] (5.12)

5.4.5 Step V: Compute Euclidean Distance from Weighted Resultant Ideal
Worst Value

Further, negative Euclidean distance is evaluated based on weighted normalized matrix

magnitudes from resultant optimal worst magnitudes given by Eq. (5.13).

57 = [ = Vit + e - )] (5.13)

5.4.6 Step VI: Compute the Performance Score

The performance score indicates the ranking of various models of metal foam
configurations. The ranking of the models and the foam samples are based on the
various weights assigned in minimizing and maximizing the friction coefficient and
average Nusselt number, respectively. The performance score is computed using the
Eq. (5.14).
P, = _S;_Jr i=12,......m (5.14)
S+ S
The aforementioned steps involved in TOPSIS method has been represented in a

flowchart for clear understanding of the solution methodology in Figure 5.3.
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3 3
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1
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S

1

p= ——
ST+ St

Figure 5.3 Flowchart that represents the steps involved in TOPSIS methodology.
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5.5 COMPUTATIONAL DETAILS, GRID SENSITIVITY
ANALYSIS AND VALIDATION STUDY

The numerical calculations are performed using software ANSYS FLUENT 19.2
(ANSYS FLUENT (2019)). The pressure-velocity coupling method is adopted for the
numerical examination. A rectangular mesh is considered for the numerical simulation.
The relaxation factor for the pressure and momentum equations are considered as 0.5
and turbulent kinetic energy, specific dissipation rate and the energy equation are
considered as 0.75. Convergence criteria for continuity, momentum, energy and k-w
are fixed as 107, 10, 102 and 107'° respectively. For the existing research, the grid
sensitivity examination is executed for four different grid sizes of 38481, 45501, 52521
and 59541 in order to attain an advantageous size of the grid and for the aluminium
foam of pore density 10 and porosity of 0.95 is filled inside the conduit with a uniform
velocity of 0.7377 m/s. It was found that among four different grid sizes, the grid
number of 52521 is noticed to be advantageous. Furthermore, for the present numerical
approach, the results are validated with the analytical results of (Lu et al. (2016)) and
Xu et al. (2011c)). The numerical investigation is accomplished for the parallel plates
with 80% and 50% filling rate of the aluminum foam having the pore density of 10 with
¢ = 0.9 as per (Lu et al. (2016)). The simulated results of velocity profile obtained for
the current study coincides well with the analytical results of (Xu et al. (2011c¢)). To
check the calculation for the pressure drop, the results of simulated pressure drop are
matched with the experimental work of (Kamath et al. (2013)) for 10 PPI aluminum
foam partially filled inside the channel. It is found that the simulated results of pressure
drop are well comparable with (Kamath et al. (2013)). The grid independence study and

the validation results was reported in the previous Chapter 4.

5.6 RESULTS AND DISCUSSION

5.6.1 Velocity Distribution at Different Locations of Pipe

Figure 5.4 shows the velocity distribution for foam and non-foam filled regions at
different locations of the pipe for 10 PPI and 45 PPI foam when Re = 6500 for model

2. The velocity of the fluid is higher at non-porous region of the channel while it
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decreases at the porous region of the pipe. The increase and decrease in velocity of fluid
is large in the porous and non-porous region, respectively at Z = 0.477 due to sudden
entry of the fluid. As the fluid reaches the exit of the pipe, the variation in velocity
seems to be marginally the same for foam as well as non-foam region since flow
becomes fully developed. The velocity of the fluid is observed to be lesser in aluminum
foam region than the non-foam region of the pipe which is very obvious. Furthermore,
the velocity of the fluid in the clear region increases and in porous region decreases by
increase of pore density (PPI), if Figure 5.4(a) and (b) are compared. The increase of
PPI enhances flow resistance in the porous region and fluid prefers to flow in the free
region with lower pressure drop. Almost the same flow configurations are observed for

all studied models and different Reynolds numbers.
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Figure 5.4 Fluid velocity variation in the pipe for model 2 when Re = 6500 (a) PPI =
10, £=0.95 and (b) PPI =45, ¢ = 0.90.

5.6.2 Fluid-Solid Temperature Distribution at Different Locations of Pipe

The fluid-solid temperatures of the porous and clear regions of model 2 filled partially
with 10 PPI and 45 PPI aluminium foam along the radius of the pipe are shown in
Figure 5.5 when Re = 6500. From the Figure 5.5(a), the fluid temperature is observed
to be small at Z = 0.477 and it increases at the exit of the pipe. In the porous filled
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region, the fluid-solid temperature can be identified easily; and fluid temperature in the
porous filled region seems to be smaller than that of solid temperature. Similar kind of
fluid-solid temperature results is observed at Z = 0.522, 0.566, 0.611 and 0.655.
Furthermore, the fluid-solid temperature is more or less the same as it progresses
towards the exit except near the wall of the pipe. In addition, the fluid-solid temperature
in porous region is noticed to be constant and the same for the pore density of 45 PPI
as seen in Figure 5.5(b). By increasing PPI, the specific surface area and the rate of
flow mixing increases (See Table 5.4) and consequently the fluid temperature

approaches to the temperature of the solid phase.
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Figure 5.5 Fluid and solid temperature variation for Model 2 when Re = 6500 (a) PPI
=10, &=0.95 and (b) PPI =45, ¢ = 0.90.

5.6.3 Friction Coefficient
The friction coefficient is computed using the classical definition as,

5.15
7L 1)

Since most of friction occurs in the aluminium foam region, the results of the friction
coefficient versus Reynolds number based on permeability (Rey,) are plotted and shown

in Figure 5.6. Figure 5.6(a) depicts the friction coefficient of model 1 in the presence
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of four different foam samples of 10 PPI, 20 PPI, 30 PPI and 45 PPI. The friction
coefficient decreases with the increase of Re,, for all studied PPI in this work. However,
45 PPI metal foam guaranteed the highest friction coefficient than other PPIs. Due to
increase of the surface area and mixing of fluid, the flow resistance inside the pores of
the aluminum foams with 45 PPI is considerably high. For instance, for Re;, = 20, the
friction coefficient of 45 PPIis 39.53%, 50.09% and 62.16% greater than friction factor
of 30 PPI, 20 PPI and 10 PPI aluminum foams, respectively. The pore density of 20 and
30 shows similar trend for the friction coefficient with respect to Re;; but, 10 PPI foam
sample has the lowest friction coefficient than other PPI of the foam samples considered
in the study as depicted in Figure 5.6(a).

Figure 5.6(b) and (c) explored the friction coefficient for 10 PPI and 45 PPI aluminium
foam filled partially inside pipe for model 1 to model 6. From the obtained results, it is
noticed that the model 1 and model 4 show a similar behavior of friction coefficient,
and the friction factor is the lowest among other models due to the thin layer of
aluminum foam for 10 PPIL. A pipe filled with aluminum foam using models of 3 and 6
show a high flow resistance since the aluminum foam layer is considerably thick. The
average friction factor for model 3 is 12.36% and 448.85% greater than model 6 and
model 1 for 10 PPI aluminum foam, respectively in the range of Re; simulated. The
friction factor is considerably high for 45 PPI (Figure 5.6(c)) compared with 10 PPI
(Figure 5.6(b)) due to high surface area and mixing of fluid. For 45 PPI, again the
highest friction factor is observed for model 6 and it decreases gradually for the other
models. The average friction factor for model 3 is 52.87% and 913.53% larger than
those of model 6 and model 1, respectively for 45 PPI in the range of Re;, considered.
As it can be seen, the thickness of the aluminum foam layer and its position (center or
lateral) play an important role on the pressure drop in a pipe partially filled with

aluminum foam.
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Figure 5.6 The change of friction coefficient with Reynolds number based on
permeability for different models and PPI (a) model 1, (b) comparative study of all
models for 10 PPI and (c) comparative study of all models for 45 PPI.

5.6.4 Average Nusselt Number

The mean Nusselt number is important to compare the thermal performance of the

studied models and it is defined as,
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hD,,

Nu = (5.16)
/1air
where h is the average heat convective coefficient that computed using the Eq. (5.17).
N
_ h
e (5.17)
N
h is the local forced convection coefficient is examined using following equation.
dw
h=——— 5.18
Ty — Ty (5-18)

Figure 5.7(a) presents the results of average Nusselt number versus Re number based
permeability (Rey) for model 1. It is explored that the average Nusselt number in the
presence of four different foam samples of 10 PPIL, 20 PPL, 30 PPI and 45 PPI that are
filled partially inside the pipe. The average Nusselt number augments progressively
with augment in Re, for all PPI. However, 45 PPI metal foam guaranteed the highest
average Nusselt number than the other PPIs. This may be due to the fact that 45 PPI
metal foam sample has the highest specific surface area and the smaller opening of the
pores promotes the fluid to flow in a circuitous path causing more mixing of the fluid.
10 PPI foam sample shows the least average Nusselt number than other PPI of the
aluminum foam samples considered in this study. 10 PPI foam sample has the smallest
specific surface area compared to other PPIs (see Table 5.4). For Re;, = 30, the value of
Nusselt number for 45 PP1 is 38.64%, 65.52% and 116.54% higher than 30 PPI, 20 PPI
and 10 PP, respectively.

Figure 5.7(b) and (c¢) illustrates the change of average Nusselt number for 10 PPI and
45 PPI foam samples with respect to Re, for all Models. From the results, it is
guaranteed that the average Nusselt number increases linearly with respect to Re;, for
the 6 models. In general, models 1, 2 and 3 have greater average Nusselt number
compared to models 4, 5 and 6. This result shows that placing the aluminum foam layer
on the solid wall provides more heat transfer compared to the location of the center of
pipe. The highest Nusselt number is observed for models 2 and 3 while the lowest is
seen for model 4. Models 2 and 3 have thick aluminum foam layer attached to the lateral
surface while model 4 has a thin aluminum foam in the center. When Re;, = 32, the
values of Nusselt number of model 3 and model 4 are 331.98, 185.75 and 142.72, 72.48
for 45 PPI and 10 PPI, respectively, which are 132.61% and 156.28% greater than 10
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PPI, respectively. The comparison of Figure 5.7(b) and Figure 5.7(c) again shows that
Nusselt number of a pipe with 45 PPI is considerably greater than 10 PPI.
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Figure 5.7 The variation of average Nu with Re;, (a) for model 1, (b) for all models

when PPI = 10, (c) for all models when PPI =45.
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5.7 PERFORMANCE INVESTIGATION OF MULTI-OBJECTIVE
FUNCTIONS

The performance investigation is carried out for 6 models with four different aluminium
foam samples filled partially inside the pipe. The investigated performance score should
meet the assigned weights so as to minimize and maximize the friction coefficient and
heat transfer rate, respectively. In such cases, different units of weights are assigned
and varied from 0 to 1. Here, the performance score of the aluminium foam samples
which is equal to 0 implies that the given criteria is not meeting the given specified
requirements. However, performance score of the foam samples is equal to 1 implies
that the given condition acquires the given requirements in the current scenario. The
unit weights are assigned in five different conditions/criteria’s which are categorized
as: (Nmin:(N)max = 0.0:1.0, (HNmin:(Vtt)max = 0.25:0.75, (Hmin:(Nt)max = 0.50:0.50,
(Hmin:(Ntt)max = 0.75:0.25 and (f)min: (Nt )max = 1.0:0.0. Therefore, the performance score
is evaluated individually with assigned unit weights in order to minimize and maximize

the friction coefficient and heat transfer rate, respectively for the given foam samples.

5.7.1 Ceriteria I (f)min:(Nt)max = 0.0:1.0

The criteria I brings the scenario where no significance is given to minimize the friction
coefficient (the minimum weight is assigned on (f)min and is equal to 0) and the highest
significance is given to maximize the heat dissipation rate of various foam samples (the
maximum weight assigned on (Nu)max is equal to 1) for two different Reynolds number
as 6500 and 16500, as shown in Figure 5.8. From the results, the 45 PPI foam samples
has the best score which is equal to 1, and 10 PPI foam sample performance is the least
performance score and nearly equal to 0 irrespective of the models for both Reynolds
numbers. 45 PPI aluminum foam sample performs perfectly due to the highest heat
transfer specific surface area and the smaller pore size causing higher mixing of fluid
in the pores (i.e., high interfacial convective heat transfer). Subsequently, 30 PPI and
20 PPI foam samples perform in between 10 PPI and 45 PPI foam samples. But, to
some extent, models 1, 2 and 3 for 30 PPI foam sample meet the desired prerequisite
while the other cases do not meet the desired prerequisite at lower and higher flow rate

of air (i.e., Re = 6500 and 16500).
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Figure 5.8 Performance score of 6 Models for Criteria I (min: (Nmax = 0.0 : 1.0, (a)
Re = 6500 and (b) Re = 16500.

5.7.2 Criteria II (f)min : (Nu)max = 0.25 : 0.75

Criteria II resembles the scenario where lesser importance is given for minimizing the
friction coefficient (i.e., lesser weightage is assigned on friction coefficient (f)min equal
to 0.25) while still higher importance is given to augmentation of heat transfer (i.e.,
higher weightage is assigned on (Nu)nuqx and is equal to 0.75). 30 PPI with porosity of
0.92 foam sample shows the greatest performance score for the models 1, 2 and 3 at
higher and lower Reynolds number as shown in Figure 5.9. The performance score
increases and weakens marginally for models 1, 2 and 3 at lower and higher flow rates
of fluid. The models 3 and 1 attain the highest performance score which are equal to
0.713 and 0.689 for Re = 6500 and 16500. The score of model 3 with 30 PPl is 25.34%
and 28.60% higher than the scores of the same model with 20 PPI and 45 PPI,
respectively when Re = 6500, and these percentages are 21.07% and 21.20% for Re =
16500. Although 30 PPI shows good performance for models 1, 2 and 3, the same
performance is not observed for models 4, 5 and 6 since the porous layer is not attached
to the lateral surface. Aluminum foam with 20 PPI and 45 PPI show also acceptable
performance for models 1, 2 and 3 since their scores are greater than 0.5. Again, the

smallest performance scores can be observed for 10 PPI aluminum foam due to small
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heat transfer area and mixing rate.
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Figure 5.9 Performance score of 6 models for Criteria II (f)min - (Nu)max = 0.25 : 0.75,
(a) Re = 6500 and (b) Re = 16500.

5.7.3 Criteria III (f)min : (Nt/)max = 0.50 : 0.50

Criteria III brings the scenario where equal prominence is given for minimizing the
friction coefficient (i.e., equal weightage is assigned on friction coefficient (f)min is
equal to 0.50) and equal eminence is given to augment heat transfer (i.e., equal
weightage is assigned on (Nu)nqx and is equal to 0.50) for four distinct aluminium foam
samples, and the results are shown in Figure 5.10. For equal weightage assigned for
condition III; aluminum foam sample of 45 PPI shows the lowest performance scores
due to high flow resistance of 45 PPI. At lower flow rate (i.e., Re = 6500), the models
2 and 3 with 30 PPI have the highest performance scores for both Re = 6500 and 16500.
After the highest scores of aluminum foam with 30 PPI, the foam layers with 20 PPI
and 10 PPI have the second and third ranks. The score values for models 2 and 3 when
PPI=30are 0.79,0.81 and 0.78, 0.79 for low and high Reynolds numbers, respectively,
which are 6.93%, 7.37% and 11.09%,13.52% greater than 20 PPI and 10 PPI. Two
important points attract attention in Figure 5.10.

a) A considerable increase of performance scores of models 4, 5 and 6 for Criteria

IIT compared the performance scores of Criteria I and II due to increase of
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b)

significant of pressure drop. For instance, the score of model 5 with 30 PPI for
Criteria III 1s 0.67937 which is 49.03% and 199.40% higher than the same
models and PPI of Criteria Il and I, respectively at lower flow rates. From Figure
5.6(b) and (c), the low values of friction factors of model 4, 5 and 6 can be
observed compared to the other models.

The rank of aluminum foam with 10 PPI considerably rises for Criteria III
compared Criteria I and II due to lower surface area and wide pore size causing
less pressure drop. The score of model 3 with 10 PPI for Criteria Il is 0.70 and
it 1s 58.68% and 108.43% greater than the same case of Criteria II and I,
respectively at lower flow rates due to the low friction factor of 10 PPI which

can be observed from Figure 5.6(a).

In general, all models with 10 PPI, 20 PPI and 30 PPI provides acceptable performance

score (more than 0.5) however 45 PPI fails to satisfy the required condition of Criteria

I11.
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Figure 5.10 Performance score of 6 models for Criteria Il (f)min : (Nu)max = 0.50 : 0.50,
(a) Re = 6500 and (b) Re = 16500.

5.7.4 Criteria IV (f)min:(Vu)max = 0.75:0.25

Criteria IV brings the scenario where most eminence is given for minimizing the

friction coefficient (i.e., higher weightage is assigned on friction coefficient (f)min 1S
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equal to 0.75) while the marginally least eminence is given to augment heat transfer
(i.e., less weightage is assigned on (Nu)max and is equal to 0.25) for four different
aluminium foam samples. Figure 5.11(a) & (b) presents the results for Criteria IV in
order to minimize flow resistance. Under this requirement, it is clear that a pipe
containing aluminum foam with 45 PPI foam has the smallest score for all Models from
1 to 6. Therefore, definitely the foam sample of 45 PPI does not meet the required
condition. The interesting point is that for the both two Reynolds numbers (6500 and
16500), the aluminum foam with 10 PPI takes the highest score and the scores of
models 4, 5 and 6 becomes almost equal with models 1, 2 and 3 for both Reynolds
number due to attention paid to pressure drop. Model 3 with 10 PPI shows the best
performance score for Re = 6500 while model 5 with 10 PPI provides the best score
due to high velocity and friction factor for Re = 16500. The scores of models 3 and 5
with 10 PPI are 22.46% and 19.11% greater than the scores of model 3 with 20 and 30
PPI, and 15.73% and 11.87% greater than the scores of model 5 with 20 PPI and 30
PPI, respectively. Similar to Criteria III, all models with 10 PPI, 20 PPI and 30 PPI

satisfy the requirement of Criteria IV.
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Figure 5.11 Performance score of 6 models for Criteria I1I (f)min : (Nt)max = 0.75 : 0.25,
(a) Re = 6500 and (b) Re = 16500.
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5.7.5 Criteria V (f)min : (Nu)max = 1.0:0.0

Criteria V brings the scenario where most prominence is given for minimizing the
friction coefficient (i.e., maximum weightage is assigned on friction coefficient (f)min is
equal to 1.0) while least prominence is given to augment of heat transfer (i.e., no
weightage is assigned on (Nu)mar and is equal to 0.0. From Figure 5.12(a) and (b) it is
observed that all the models from M1 to M6 performs equally and are equal to a
performance score of 1 for 10 PPI lower and higher flow rates of the fluid. However,
45 PPI presents the least performance score and is nearly equal to zero for the all models
from 1 to 6. This is because the resistance between the fluid and foam is comparatively
higher for 45 PPI. Henceforth, the aluminum foam sample of 45 PPI definitely does not
meet the given required desire. For Re = 6500, the second rank for performance score
belongs 20 PPI and the third rank relates to 30 PPI, however there is no big difference
between their score values. Our computational results showed that for low values of
pore Reynolds number (Rey), the friction factor of 20 PPI is a little bit less than 30 PPI
for the studied aluminum foams. However, by increasing Rey, the friction factor of 30
PPI becomes a little bit smaller than 20 PPI, as seen from Figure 5.6(a). This small
changes in in friction factor causes the performance score of 30 PPI becomes a little bit

above the 20 PPI for Re = 16500.
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Figure 5.12 Performance score of 6 models for Criteria Il (f)min - (Nt)max = 1.0 : 0.0,
(a) Re = 6500 and (b) Re = 16500.
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5.8 SUMMARY

Forced convection heat transfer was studied with the effect of partial filling high

porosity metal foams in a horizontal pipe. The numerical exploration considered six

different models with variation in PPI’s of the aluminium metallic foams. The TOPSIS

method was applied to find out the best combination of models and the foam samples

involved in the study. Five different criteria have been proposed to analysis the heat

transfer and pressure drop in connection with the six models. Based on the

investigation, the salient points are drawn below:

Higher PPI of the foam (such as 45 PPI) possesses more flow resistance
however it increases heat transfer compared to other studied PPI metal foams.
Reversely 10 PPI metal foam shows the lowest flow resistance and its
contribution for heat transfer is minimum.

According to criteria I (minimum weight is assigned on friction factor), 45PPI
has the highest performance score among all the models for the Reynolds
numbers 6500 and 16500. Since highest importance is given only to the heat
transfer than the friction factor, irrespective of any models one can choose the
above configuration for the enhancement of heat transfer.

Based on criteria II (lesser weightage is assigned on friction coefficient as 0.25),
Model 3 attains highest performance with 30 PPI for the Reynolds number of
6500 (Score = 0.713), and for Reynolds number of 16500, Model 1 attains
highest performance (Score = 0.689). The aluminum foam with 45PPI with 0.9
porosity still becomes the next best possible solution for all the considered
models.

Aluminum foam with 30PPI dominates under criteria III where equal
importance was given to both heat transfer and friction factor. Other PPIs
compete with 30PPI however aluminum foam with 45PPI becomes under
performer for all the models and Reynolds numbers because of the increased
friction factor.

For the criteria IV and V (higher weightage and maximum weightage are
assigned on friction coefficient as 0.75 and 1, respectively), all the models

engage themselves to go in for a better performance score, eventually 10 PPI
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occupies the highest place for both Reynolds numbers due to the lowest friction
factor among the studied PPI (Score = 1). Similar to criteria III, 45PPI stands
last in the performance score as the mentioned criteria end up with high

importance only to pressure drop.

5.9 CLOSURE

Performance score based multi-objective optimization for thermal design of partially
filled high porosity metal foam pipes under forced convection was studied. The foam
is aluminum with PPI varying from 10 to 45 and the porosity range is 0.90-0.95.

The TOPSIS optimization techniques with five different criteria was used. TOPSIS was
an appropriate method for optimization of the partially filled porous media channels or
pipes. Based on the preference between the pumping power and heat transfer
enhancement, the best position, thickness and PPI was determined accurately. The next

Chapter presents the overall conclusion of current research work.
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CHAPTER 6

CONCLUSIONS

In the present thesis, a parametric analysis of fully, discrete and partially filled high
porosity metallic foams in a horizontal pipe was performed to augment heat transfer
with reasonable pressure drop. Also the optimization study was performed for the multi-
objective functions for maximization and minimization of heat transfer rate and
pressure drop. A two-dimensional axis symmetry physical domain was employed for
the computational modelling of the porous medium. The pipe wall was coupled with
heater around the circumference of the pipe and the heater was assigned with constant
heat input. The air was considered as the working fluid. The current thesis commences
with an introduction that covers the concepts of porous medium and fluid flow models.
It also covers the thermal models available for predicting heat flow through porous
medium. In Chapter 1, the facts on metal foam porous medium and their applications,
as well as their benefits were highlighted. Chapter 2 outlines the critical evaluation of
the literature followed by the key objectives of the present work. Chapter 3 explores
the effect of fully and discrete filled metallic foam, pore density, porosity and flow
Reynolds number for various flow regimes. Initially, a detailed analysis was carried out
for 0.6L m fully filled foam placed exactly at center of the pipe. Later, four different
numerical domains were created to perform parametric analysis such that the heat
transfer and pressure drop must be increased and decreased. The details of four
numerical domains were: Ly = 0.6L m discrete filled foam, L¢ = 0.8L m fully filled
foam, L= 0.8L m discrete filled foam and Ly = L m fully filled foam. From the study,
for a constant flow Reynolds number, the heat transfer rate showed maximum and
minimum with higher PPI and porosity of the metallic foams, respectively. However,
at higher Reynolds number the heat transfer rate advanced with increment in pore
density and declines with the porosity of the metallic foams. Henceforth, heat transfer
rate must be enhanced by considering lower porosity and higher pore density (PPI) of
the metallic foams accompanied with cost of pressure drop. Subsequently, L = 0.8L m

fully filled foam performs the higher dissipation rate than the L = 0.8L m discrete filled
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foam with the same pressure drop. Henceforth, L = 0.8L m fully filled foam is highly
recommended than the L¢= 0.8L m discrete filled foam. Further, by comparing L¢ =
0.6L m fully and discrete filled foam, the L¢ = 0.6L m fully filled provides the better
heat dissipation rate, heat transfer enhancement ratio as well as the performance factor
accompanied with the cost of pressure drop. In addition, when 0.6L m discrete and 0.8L.
m discrete metallic foams are inserted, the heat transfer rate decreases the most at higher
flow rates than when 0.6L m filled and 0.8L m fully filled foams are inserted. It is also
noticed that, beyond Re = 3500; the results of performance factor showed very similar
for 0.6L m fully filled and 0.8L discrete filled foam for a constant PPI as well as

porosity of the metallic foam.

Chapter 4 describes the effect of partial filling metal foam layer thickness from the
wall side to towards core of the pipe and from core of the tube to towards the wall of
pipe (six different models) on the flow distribution, temperature distribution and
thermo-hydrodynamic performance of pipe heat exchanger. For the analysis, the pore
density is varied from 10 PPI to 45 PPI and their porosity ranges between 0.9 to 0.95.
As foam layer thickness increases from wall side to towards the core of the pipe (i.e.,
model 1, model 2 and model 3), heat dissipation rate enhanced significantly when
compared to foam layer thickness increases from core to towards the wall of the pipe
(i.e., model 4, model 5 and model 6). However, the pressure drop was observed to be
more or less the similar for models 1 and 4 and significantly higher for the models 2
and 3 comparatively to the models 5 and 6, respectively. Furthermore, with insertion of
30 PPI foam layer thickness the convection coefficient showed more or less the similar
results for the models 2 and 3 accompanied with maximum pressure drop for the model
3 than the model 2. Hence, in order to minimize the pressure drop with maximum heat
dissipation rate the model 2 is highly recommended over the model 3. It is also noticed
that, with insertion of 10 PPI copper foam layer thickness at the core of the pipe (i.e.,
model 6) the heat transfer augment faster beyond Re = 16500; comparatively to all other
models involved for the study. When compared to various PPI of metal foams in the
range of Reynolds numbers studied, 30 PPI aluminium metal foam had the highest
thermal performance factor for model 1. The thermal performance factor of 10 PPI

aluminium foam, on the other hand, is extremely close to that of the more expensive 10
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PPI copper foam. As a result, 10 PPI aluminium foam with a good performance factor,

little pressure loss, and lower foam cost can be chosen.

Chapter 5 presents the performance score multi-objective optimization to minimize
and maximise friction resistance and heat transfer rate, respectively. To solve multi-
objective functions, the TOPSIS approach was used. TOPSIS technique incorporated
to discover the best model for determining the best position, thickness, and PPI of
aluminium porous layer thickness depending on the thermal designer's priority for heat
transfer and friction effects. The solid-fluid temperature distribution within the foam
filled region can be noticed easily for the lower pore density of the metallic foam.
However, at higher pore density (45 PPI) of the metallic foam, solid-fluid temperature
showed more or less the same due to higher specific surface availability. It is also
observed that, heat transfer rate was found to be higher for 30 PPI aluminium foam then
the 20 PPI aluminium foam accompanied with similar friction resistance with flow
permeability Reynolds number. Further from the optimization study, at lower and
higher Reynolds numbers, 45PPI foam sample has showed the highest performance
score among all the models according to criteria I (no weight is assigned on friction
factor and maximum weight is assigned on Nusselt number). Because the heat transfer
factor is more important than the friction factor, the above setup can be used to improve
heat transmission regardless of the model. Also, when equal importance was given for
both heat transfer and structural flow resistance the 30 PPI aluminium foam sample
dominates under criteria III. Further, when no weightage is assigned on Nusselt number
and maximum weightage is assigned on flow resistance the 10 PPI foam samples
showed the best performer (performance score = 1) under criteria V for lower and
higher Reynolds number since lesser flow resistance. For criteria III and V aluminium
foam sample with 45 PPI showed the under performer for the all the models and

Reynolds number.
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6.1 SCOPE FOR FUTURE WORK

The major goal of this numerical investigation is to obtain flow and heat transfer
features through metallic porous ligaments without taking into account the influence of
mixing and tortuosity in the metal porous foam. The effects of thermal dispersion
through the metal porous foam were also overlooked in the investigation. Hence, for

the future study the following points are suggested:

e Experimental investigation is required to validate the numerical results obtained
for various problem statements.

e To optimize the pore structure of the metal foam, pore scale analysis need to be
done so as to reduce the pressure drop and increase the heat transfer for a given
application.

e (Conventional metal foam structures need to be compared with additively
manufacture metal foams in order to develop more compact heat exchangers.

e Functionally graded metal foams need to be analysed to improve the

performance of the heat exchangers along with the optimization studies.
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