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Abstract

This numerical study is directed at exploring the ow characteristis and thermal
response for the ow over a circular cylinder(s) embedded in a hoomatal packed
bed under steady or unsteady forced convection. The analysis isade for an
incompressible uid ow through a two-dimensional bed, which consis of spher-
ical particles that are packed randomly. The subproblems that areonsidered in
the present study are: First, forced convective steady and palsle cross ows
over a single cylinder placed in a porous bed. Second, forced cotivecsteady
cross ow over multiple cylinders arranged in two staggered or in-lineon gura-

tions, embedded in a porous bed. The cylinder(s) is/are isothermallyeated at
a constant temperature and cooled by the incoming external owThe con ning

horizontal walls of the bed have the same temperature as the owt ¢ée inlet.

Domain size is checked, and the results found to be domain indepentds® an

accuracy of 01% for the important ow and thermal parameters.

Speci cally, the generalised momentum model, i.e., the Darcy-Brinkma-
Forchheimer OBF ) model, is employed to model the ow eld. This takes into
consideration the non-Darcian terms, such as inertial and viscoesects. More-
over, the energy transport within the solid and uid phases is modelkeusing
separate energy equations for each phase. This is sometimes catlex Local
Thermal Non-Equilibrium (LTNE ) model, in that it makes no assumptions about
local thermal equilibrium between phases. The additional convecéwheat transfer
term between the uid and solid phases, which emerges when usingttwo-phase
model, is formulated using a documented empirical correlation. Furérmore, the
thermal dispersion phenomenon due to the complex path of localidielements
through the solid matrix, causing mixing and recirculation in both the logitu-
dinal and the transverse directions, is incorporated in the modellingf the uid
phase energy equation.

For generality, the governing equations are transformed into a nedimensional
vectorial form. This naturally leads to the appearance of a numbeof non-
dimensional parameters, generally appearing as coe cients preiftiplying the
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terms in the equations, These govern the ow and heat transfeand can be asso-
ciated with a balance between various physical properties, forcesmechanisms.
These parameters are the solid-to- uid thermal di usivity and corductivity ra-
tios, cylinder-to-particle diameter ratio, porosity, and ReynoldsPrandtl, and Biot
numbers. For the problems considered within this thesis, the rangéor these pa-
rameters are chosen based both on previous studies published ie tlierature
and to include typical combinations for physical systems. The nodimensional
equations are discretised in space using spectral-elementmethod. They are
then discretised in time using a second-order fractional step metth. Meshes are
constructed to model the problems of a single cylinder and multiple loyders,
con ned by horizontal walls. Thorough spatial resolution studies erify that the
meshes maintain a spatial accuracy in the order of3 or better. Next, veri-
cation and validation of the implemented algorithm is achieved by comgring
results from the code to previously published numerical and experémtal results,
in both the presence and absence of porous media.

For the rst problem, the e ect of the presence of porous mediarothe uid
ow and heat transfer from a cylinder is assessed at di erent stely and pulsatile
ow conditions. Furthermore, for steady ow, the e ects of the thermal and
structural properties of the porous medium on the convective d@nconductive
heat transfer to the uid and solid phases, are also examined usinge LTNE
energy model. The results show that a considerable heat transiemhancement
can be achieved by packing the channel with porous media; howevtris is at
the expense of a several thousand fold increase in pressure drdpis found
that the conductivity ratio has a positive in uence on the uid Nussdt number,
Nus, up to a certain value, beyond which the in uence is totally governetly Biot
number. Itis also shown that the e ects of particle diameter and pwsity on N u;¢
are non-linear. This means that their impacts can be positive or neg&e, or a
combination of the two, depending on other parameters. Interesgly, it is found
that the heat transfer enhancement can be considerably increaisand the pressure
drop generated in the packed bed can be greatly decreased by gsspheres with
larger diameter and/or a porous medium with high permeability. Furtlermore,
comparisons are made between results from thdE and LTNE energy models
for the e ects of the above thermal and structural parametey onNus , at di erent
Reynolds numbers. These comparisons lead to the conclusion thia¢ two models
may predict completely di erent heat transfer trends; the di erences in predicted
heat transfer coe cients increases as the particle diameter desases, or as the
porosity decreases, or as Reynolds number, thermal conductyyior interfacial
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heat transfer coe cient increases.

The ow and heat transfer is also investigated subject to a sinusaadly varying
inlet ow, for both a non- lled and porous material lled channels. The e ects
of pulsation frequency and amplitude on heat transfer are quangd. Steady and
unsteady wakes that evolve for increasing Reynolds number aresebved for the
empty channel; however, in the porous channel, the increased dang of the
porous medium produces much more stable ows. The results shohat using
porous media alone results in a much higher heat transfer enhananthan that
promoted by using pulsating inlet ow. However, still a signi cant bere t can be
achieved by using pulsatile ow through a porous channel.

The assessment of the local thermal equilibriunLTE ) condition is also per-
formed using theLTNE model with an evaluation parameter used in the litera-
ture. This study yields that the LTE assumption is true at lower Reynolds and
Prandtl numbers, and for higher solid-to- uid thermal conductivty ratio, Biot
number, cylinder-to-particle diameter ratio, porosity, and Darcynumber. Oscil-
latory inlet ow has little e ect on the degree of thermal equilibrium beween the
phases.

Finally, the characteristics of ow and heat transfer are analyseébr a bundle
of cylinders embedded in a porous channel. A staggered and an in-low gura-
tion are considered. The focus is directed on how the spacing pamter between
the cylinders a ects heat transfer from each, at di erent Reyntds numbers for
both con gurations. The variations of the local and average uid ad solid Nus-
selt numbers are shown to vary strongly with spacing parameter drthe kind
of cylinder con guration. The thermal performance of the stagegred system is
much higher than that of the in-line one, therefore, that type of aangement is
recommended to be used as a basis for manufacturing tubular headchangers.
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Nomenclature

A list of nomenclature used throughout the thesis is included here.r€ek alphabet
nomenclature is presented, followed by English alphabet nomencledu

Symbol Description

£ Thermal uid di usivity
r Solid/ uid thermal di usivity ratio
s Thermal solid di usivity
Porosity-scaled uid/solid thermal conductivity ratio parameter,
ke=(1 ks
" Porosity
" op Optimal porosity for obtaining maximum heat transfer
Coordinate axis in computational space

Dimensionless temperature, = (T  To)=(Tn, To)

f Dimensionless uid phase temperature,; = (T  To)=(T, To)

h Dimensionless cylinder surface temperature, or heat source
temperature

o Dimensionless inlet uid temperature

S Dimensionless solid phase temperatures = (Ts  To)=(T, To)

W Dimensionless wall temperature

f Fluid dynamic viscosity

f Fluid kinematic viscosity, ;= ¢

Coordinate axis in computational space
f Fluid density
s Solid density
Non-dimensional time for one oscillating period

Continued on the next page.
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Continued from previous page.

Symbol Description

Volume fraction
Angular coordinate
! Angular velocity
General quantity
Subscript referring to the computational domain

A Pulsating amplitude of axial inlet velocity

A, Occupied area by multiple cylinders

a Index in the -direction used for the weighting coe cients for
Gauss-Legendre-Lobatto quadrature

agt Speci c interfacial area

Bi Biot number

b Index in the -direction used for the weighting coe cients for
Gauss-Legendre-Lobatto quadrature

Ce Coe cient of friction

Co Speci ¢ heat capacity
D¢y Cylinder diameter

Da Darcy number, K=D g,

d Jet opening width

d, Particle diameter

El Subscript denoting integration over a single element

F Geometric function

f Pulsating frequency
H Channel height
H

v Volumetric convective heat transfer parameterhg; as; H 2=k
hey Cylinder surface heat transfer coe cient
het Interfacial heat transfer coe cient

i Index of the data point being considered during construction of
the Lagrange polynomial in the -direction

Continued on the next page.
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Continued from previous page.

Symbol Description

J Jacobian operator for coordinate transformation

] Index of the data point being considered during construction of
the Lagrange polynomial in the -direction

K Permeability

Kqg Thermal dispersion conductivity
Kt Fluid thermal conductivity

Ks-eff E ective uid thermal conductivity
K, Solid/ uid thermal conductivity ratio
Ks Solid thermal conductivity

Ks:eff E ective solid thermal conductivity
Kst Stagnant thermal conductivity

L Channel length
L parcy The linear Darcy term in the DBF equation
Lg Channel downstream length
Ly Channel upstream length
M1 The rst mesh used for the domain size study
M2 The second mesh used for the domain size study
M3 The third mesh used for the domain size study
M4 The fourth mesh used for the domain size study
m Fluid mass ow rate
N The total number of nodes in the domain
N adv The non-linear convection term in theDBF equation, u:r )u
Neorch  The non-linear Forchheimer term in theDBF equation, juju
Ni; Two-dimensional tensor-product Lagrange polynomial compo-
nent for point i; |
NUempy Time-mean average Nusselt number in the empty channel
N u¢ Time-mean average uid Nusselt number
Nus Time-mean local uid Nusselt number

Continued on the next page.
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Continued from previous page.

Symbol

Nuporous
Nusg
Nug
N u;

Nuyg;all

n
n

I:)f:porous
Pe

Ps
Pr

©

Ra
Rep
Remax

Description

Time-mean average total Nusselt number in the porous channel
Time-mean average solid Nusselt number

Time-mean local solid Nusselt number

Time-mean average total Nusselt number

Time-mean average total Nusselt number from multiple cylinders
Timestep count to the current timestep

Unit vector in the normal direction to a boundary

Normalised uid pressure,Ps = ¢ u?

Fluid pressure

Normalised uid pressure in the empty channel

Pressure led at timestep n

Pressure led at the middle of the time-stepn + 3
Normalised uid pressure at the inlet of the channel
Normalised uid pressure at the outlet of the channel
Normalised uid pressure in the porous channel
Reclet number

Pressure drop throughout the channel

Prandtl number, ;=

Order of the Lagrange polynomials used as shape and weighting
functions for the spectral-element method

Longitudinal pitch between cylinders' centres
Transverse pitch between cylinders' centres
Data point index in computational space in -direction

Residual formed when substituting trial solution into governing
equations

Rayleigh number
Reynolds number,u,D ¢, = ¢
Maximum Reynolds number,umax Dey= ¢

Continued on the next page.
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Continued from previous page.

Symbol
Rep
S
SP
SIDcrt
SPqp
St

g

~ o~

u(n)
u(n+l)
u

Utrial
g
u

Description

Reynolds number in the pore scalejd,= ¢
Circumference of the cylinder

Spacing parameter, the space between cylinder centres
Critical spacing parameter

Optimal spacing parameter

Normalised pulsating frequency, Strouhal numbefD =u,
Data point index in computational space in -direction
Unit vector in the tangential direction to a boundary
Temperature

Fluid phase temperature

Cylinder surface temperature

Inlet uid temperature

Solid phase temperature

Channel wall temperature

Non-dimensional time,tu,=Dgy

Time variable

The non-dimensional timestep

Normalised vectorial uid velocity, u=u,

Intermediate normalised velocity vector at the end of the advec-
tion sub-step

Intermediate normalised velocity vector at the end of the presser
sub-step

Normalised velocity vector at timestep n
Normalised velocity vector at timestep n+1
Vectorial uid velocity

Trial solution for velocity

Vector of u at the node points

Dimensionless horizontal velocity component=u,

Continued on the next page.
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Continued from previous page.

Symbol
u

Umax

Uo

Description

Horizontal velocity component

Horizontal maximum velocity, the average velocity at the mini-
mum cross-sectional area

Horizontal uid velocity at the inlet of the channel
Volume of the Representative Elementary Volume (REV)
Fluid volume

Solid volume

Total volume

Dimensionless vertical velocity componeny/=u,

Vertical velocity component

Weighting coe cient associated with point a;b for Gauss-
Legendre-Lobatto quadrature

Normalised cartesian horizontal coordinatex=D.,
Cartesian horizontal coordinate

Normalised cartesian vertical coordinatey=Dy
Cartesian vertical coordinate
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Chapter 1

Introduction

1.1 Background

In keeping up with advances in technology, considerable attentionbging focused
on the subject of convective heat transfer through porous mieddue to its various
applications in contemporary technology. These applications includdéut are
not restricted to, packed and uidized beds, chemical catalytic i@&ctors, heat
exchangers, solar collectors, energy storage units, nuclear tgagpositories, and
heat pipe technologies. Although the mechanics of uid ow in poroumedia has
been the subject of research for more than a century, convieet heat transfer in
porous media has been investigated only throughout the precedifgyv decades.
The presence of a complicated solid structure in the path of a uid ¢gnds
the contact surface area, and thus enhances the ability of the emall system to
transport energy. Thus, there is an intensive interest to studyhis problem due
to the intricate and interesting phenomenon related to energy tresport within a

solid matrix.

1.1.1 Fluid ow in porous media

The dynamics of uid ows through porous media is a relatively old and lassical
topic, Muskat (1937), Scheidegger (1960) and Bear (1972), anas been examined
extensively for its practical importance in the management of growlwater table
and irrigation systems. This branch of the uid dynamics was rst stidied by
Darcy (1856) in the nineteenth century. He undertook experiméa work to

investigate the ow of water through a vertical column packed withsand, and
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correlated a linear relationship between the pressure drop and thew velocity
by de ning a special constant property of the medium called permédity. This
correlation is now well known as Darcy's law and has been utilised in thiudies to
describe the uid motion in an unbounded porous medium by many resechers.
However, Darcy's formulation, which exhibits the e ect of linear fritional drag
due to the presence of a solid matrix inside the porous medium and reds
the e ects of the solid boundary and the inertial forces, is valid andeliable
only when the representative Reynolds number is low, and when theseous and
pressure forces are dominant. Following that, the range of the plcability of
the Darcy's law was extended by Forchheimer (1901), who addedktle ect of the
non-linearity of the uid motion, which is attributed to the appreciated increase
in the inertial resistance o ered by the solid matrix, and then by Brirkmann
(1949), who introduced a term that superimposes the bulk and bodary e ects

together for ows with bounding walls.

The inertial and the solid boundary e ects are known in the literatue as non-
Darcian e ects. The inclusion of these e ects has a signi cant in uace on the
predicted hydrodynamic and thermal behavior in porous media. Fanstance, the
inertial e ect, which is expected to be important in high-porosity melia or lower
uid viscosity, retards the momentum transport, causing less emgy to be carried
away by convection compared to the case where the inertial e ectre neglected
Amiri & Vafai (1994). In addition, the impermeable boundary e ectreduces the
velocity in the momentum boundary layer, and thus decreases theroective heat
transfer, which is typically a boundary phenomenon. However, an permeable
wall causes an irregular redistribution of porosity near the wall, whitcauses the
velocity to reach its peak near the wall and not at the centreline, ahthus leads
to an important phenomenon known as thechanneling e ect, see Vafai (1984).
It was found that the porosity of the bed exhibits sinusoidal dampig decay
especially close to a solid boundary (Robleet al. 1958; Benenati & Brosilow
1962). Consequently, the overall e ect of the rigid wall was fountb enhance the
energy transport due to the large velocity magnitude close to theall. However,

this enhancement is challenged by the magnitude of the inertia termmairi &
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Vafai (1998).

1.1.2 Heat transfer in porous media

The convective heat transfer of ows through porous media hasrerged as a new
interest due to its utilisation in the new thermal technologies. The piareering
studies of heat and mass transfer in porous media were reporteg Horton &
Rogers (1945) and Lapwood (1948), who established the criterifor the onset
of free convection in a uid-saturated porous medium surroundedy two in -
nite parallel horizontal surfaces heated from below. Afterwards large number
of papers have been published by researchers in various elds oferast relat-
ing to natural convection, forced convection, and mixed convaoh. The topic
of convection heat transfer from a body immersed in a uid-satutad porous
medium is an important one of these elds because of its several ptigal appli-
cations. The present document presents the results of a thetical study of the
problem of transient and steady forced convection heat transférom a circular
cylinder or multiple cylinders immersed in a packed bed of solid sphericphr-
ticles. Packed beds are porous beds of granular material in whichetlparticles
are in constant contact with each other. A packed bed is generallymrsidered
to be a porous medium that is uid-saturated, homogenous, noneformable and
isotropic. Distinguishing features of a packed bed are the packingaterial, poros-
ity, permeability and e ective thermal conductivity. The packing material, also
referred to as the solid matrix, is considered to be made up of noorsolidated
solid particles.

Regardless of the geometry of the problem at hand, proper analy/of the
convective heat transfer process is necessary. In the contektenergy transport,
a fundamental approximation frequently used in modelling is that of kal thermal
equilibrium (LTE ), which is also called the one-equation energy model, between
the uid and the solid phases. TheLTE energy model assumes that both uid
and solid phases have locally similar temperatures at any location in tip®rous
medium and at every instant of time. This produces an approximatiothat is

identical to the standard advection-di usion energy equation foenergy transport

3



in a homogenous uid. However, in the. TE approximation, heat capacity e ects
are associated with the two phases, whereas advection e ectssarfrom the uid

velocity alone.

In reality, the phase temperatures may be signi cantly di erent. This de-
pends on the nature of the transient performance and the thewrphysical prop-
erties of each phase. In several industrial applications, see NieldkK&uznetsov
(1999), such as nuclear fuel rods placed in a coolant uid bath andhé¢rmal en-
ergy storages in underground reservoirs, the temperature drence between the
local uid and solid phases is essential and the transport processigturally time-
dependent, hence, the performance of the system relies strigngn the degree of
non-equilibrium between the two phases. More and more studiesr fexample
by Vafai & Sezen (1990a) and Kaviany (1999), have found thé€TE assump-
tion invalid for a number of applications involving convection in porous edia.
They mentioned that when there is a signi cant di erence between dvection
and conduction mechanisms in transferring heat, the deviation beten the solid
and uid phase temperatures increases, and therefore thfE model becomes
progressively less valid. It was also noted by Pop & Cheng (1992) thhis ap-
proach may be questionable when the particle size in the solid poroustnix
is comparable to or exceeds the thermal boundary layer thicknesk addition,
Quintard (1998) argued that assessing the validity of the assumph of LTE is
not a simple task since the temperature di erence between the twihases cannot
be easily estimated. He suggested that the use of a two-energyatpn model is
a possible approach to solving the problem. Numerous other phydisituations
where LTE fails are cited by Quintard & Whitaker (1993). Therefore, a local
thermal non-equilibrium (LTNE ) model, which assigns individual local tempera-
tures to the uid and the solid, allowing heat transfer between themis necessary

and must be incorporated for accurate modeling.

The origin of the two-phase model is the classical model establishieyl Schu-
mann (1929) who proposed a simple two-equation formulation to ammt for the
non-equilibrium condition for forced convective incompressible ow im porous

medium. The Schumann model is a simpli ed model which neglects the dision
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terms in both phases, and predicts the mean uid and solid thermalelds as a
function of axial position and time. In recent years, more attentio has been
paid to the LTNE model and its use has considerably increased in numerical and
theoretical research for convection heat transfer in porous ghia. Consequently,
the use of the two-phase model requires information on additionalodes of heat
transfer that emerge to account for the energy interaction beten the phases.
These modes are of radiative and convective natures; howevére tonvective heat
transfer mode is only considered in the present study since foraamhvection is the
prime source of energy transport under consideration. The intgghase convective
heat transfer in the two-phase model also needs information alicaan important
quantity, namely the interfacial heat transfer coe cient (hg ), (Kuznetsov 1998)
as well as the interfacial surface area, which are usually determehéhrough
experimental investigations. Although experimental data are avable for heat
transfer in packed beds, the interstitial heat transfer coe cieh is not generally
known a priori for other kinds of porous media. A considerable amouof work
has been carried out, for example, experimentally by Gamsental. (1943), Dixon
& Cresswell (1979), Wakacet al. (1979) and Achenbach (1995), and numerically
by Kuwahara et al. (2001), and Moghari (2008), for determining this quantity
for packed beds using di erent size, shapes, and packing con gtions of solid

particles.

The energy convected by uid ow in porous media is not as simple as #b
in the case of a pure uid, as the uid element in a porous medium takesn a
tortuous path. The microscopic mixing of a uid element due to the pesence of
the complex porous structure is referred to as mechanical dispem. This is one
important feature of the porous system which leads to an enhamaent in the
transport phenomenon. At high ow rates, dispersion overwhelmdi usion, thus
dominating the transport process. It should be emphasized thaispersion occurs
even at low Reynolds numbers when the ow is laminar. The dispersion porous
media is similar to turbulent eddy motion. However, their mechanismsra dif-
ferent in nature. Turbulent eddies arise from the instability of the ow, whereas

dispersion is due to the existence of the solid matrix, which forcesethow to
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Figure 1.1: Fluid eddies formed due to the torturous path o ered by the solid matrix
of a porous medium.

undergo local transverse motion and produces laminar eddies behity as shown
in gure 1.1. In other words, the dispersion represents the trap®rt induced as
the uid is forced to follow a tortuous way around the solid matrix. The disper-
sion e ect will in uence thermal characteristics, both in the longitudinal and the
transverse directions with respect to the bulk ow. Most of the eisting models
view the e ect of thermal dispersion as a di usive term added to thestagnant
thermal conductivity of the uid. Thus, the thermal dispersion canductivity de-

pends on the uid velocity and the size of the particles. The experiméal works

of Yagi & Kunii (1957), Yagi & Wakao (1959) and Yagiet al. (1960) established
the pioneering empirical relations that represent the longitudinalrad transverse
thermal dispersion. These studies have received considerableeation in the

literature in addition to other recent investigations reported by Cleng (1981),
Wakao & Kaguei (1982), Levec & Carbonell (1985), Cheng & Vorteyer (1988),
Kuo & Tien (1988b) and Hsu & Cheng (1990).

1.2 Fundamental Principles

Transport phenomena in uid-saturated porous media are baseddasic special
concepts and terminology that characterise a porous medium anceanot found in
pure uid. Examples of such terminology are the porosity and the peeability of

the porous medium, e ective thermal conductivity and volume-avaging method.
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1.2.1 What is a porous medium?

A simple rigorous de nition of a porous medium is a region in space coniging
solid structure usually called the matrix with voids called pores. Eachqe in a
porous system can be connected to more than one other ponet€r-connected),
connected merely to one other poredéad-end or may not be connected at all
(isolated). Flow of interstitial uid is possible only if at least part of the pore
space is inter-connected. The inter-connected part of the posgstem is called the
e ective pore space of the porous medium, Scheidegger (1974)sd the pores
could be saturated by single uid as in single-phase ow or they couldare liquid
and gas as in two-phase ow.

The matrix structure of porous media based on the structural @racteris-
tics are classied by Kaviany (1999). For example, porous media wtee the
solid structure is not connected to each other are considered wnsolidated. If
the solid structure is cemented together, such solid matrix is callesmsolidated
porous media. Then, the major divisions are based @ndered againstdisordered
isotropic versus anisotropic and so on. In a porous medium, the solid matrix
and the uid owing through voids could be stationary or mobile, or caild one
of them xed and another is moving, see gure 1.2, which is the req@ment of

analysing transport phenomena in a porous medium.

1.2.2 Porosity

Porosity ", or volumetric porosity, a macroscopic porous medium property, is
de ned as the volume fraction occupied by voids, i.e. the ratio of votoe of the
void space, or the volume which is taken by uidV;, to the total volume Vi Of
the medium (solid matrix and uid), as follows:

_ M
Vtotal .

Occasionally, volume fraction of the solid matrix is used instead of porosity

(1.1)

for the description of the porous medium. With the volume taken byhe solid
matrix Vs, equation 1.1 can be de ned as:

— Vtotal Vf — Vs .
Vtotal Vtotal .

(1.2)
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Solid matrix

Figure 1.2: Flow in a rigid porous medium.

For natural media, the porosity does not exceed®. For packed bed of spheres,
it ranges from Q0245 to Q476. For man-made materials such as metallic foam the
porosity can approach the value 0. Other details about the measurement of

porosity and its values can be found in Bear (1972).

1.2.3 Permeability

Permeability K is a measurable property of hydraulic conductance to the ow
through the solid matrix of a porous medium. It is the proportionality factor
in the simple Darcy's model which relates ow rate of the owing uid ard its

physical properties to a pressure gradient applied to the porouseaium:

K P
=— — 1.3
us— — (1.3)

whereu is the super cial uid ow velocity through the medium, is the dynamic
viscosity of the uid, P is the pressure dierence applied within a thickness

x of the porous medium used. The units of the permeability an@? or ft 2, but
the traditional unit for it is the Darcy ( D). Kaviany (1999) provides examples of
the magnitude of the permeability for some matrices, and furtheredails can be
aslo found in Scheidegger (1974).

Various attempts have been made to correlate permeability to easitgeasur-
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able structural variables such as porosity, pore diameter, etc. Mong the many
models such as capillary tube models, ssure models, hydraulic radiosodels,
and so forth, see Kaviany (1999), the hydraulic radius model is ubs&videly for a
packed bed of spheres. The semi-heuristic Carman-Kozeny edoatfor perme-
ability is given by:

1 "3 2.

K= feoq % (1.4)

where, d, is the particle diameter and the constant #180 is used to t the exper-

imental data.

1.2.4 Volume-averaging method

Practically, a more rigorous approach for investigating transporthrough porous
media is through the use of the volume-averaging technique. Thengplexity
associated with the geometric structure of a porous medium and wo pattern
such as uid eddies hinders and limits investigations of a detailed microspic
transport phenomena. Direct simulation of a simple geometry wouldebfeasible,
but it is not a practical engineering application. Instead, it is a genat practice in
porous media studies to integrate the point transport equationsver volumes or
areas containing many pores and accommodating the uid and solid abes. This
practice is commonly regarded in developing the transport processin porous
media to smooth out the local complexity of the actual phenomenand focus on
the conservation of the overall aspects of mass, momentum anteggy.

The mathematical application of the volume-averaging method hasbkn orig-
inated with Anderson & Jackson (1967) who derived the macrosdepequations
of motion for uidized beds, with Slattery (1967) who studied the poblem of vis-
coelastic ow in porous media, and with Whitaker (1967) who used themethod
to derive a dispersion equation for mass transport in porous mediadto out-
line a method of closure. The key mathematical theorem used in treostudies is
known as the averaging theorem and it was presented independgiy the above
workers in 1967.

The method of volume-averaging is based on the idea that with eveppoint

in space there is associated an averaging volume or a represenw@ementary
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Representative Elementary
Volume (REV)

Flow domain

Figure 1.3: The averaging volume or the representative elementary volme REV :
The gure is cited from Nield & Bejan (2006).

volume (REV) shown in gure 1.3. It can be seen that the length scale of the
REV is much larger than the pore scale; however, it is noticeably smallerath
the length scale of the macroscopic physical domain. Since there msaveraging
volume associated with every point in space, i.e., in both the uid and &d
phases, a eld of average values can be generated.

The literature often cites two approaches that are useful for avaging. The
rst approach which is referred to as the(local volume averagepr the (phase av-
erage)is to average over the entirdREV encompassing both phases. For example,

in the uid phase, this average is de ned by:

z

1
Vo,
here refers to a general quantity, V; represents the volume of the uid phase
contained within the averaging volume or theREV 's volumeV and the operator
<:: > denotes a local volume average of a quantity. In general, thbbase average
is not the average of choice in the analysis of multi-phase transpghenomena.
Therefore, for the multi-phase transport it is usual to use ano#@r approach,
(intrinsic phase average) which requires a split averaging over each phase of the
two phases, as follows:

h fif = = ¢dV; (16)



and the relationship between the two quantities is:

hi="hqi: (1.7)

1.3 Overview and aims of the study

For the investigations presented in this dissertation, a more reliablew model
that incorporates non-Darcian e ects, combined with thdeTNE assumption that
includes the e ect of thermal dispersion, is used to accurately piet time-
dependent forced convective heat transfer around a horizohteircular cylinder
or bank of cylinders embedded in a porous medium, i.e., a horizontalgkad bed
of spheres. This is done for steady or oscillatory hydro-dynamic inlboundary
conditions. The heat transfer augmentation produced by a porsumedium is
attributed to a combination of e ects, including thinning of the hydrodynamic
and thermal boundary layers around the cylinder, increased mixingnd direct
conduction through the solid matrix. However, the e ciency of a poous medium
in heat transfer enhancement depends on the porous medium stiure, thermo-
physical properties, and uid ow conditions. Therefore, this stuly aims to de-
velop a better understanding of the in uence of the presence obmus packing
material on the heat transfer enhancement, and on the elds ouid ow, temper-
ature, and pressure. Also, the e ects of the pertinent paramets such as Reynolds
number, solid-to- uid thermal conductivity and di usivity ratios, in terfacial heat
transfer coe cient, particle diameter and porosity on heat tranger from a single
cylinder are considered. Another objective is to analyze the in uee of ow in-
teraction between four cylinders on the local and average heattisfer released
from them to the surrounding porous medium. Both a staggered dnn-line ar-
rangement are investigated. In addition, the development in heatdnsfer when
a harmonic term is superimposed on the steady state inlet velocity iroth empty
and porous channels is studied. The in uence of frequency and aliyde of the
inlet ow on heat transfer is thoroughly examined. An aim is to test tle validity
of the LTE assumption for the application of forced convective heat trangf&dom

a circular cylinder under steady and pulsating inlet boundary conditiess and nd
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the circumstances under which this assumption would be justi able.

1.4 Structure of the thesis

The preface of the thesis, which comprises the preceding pagesjudes a ded-
ication, title page, statement of originality, abstract, acknowledments, a list of
the publications by the author pertaining to the thesis, nomenclatte, the table
of contents, and nally, this introduction.

The body of the thesis consists of a literature review in chapter 2,raimerical
methods chapter (chapter 3), verication of the numerical coden chapter 4,
results chapters (chapters 59), and conclusions (chapter 10).

Chapters 5 9 contain results from numerical investigations of: forced convec
tion around a single cylinder embedded in a porous medium, i.e., the eteaf
thermal and structural properties of porous media (chapters &nd 6). Chapter
7 presents the results obtained on the geometry investigated inagiters 5 and 6,
but with a pulsatile inlet ow. Chapter 8 details an investigation of the \alidity of
the LTE assumption for the application of forced convective steady and isatile
ows over a cylinder embedded in a porous channel. A study of foteonvection
from a bundle of cylinders immersed in a porous medium is presented hapter
9.
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Chapter 2

A Review of the Literature

2.1 Introduction

In order to provide an understanding of and context for the resech that was
undertaken as part of this study, a review of the relevant literatte was undertaken
and is summarised in this chapter. There is a broad and considerablelume
of published research in the eld of convection heat transfer in pous media.
Excellent review articles and monographs have been provided byr f'example,
Ingham & Pop (1998), Hadim & Vafai (2000), Vafai (2000), Vafai& Hadim
(2000), Pop & Ingham (2001), Ingham & Pop (2002), Bejan & Krasi (2003),
Ingham et al. (2004) and Nield & Bejan (2006). These indicate the current
level of understanding of the transport mechanisms of momentuand thermal
energy in porous media. However, much of the existing work on thisgic has
been focused on either convection near plane walls or channels lledhaporous
media. To date there has been relatively limited published work on coestive
heat transfer from heated bodies dfigh complexity, such as circular cylinders or
arrays of cylinders, embedded in porous media. In addition, mosttbie published
articles concerning these more complex cases has been devotesther natural or
mixed convection, whereas, forced convection, although enctened frequently in
applications, appears less studied. Moreover, the majority of sties conducted
in the forced convection regime have used the simple Darcy modeldér the
idealisedLTE energy model.

The analysis of heat transfer in porous media based on thdNE energy

model is more involved as detailed in chapter one. Therefore, mangsearchers
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have utilised the LTE energy model for predicting ow and thermal elds in
porous media without investigating the validity of the assumption oL TE which

is very necessary. The previous published work in this regard indiest that
the validity of the LTE assumption has been comprehensively assessed in the
forced convection mode of heat transfer. However, this assessit has been only
tested in porous channels or over at plates where the ow elds & considerably

simpler.

The topic of cross ow over a bank of circular cylinders or tubes ctinues to
attract interest because of the importance of this ow con gurdéion in the design
of tubular heat exchangers. This kind of heat exchanger can beufa in many
energy conversion and chemical reaction systems ranging fronclaar reactors to
re nery condensers. The literature reveals that convective ow around multiple
cylinders without the presence of porous media have been elabetgtstudied to
investigate the ow interaction between cylinders on heat transfeérom them, and
other di erent related issues. However, heat transfer enhanoent from a bundle
of cylinders using the idea of inserting a porous material betweenetlctylinders

has been rarely examined.

There has been a growing need in many modern technological thetrappli-
cations for using highly e ective cooling techniques for achieving a tssfactory
enhancement in heat transfer while minimising frictional losses. Thisdludes a
diversity of active and/or passive cooling techniques. One of the gmising tech-
niques is the use of porous media subjected to a pulsating ow. Pomedia
has appeared as a convincing passive cooling enhancer due to thgdarontact
surface area and the strong mixing for the uid ow. Also, the fored oscilla-
tion of the incoming uid is considered as an active augmentation mettu for
heat transfer. This is due to the hydrodynamic instability in the shealayer
of the owing uid, which greatly increases the lateral ow mixing, and hence
strengthens the convective thermal transport from the heatagirce. The research
on oscillating ows through porous media aimed at modifying heat trasfer and

uid ow characteristics appears relatively scarce and incomplete.

Over the sections to follow previous studies of natural, mixed, andriced con-
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vection past a horizontal cylinder embedded in porous media are trseviewed.
Next, works that investigate the e ect of ow interaction between multi-cylinders
on heat transfer with and without the presence of porous media epresented.
Then, the research of pulsating convective ow in porous media is sigibed.
These two sections provide some clarity about the shortage of dtas into os-
cillatory ows in porous media in general and over a single circular hoontal
cylinder in particular, and moreover about convective ows over mitiple cylin-
ders surrounded by porous media. The nal section deals with theakdity of the

LTE assumption.

2.2 Convection heat transfer from a horizontal
cylinder immersed in a porous medium

As indicated, hear transfer by free, forced and mixed convectioaw from cylin-
ders and spheres immersed in uid-saturated porous media is an intgant sub-
ject and has received attention because of its fundamental natuas well as many
potential engineering applications. Cylindrical and spherical geortnes arise in
power plant stream lines, buried electrical cables and transformeoils, industrial
and agricultural water distribution lines, oil and gas distribution lines storage
of nuclear waste, solar collectors, to name just a few. This sectioeviews work

previously published on this subject.

2.2.1 Natural convection

Buoyancy-induced ow over horizontal heated cylinders in poroumedia is rel-
evant to several of the engineering problems mentioned above esplly those
those involve thermal insulators. The thermal insulator typically intudes a -
brous porous material, which is permeable to uid motion. Consequty natural

convection may develop in the insulating material and contribute sigrcantly to

the heat transfer process, as has been demonstrated by manythers. Eckert
& Drake (1972) and Thiyagarajan & Yovanovich (1974) represergarly studies
in this regard, but they have concentrated on the case of immetkseylinders as-

suming the surrounding porous medium to be solely conductive. Hovee, for a
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high-permeability porous medium, the assumption of pure conducticheat trans-
fer from an immersed cylinder may not be valid. In fact, the medium wbh is
permeable enough to uid motion produces a temperature di erercbetween the
heated cylinder and the uid penetrating within the medium giving rise b a
natural convection ow. Therefore, the entire heat transfer tom buried cylin-
ders consists of both convection as well as conduction, and in thesh cases the

contribution of free convection is as large or larger than that of caluction.

The rst similarity solutions for free convection adjacent to axisynmetric and
two-dimensional bodies of arbitrary shaped cylinders and spheyas a constant
porosity medium of in nite extent were obtained by Merkin (1979) baed on the
Darcy's law in the boundary layer. Using the same approach, Chen§985) pro-
posed a theoretical correlation for the average Nusselt numbétusselt number,
to the specic case of a horizontal circular cylinder heated at cotat temper-
ature. Fand et al. (1986) performed the rst experimental investigation on free
convection heat transfer from a cylinder buried in a randomly packiebed of glass
spheres saturated by either water or silicone oil. They concludedahthe whole
range of Rayleigh number,Ra, can be divided into two low and high regions.
In each region, the behaviour of Nusselt number is totally di erent.The results
showed that the highRa region, which is usually located near the heated surface,
corresponds toForchheimer ow, whereas, the lowRa region, somewhat further

from the surface, corresponds t®arcy ow.

Ingham & Pop (1987) investigated numerically the problem under thassump-
tion of the ow being governed by Darcy's law for the full range oRa. They
found it di cult to obtain accurate numerical solutions at small values of Ra,
while the asymptotic solutions are only valid for log(Ra) 1. ForRa 1.0,
the numerical results were found to be in a reasonable agreemerittwvthe exper-
imental ndings of Fand et al. (1986). However, at largeiRa, there was a need
for numerical solutions to the boundary-layer equations, but withan increasing
di erence between them and the experimental data aRa increases. However,
this di erence should not be surprising because at largea the experimental re-

sults correspond to the Forchheimer model, thus the application @arcy's law
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loses validity.

Later, numerical and experimental investigations of free convsan around a
cylinder heated with constant heat ux were performed by Himasdiar & Bau
(1988a). The results of the measured average Nusselt numbersrevfound to
be higher than those obtained from the numerical solutions at largea. The
numerical solutions were carried out using the Darcy's approximatiowith the
assumption of negligible thermal dispersion. They attributed the dierence be-
tween their theoretical and experimental results at highRa to the ow transition
from a steady two-dimensional ow to a transient three-dimensia one as ob-

served in their experiments.

The problem of unsteady free convection about a cylinder embedté an
enclosed packed bed of spherical particles was studied numericalyHsiaoet al.
(1992). Both uniform wall temperature and uniform heat ux themal boundary
conditions were considered at the cylinder surface. In addition, ttonon-Darcian
e ects and thermal dispersion e ect were taken into account. Té results illus-
trated that these e ects have an appreciable in uence on the hédransfer en-
hancement from the cylinder surface. Also, it was deduced that withese e ects
considered simultaneously, the predicted Nusselt number was in test agree-
ment with the experimental results of Fandet al. (1986) and Himasekhar & Bau
(1988a).

Oosthuizen & Naylor (1996) examined free convection heat tramesffrom a
cylinder placed in a square enclosure partly lled with a layer of air-satated
porous medium and partly lled with a layer of only air, with a horizontal imper-
meable barrier between the two layers. The cylinder was assumedle buried
in the porous layer, and the barrier was assumed to o er a negligiblesistance
to heat transfer. The main objective of the study was to determmhow the rates
of heat transfer from the cylinder are in uenced by the size of thair-gap at the
top of the enclosure for di erentRa, solid-to- uid thermal conductivity ratio k;,
Darcy number Da and enclosure size. In all cases considered, a certain critical

size of the uid layer thickness was found to give a minimum Nusselt numer.

The thermally non-equilibrium energy model with the Darcy's approxira-
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tion were used by Saeid (2006) to numerically study natural convéen in the
boundary layer around an isothermal horizontal cylinder immerseth porous
media. The e ect of the interfacial heat transfer coe cient parameter H, and
the porosity-scaled thermal conductivity ratio parameter on the local and av-
erage Nusselt numbers were investigated. The results showedttla increase
in any one of these two parameters results in an increase in the tb&erage
Nusselt number throughout the uid and solid phases. However, it & found
that the dependency of the total Nusselt number on the relatedgrameters is
di erent. This depended substantially on the conductivity ratio pammeter and

only slightly on the interfacial heat transfer parameter.

Saadaet al. (2007) analysed the ow and heat transfer characteristics of ha
ral convection about a cylinder coated by an air-saturated bros layer described
in gure ?7? by using a mathematical model incorporating non-Darcian e ects.
They did an optimisation study in order to nd the better circumstances, coating
layer thickness, e ective/stagnant thermal conductivity ratio and Darcy number,
that produce good thermal insulation or heat transfer augmenten. The results
demonstrated that the e cient insulation, which corresponds to leat losses less
than 10%, can be obtained for layer thicknesses higher tharBQcylinder diame-
ters, for lowDa 10 7 and conductivity ratio equal to 2, as shown in gure??.
Whereas, for heat transfer enhancement purposes, the stuiihund that a highly

permeable and highly conducting porous layer is suitable.

Unsteady free convective ow over a cylinder buried in a semi-in nitgporous
medium bounded above by a liquid layer was studied by Kumari & Nath @09).
It was assumed that the ow is described by Darcy's law due to the sail range
of Rayleigh numberRa < 200 used. The unsteadiness condition in the problem
arose from the cylinder which is suddenly isothermally heated or codland then
maintained at that temperature. The average Nusselt number washown to be
signi cantly in uenced by Ra and the ratio of burial depth to cylinder diameter.
The Nusselt number increases dRa increases at a constant value of burial depth
ratio; however, it can be increased or decreased as the burial ttepatio increases

depending onRa.
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Figure 2.1: Natural convection from a horizontal circular cylinder coated by a
porous layer and heated at constant temperature. This probém was investigated
by Saadaet al. (2007) to nd an optimal conditions for thermal insulation o r heat
transfer augmentation for di erent circumstances, i.e. porous layer thickness to cylin-
der diameter ratio e, and Darcy number Da and at thermal conductivity ratio equals
to 2.
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Natural convection heat transfer for a cylinder of elliptic crossestion embed-
ded in a porous medium has been examined by Pepal. (1992), Facas (1995a),
Cheng (2007a) and Cheng (2007b). Pogt al. presented numerical solutions to
the governing boundary-layer equations for the steady state @& They obtained
results for two cases; uniform temperature and uniform heat uwboundary con-
ditions, with two body orientations; one where the major axis is cordered to be
the horizontal axis, i.e. called blunt orientation, and the other whe it is regarded
to be the vertical axis, i.e. called slender orientation. Based on thamumerical
results, the authors deduced that for the case of uniform suda temperature,
higher rates of heat transfer can be generated using the fornarentation; while,

the opposite is true for the case of uniform surface heat ux.

Facas (1995a) subsequently obtained numerical solutions fordreonvective
uid ow and heat transfer for an elliptical heat source, but this time immersed
beneath a semi-in nite, saturated porous medium with a top surfa assumed
to be permeable to the owing uid. Attention was focused on the eect of the
ellipse aspect ratio, burial depth and body orientation on heat trasfer rates.
Also, both blunt and slender body orientations were taken into corderation.
The numerical results disclosed that the boundary-layer approxiations used by
Pop et al. (1992) were not valid for low values of ellipse aspect ratio. In additipn
the results indicated to that heat transfer from a hot source is ingbendent on
the burial depth, and the slender orientation is much better thanle blunt one

for yielding heat transfer, especially for low ellipse aspect ratio.

Cheng (2007a) and Cheng (2007b) used thd NE energy model to perform
a non-similarity boundary-layer analysis for the same problem neaneelliptical
cylinder with constant wall temperature, for permeable and impereable cylinder
surfaces, respectively. These analytical works tended to extethe work of Saeid
(2006) to incorporate eccentricity transpiration e ects. Similar b Saeid, Cheng
concluded that an increase in the porosity-scaled conductivity ret  or the
interfacial heat transfer parameterH, tends to increase the rates of heat transfer.
He also found similar trends as for the results of Facas above withspect to

the in uence of the body orientation on heat transfer. In addition the e ect of
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the transpiration parameter, examined by Cheng (2007a), was@hin to have a
tendency to decrease the thickness of the thermal boundary &yformed around
the cylinder, and hence augments heat transfer between its hedtwall and the

porous medium used.

The problem of heat loss by natural convection from buried pipes @ables
has also received attention by some researchers. This problemesigor example,
in connection with oil/gas lines in which the oil/gas is heated or chilled in orer
to reduce the pumping cost. Fernandez & Schrock (1982) carrieait the rst
experimental investigation on natural convection heat transfefrom a cylinder
put horizontally beneath a liquid-saturated porous medium, and wigped by
an isothermal liquid layer. They also performed numerical simulation®r the
problem based on the Darcy-Brinkmann model in a constant porogitmedium,
and presented a correlation for the Nusselt number that ts the xperimental

data with a standard deviation of only 114%.

Later, Bau (1984a) performed an analytical study to calculate # ow and
temperature elds associated with a pipe embedded in a semi-in nite ggous
medium with an inclined surface. Both cases of permeable and impeab& top
surfaces were considered. A correlation for Nusselt number in tfegm of a power
series in terms of Rayleigh numbeRa was presented. However, it was revealed
that this correlation is valid only for a very small range ofRa. Following this,
the work of Bau (1984a) for the impermeable case was extended Mynasekhar
& Bau (1987) to involve a convective boundary condition at the suace of the
porous medium. They obtained analytical solutions for both hot andold pipes
by formulating a double perturbation expansion in terms oRa and inverse Biot
number Bi. They also presented a correlation for Nusselt number as a functiof
these two pertinent parameters, i.eRa and Bi, with burial depth. In the above
two studies of Bau (1984b) and Himasekhar & Bau (1987), it was demstrated
that there exists an optimal burial depth for which the heat tranport from the

pipe is minimised to provide a good degree of thermal insulation.

Facas (1994) and Facas (1995b) considered the problem of a hgigowith

two ba es horizontally connected to the surface, and immersed leath a semi-
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(a) Flow and thermal elds (b) Local heat transfer

Figure 2.2: (a) Streamlines (Left) and isotherms (Right) for free convection from a
pipe with external two ba es attached along its surface buri ed beneath a semi-in nite
porous medium, at a ba e length/cylinder diameter ratio 1=Dcy = 1:0, burial depth
ratio h=D.y = 5:0 and Ra = 50. (b) Local heat transfer distribution around the hot
pipe for various ba e lengths 1=D¢y = 0:0; 0:5; 1:0 and 20, also ath=D¢, = 5:0 and
Ra = 50. These results are taken from Facas (1995b).

in nite porous medium as described in gure??. The surface of the medium was
assumed to be impermeable to the uid ow in the former study, whegas, it was
assumed permeable in the later one. The results for both studies icated to
that the ba es provide a substantial energy saving as illustrated in gure ??.
Only a very weak dependence of heat transfer from the hot pipe @he burial

depth was found.

Natural convection from a horizontal cylindrical annuli lled complaely or
partially with a porous medium has also been studied by number of integmtors.
The case of concentric cylinders has received the most attentionthre literature.
Burns & Tien (1979) reported the results of an analytical investigéon of free
convection in a porous medium bounded by two concentric spherasdahorizon-
tal cylinders using both a regular perturbation expansion and a ni-di erence
method. The e ect of the modi ed Ra, the radius ratio and the external heat

transfer coe cient on the overall heat transfer were quantitaively analysed. The
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analysis pointed out that maximum values of Nusselt number are obised in
both geometries depending solely on the radius ratio for each gedme More-
over, Raoet al. (1988) examined the problem numerically in three dimensions
using a Galerkin method. They obtained, in addition to the bi-cellular av pat-
tern, three-dimensional spiral ows for su ciently strong initial p erturbations.
This was found to produce a higher maximum local heat transfer ratin the
top region of the annulus, which consequently enhanced the oviizeat transfer

compared with that for two-dimensional unicellular ow.

The in uence of the inclusion non-Darcian e ects, i.e. inertia, boundry and
velocity square terms, on heat transfer between two horizontallinders heated
at constant temperature and lled by a saturated porous medium ®as reported
numerically by Kaviany (1986). The results showed that all of these ects re-
duce the heat transfer rate, with the most signi cant in uence poduced from
the boundary e ect. He presented a diagram for the ow regime wbh illus-
trates the pseudo-conduction, Darcy and non-Darcy regimesrfradius ratios of
2 and 4. Following this, Charrier-Mojtabi et al. (1991) investigated numerically
and experimentally free convective ows in a horizontal porous amius. The
characterisation of the multicellular two-dimensional B ows was estimated us-
ing both collocation-Chebyshev and full Fourier-Galerkin methods Numerical
results illustrated that the former method gives a better accuracparticularly
for the description of the boundary layers developed near the innand outer
cylinders. The experimental study that was made using the Christiesen e ect
for the visualisation of the thermal isotherms allowed the authorsotobserve P
bi-cellular ow patterns. It was also observed that the transition fom unicellular

to multicellular ow depends strongly on the initial experimental condtions.

Furthermore, the numerical work of Barbosa Mota & Saatdjian (295) who
studied the same problem of free convection in a saturated poroasnulus, ex-
amined the e ect of the annulus radius ratio on the heat transferrad the ow
patterns generated inside the medium. The results displayed a cldskystere-
sis loop for the relationship between the Nusselt number and Rayleiglumber

Ra, when the radius ratio is above . This was assumed to be associated with
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the transition from a two-cell to a four-cell ow regime. For small adius ra-
tios less than 17, the steady-state ows comprising two, four, six and eight cells
were progressively obtained in the porous layer &a increases, but no hysteretic

behaviour was shown.

A conjugate formulation of the problem was investigated numericallgy Kimura
& Pop (1991) and Aldosset al. (2004). Kimura and Pop described some features
of the conjugate natural convection between two concentric lbyders entirely
lled with a porous layer that were associated with inertia e ects. Tley found
that the rate of heat transfer, which is studied in terms oRa, radius ratio, inertia
parameter and the wall/medium thermal conductivity ratio, in the canjugate sit-
uation is lower than that in the non-conjugate case. From their rests, there was
a tendency for the inertia parameter to suppress commencemestt convection;
therefore, it was predicted that this parameter decreases thes&t transfer rate

whilst Ra increases it.

Whereas, Aldosst al. (2004) considered a horizontal concentric annulus lled
partially with porous media. The full DBF momentum model was used. The
porous medium was introduced to simulate the insulation material. Thefore,
the location, being adjacent to the inner cylinder or adjacent to ta outer cylinder,
with the main pertinent parameters such as Grashdér, Darcy Da numbers and
the thickness of the porous layer, were considered. Comparisonth the reference
cases, i.e. acompletely lled annulus with porous media or no porous die, were
made as well. An annulus completely lled with porous media was found toave
the best insulation e ectiveness, and was superior to partially lled anuli. The
e ect of Da on the e ectiveness of the porous media used was found to be very

signi cant.

Stability analysis for free convective ows between two concentriborizon-
tal cylinders lled with porous media has been carried out by Caltaginoe (1976)
and Himasekhar & Bau (1988b). Caltagirone developed an experint@instudy by
use the Christiansen e ect for visualising the thermal elds in a pores medium
bounded by two isothermal cylinders with radius ratio 2. He determid, by

means of temperature measurements, the criticéda for the transition between
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the unicelluar two-dimensional convective ow and the three-dimesional uc-

tuating pattern. A three-dimensional numerical analysis using a ite-element
method was also proposed, but no signi cant results were obtainéa explain the

experimentally observed ow structures. Himasekhar and Bau ppmsed a linear
stability analysis of the multicellular 2D ows with 2D perturbations localised
in the basic ow plane. It was stated that for a relatively large spac@arameter,
i.e. radius ratio> 2%, two solutions remain stable for some range &a above
the transitional value until eventually they lose stability via Hopf bifurcations
(i.e. a steady to unsteady transition). For relatively small radius rdo < 22,

additional solutions appeared via a simple bifurcation process, i.e. esgolution

branch loses stability whereas another one gains it.

However, the study of the reduction of heat loss by the use of eatric in-
sulations, i.e. eccentric annuli lled by porous media, has been receds less
consideration. It was tested by, for example, Bau (1984a), Himashar & Bau
(1986) and Barbosa Mota & Saatdjian (1997). Bau (1984a) reped analyti-
cal solutions for heat transfer by free convection in a saturateplorous medium
con ned between two horizontal isothermal eccentric cylinderssing a regular
perturbation expansion in terms of Darcy and Rayleigh number. Thessults re-
vealed that heat transfer from an insulated annulus can indeed bgtonised by
a proper choice of the eccentricity. for a given radius ratio and Darcy-Rayleigh
number. Himasekhar & Bau (1986) used a boundary-layer techniguo present a
correlation for the Nusselt number as a function oRa, annulus radius ratio and
c. This correlation was found to be valid for a large range d®a as long as the
ow is 2D, bi-cellular and steady. Barbosa Mota & Saatdjian (1997) used arca
curate 2D nite-di erence code to investigate numerically the conditions leadig
to a heat transfer reduction by the use of eccentric annuli at a daus ratio of 2.
They found that for a moderate range oRa, a transition from a 2D multicellular
ow regime to a bi-cellular ow pattern, which results in an overall hea transfer
reduction, can be induced by increasing., as illustrated in gure ??. However,
a minimum rate of heat transfer was shown to be located at a partitar value of

. depending onRa. For example, the results suggested that &a = 110, annuli
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@ =04 (b) ¢=0:5 (c) c=0:6

Figure 2.3: The results of streamlines (Left) and isotherms (Right) obtained by
Barbosa Mota & Saatdjian (1997) for natural convection in the upper part of an
annular lled with a porous medium, with radius ratio equal t o 20 and Rayleigh
number Ra = 100, for di erent eccentricity: (a) =0:4,(b) c=0:5and (c) .=0:6.

with . = 0:6 can be a most e cient insulator with a heat reduction of 113%

generated from the ow transition.

2.2.2 Mixed convection

Mixed convection is an interaction mechanism between the free armtéed modes
of convection. In contrast to forced convection ow where bu@ncy e ects are
negligible, the mixed convection ow is in uenced considerably by buancy ef-
fects, but they are not the only driving force of the ow. The theoy of mixed
convection shows that the ratio of the Grashof number to the saque of Reynolds
number (Gr=Re?), which is known as the Richardson numbeRi, has a great
in uence on the uid ow and heat transfer mechanism. The forcedconvection
dominates for small values oRi while free convection takes over for large values
of Ri, when the buoyancy forces become large. Initial research on naxeon-
vection in porous media was motivated by Wooding (1960) and Woodi{@963)
in an attempt to provide a basic understanding of the e ect of thragh ow on
the onset of instability in a semi-in nite porous medium. These works &re per-
haps motivated by ows associated with the geothermal region of &ifakei, New
Zealand, where the subsurface groundwater is known to possaggeneral upward
convective drift due to buoyancy induced by the high undergrountemperature.
Although substantial interest exists within the porous media commuity in

the problem of mixed convection ow in porous media, the correspdmg problem
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of mixed convection ow over a horizontal cylinder immersed in poramedia has
received comparatively much less attention. By employing a genera&lssimilar-
ity transformation similar to that of Merkin (1979) for free convetion problems,
Cheng (1982) was able to obtain a similarity solution for the steady owined con-
vection ow past a horizontal isothermal cylinder and a sphere. Kvas shown that
using generalised similarity transformation reduces the resulting @inary di er-

ential equations and boundary conditions for the isothermal cyliret to be similar
to those of isothermal vertical plate in a porous medium (Cheng (X9)). Fol-
lowing this, using the same approach, but with a di erent transformation, Huang
et al. (1986) obtained the solution for the constant heat ux case. Mindwycz
et al. (1985) extended Cheng's analysis to consider adding mixed convectabout
a non- isothermal cylinder and a sphere. Based on a curvilinear ooiponal co-
ordinate system, together with the boundary layer simpli cations,approximate
solutions were obtained by the local similarity and local non-similarity mth-
ods. Numerical simulations were also employed to the third level ofumcation to
disclose the e ects of buoyancy and wall temperature variationshahe thermal

characteristics about the heated body.

Oosthuizen (1987) performed a numerical study on a mixed contige cross
ow over a horizontal cylinder near an impermeable surface buried ia porous
medium. The study aimed to investigate the e ect of the presencd the surface
on heat transfer from a cylinder. The results showed that the psence of the
surface has a negligible in uence on heat transfer when the burie@mth of the
cylinder is greater than three times its diameter. Also, it was shownhat the
presence of the surface tends to increase local heat transfee cients on the
upper upstream quarter of the cylinder and decrease it on the uppdownstream
side of the cylinder. An experimental investigation of a combined ceective cross
ow past a non-isothermally heated horizontal cylinder was condued by Fand
& Phan (1987). The cylinder,D., = 11:45 mm diameter, was embedded in a
porous medium composed of a randomly packed bed of glass sphexgs poros-
ity " =0:3606 and diameterd, = 3 mm, saturated with water as a working uid

as described in gure??. A correlation hypothesis for convection heat transfer,
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Figure 2.4: The geometry of a circular horizontal cylinder heated in a waer-tunnel
randomly packed with glass spheres. This apparatus was useid the experimental
study of Fand & Phan (1987) to investigate mixed convection teat transfer from the
cylinder.

which is based upon four plausible assumptions, primary among whichtie as-
sumption that a cross ow past a heated cylinder embedded in a pars medium
can be decomposed conceptually into coarse and ne componentgs deter-
mined. This hypothesis was shown to provide a basis for successfuaiyrelating

a set of experimental heat transfer data.

Badr & Pop (1988) examined combined convection for parallel and water
Oows over a circular cross-sectional rod heated at constant tggerature and placed
in an air-saturated porous layer. The temperature of the rod stace was abruptly
increased to and preserved at a constant value, which was assdnie be higher
than the ambient air temperature. The ow patterns for the caseof the counter-
ow regime demonstrated an interesting observation, which was ¢hoccurrence of
a peculiar behaviour owing to the presence of counter-rotatinglisein each side
of the symmetry line. These cells were found to shift toward the ugp region
of the hot rod as the Grashof numberGr, increases, as displayed in guré?.
Their predicted results for the local Nusselt number were compatevith those

obtained by Cheng (1982) and Minkowycet al. (1985) based on boundary layer

28



(@ Re=5;Gr =20 (b) Re=20;Gr =20 (c) Re=20;Gr =60

(d) Re=20;Gr =80 (e) Re =100;Gr =300 (f) Re=100; Gr =400

Figure 2.5: The streamline pattern of combined convective ows over a hoizontal
rod of circular cross-section embedded in a porous mediumoif the case of counter

ow studied by Badr & Pop (1988) at di erent values of Grashof Gr and Reynolds
Re numbers.

theory. The comparison showed a good agreement over most oé tfod surface,
except for a small area in the vicinity of the upstream stagnation piot, where
this theory is not valid.

Zhou & Lai (2002) re-examined the problem of aiding and opposing neiet
convection over a horizontal cylinder studied by Badr & Pop (1988using a
nite-di erence method with body- tted coordinates, to verify t heir solutions.

The most important feature reported in their results was that foropposing ow,
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oscillatory ows were found for several cases &e 50 and mixed convection
parameterGr/Re 4. This oscillatory ow phenomenon was never exposed by
Badr & Pop (1988), yet a steady solution was obtained for ow aRe = 100
and Gr = 400. However, similar behaviour was reported in the literature by &i

& Kulacki (1988) and Lai et al. (1990) for the case of combine convection in a
horizontal porous layer partially heated from below by a long single hesource,
and by multiple discrete heat sources done by Lai & Kulacki (1991 his ow in-
stability was demonstrated by Zhou and Lai to be due to the interdmn between
the main ow that tends to push the secondary ow downstream othe cylinder
and the thermal buoyancy forces that tend to lift it upstream, ad by Lai and
his co-workers to be due to the destruction and regeneration dfd recirculating
ows.

Investigation of heat transfer augmentation through the inclusio of a porous
wrapper around a heated circular cylinder exposed to a mixed cowtee air
ow was achieved by Bhattacharyya & Singh (2009). The porous lay used
was of foam material with high porosity” = 0:9. The results disclosed that a
thin porous wrapper of high thermal conductivity can enhance theate of heat
transfer substantially even at low permeability. However, the pors wrapper was
found to act as an insulator at low thermal conductivity even for hig Reynolds
number Re = 200 at Grashof numberGr = 10°. A critical value of the porous
layer thickness to provide optimal heat transfer from the cylindewas obtained.
In addition, periodic vortex shedding behind the cylinder in the clear uid was
observed. The frequency of the periodicity was shown to be danmagel due to the

presence of the porous coating.

2.2.3 Forced convection

Although there have been numerous studies on forced convectibeat transfer
in porous media, a survey of the existing literature on this topic hasevealed
that relatively few investigations have been conducted to analyseuid ow and

heat transfer around blu bodies, such as a horizontal circular d¢ynder, in the

forced convection regime. The formulation of some of these invgsitions has
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been based on the simple Darcy model to relate the ow velocity to éhapplied
pressure gradient. Whereas, other studies have utilised modi ed extended
Darcy models. Therefore, in this section, the studies that have iastigated forced
convection from a horizontal circular cylinder in porous media are dai ed into

two categories, namely Darcy and non-Darcy forced convectioaccording to the

mathematical model used.

2.2.3.1 Darcy forced convection

Analytically, Sano (1980) and Pop & Yan (1998) used the Darcy motand pre-
sented analytical solutions of the energy equation in the boundatsyer region.
In particular, Sano presented an asymptotic solution for the unsady heat trans-
fer from a circular cylinder immersed in a porous medium for large anansll
values of Reclet numberPe. The unsteadiness of the temperature eld was pro-
duced by a step change in the cylinder wall temperature. It was sgested that
these solutions are valid folPe 200 andPe  0:1, respectively. Pop & Yan
(1998) obtained simple analytical expressions for the steady teemature eld
and local heat transfer rate for a cylinder and a sphere that aresld at constant
temperatures as a function of the angular coordinate for largee.

Kimura (1988) developed an integral solution to present an analytit expres-
sion for the average heat transfer for forced convection aboam elliptic cylinder.
This expression was found to be valid only foPe > 2:5, and the critical Pe for
the validity of the solution decreases with increasing the height/widt ellipse ra-
tio. Later, the same author Kimura (1989) analytically and numericlly examined
transient forced convection from a circular cylinder placed in a pous layer with
cross ow. He presented the analytical solutions in terms of Nuds@umber in
the early stage of the transient process, as well as for the stgagtate. The nu-
merical results showed the development of the thermal boundalgyer with time,
and it was found that the length of the transient period to reach tk convective
steady state was inversely proportional tde.

Only Layeghi & Nouri-Borujerdi (2006) used the Darcy model to malyze nu-

merically the steady-state of the problem in the range d?e 40 with constant
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Prandtl number Pr = 1:0 for gases, using a nite-volume approach based on stag-
gered grids. Their analysis was conducted for di erent values of Reolds number
Re, porosity " and permeability K on the distribution of the local Nusselt number
and the velocity, temperature and pressure elds around the hatylinder. They
found that the Darcy model does not predict a (separated) wakbehind the
cylinder at this range of Pe. Also, it was concluded that the heat transfer rate
increases with increasingre or deceasing. The thermal eld around the cylinder
was shown to be strongly a ected by' of the porous medium and is not in u-
enced byK at all. However, the results showed thaK has a positive impact on

the pressure drop within the porous medium.

2.2.3.2 Non-Darcy forced convection

Other authors have used various types of extended Darcy model$Jsing the
full DBF model, Murty et al. (1990) investigated the e ects of Reynold<Re,
Darcy Da and Forchheimer £s) numbers on forced convective heat released
from a horizontal circular cylinder embedded in a porous medium. Theauthors
reported that the e ect of Re on the Nusselt number and the elds of temperature
and velocity is more signi cant than other two parameters, i.e.Da and Fs. It
was observed that atRe < 10, the main mode of heat transfer is conduction,
while for higher values ofRe, convection e ects become important. In addition,
the results demonstrated that a decrease iDa corresponds to an increase in
the Nusselt number; however, beyonda = 10 4 this e ect was found to be
negligible. Also, the e ect of inertial forces on the Nusselt numberag shown to
be dependent on the permeability of the porous medium used, foraample, for
high Da, the Nusselt number increases dss is increased, while for lowDa, Fs
has no e ect on the Nusselt number.

Pop & Cheng (1992) reported an analytical study of the problem & steady
incompressible ow past a circular cylinder embedded in a constant pasity
medium, i.e. spherical particles, based on the Brinkmann model. Theptained
a closed form exact solution for the governing equations to formiaan expres-

sion for the separation parameter. They de ned the separationgpameter as the
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vorticity on the wall near the rear stagnation point of the cylinder. Results in
terms of streamlines and velocity pro les for the ow over the cylinér for dif-
ferent values of dimensionless particle diameter were presenteddat was found

that separated ow does not occur at the rear stagnation ow rgion.

Thevenin & Sadaoui (1995) also used the Brinkmann model to invégate
numerically steady forced convective ow over a cylinder immersed ia brous
porous medium with high porosity" = 0:9, by means of the nite-element method.
The range ofRe was chosen to be within (1 100) to avoid the in uence of thermal
dispersion, atPr = 1:0. Once again, as in the work of Layeghi & Nouri-Borujerdi
(2006), the analysis revealed that the permeability of the porousedium does
not have any e ect on the temperature eld; however, the velocit eld was
found to be strongly dependent on it. The same analysis done by TNein
& Sadaoui (1995) was repeated by Thevenin (1995), but for trarent forced
convection around a suddenly heated isothermal cylinder, to inuegate the e ect
of Reclet Pe and Darcy Da numbers on the mean Nusselt number. The respective
successive conduction, transition and convection regimes werdedmined for a
large range of dimensionless time. The duration required to reacheatly-state

convection heat transfer appeared to be a function éfe and Da.

Fluid ow and heat transfer analysis for a single cylinder and an arrayf
cylinders was performed by Layeghi & Nouri-Borujerdi (2004) bysing the Darcy
and the Darcy-Brinkmann models. The analysis was carried out withna without
the presence of porous media at lowe 40 for the single cylinder, and at
intermediate Pe 300 for the arrays of cylinders, aPr = 1:0. It was shown that
the porous medium models predict di erent results at loDa < 10 2. The results
of the Darcy-Brinkmann model showed a decrease in the Nusseltnoer as the
porosity " decreases, whereas the Darcy model always predicts an increadbe
Nusselt number when" decreases. With regard to heat transfer augmentation,
they found that more than 80% heat transfer enhancement carelobtained from

the single cylinder by immersing it in a porous medium at higba > 10 3.

Furthermore, Younis (2010) also presented numerical resultsrforced con-

vective cross- ow and heat transfer from a cylinder and a bundlef staggered
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Figure 2.6: Streamlines (Upper portion) and isotherms (Lower portion) for forced
convective ow over a bare single cylinder: (Left) placed ina clear uid without the
presence of porous media, and (Right) embedded in a porous mi&m at solid/ uid
thermal conductivity ratio k; = 1:0 and Darcy numberDa = 0:01. This comparison
was presented by Younis (2010) atRe = 100 and Pr = 1:0 for gases, to show the
formation of vortex shedding in the downstream of the bare cyinder (without porous
media) and its suppression with porous media.

cylinders, with and without a porous medium. The focus was on the ects of
the permeability K and the thermal conductivity of the porous material on the
uid ow and the rate of heat transfer from a heated cylinder. Theresults for
bare cylinders without porous media were compared with those foylmders em-
bedded in a porous medium. Part of this comparison for ow and themal elds
around a single cylinder, atRe = 100 are presented in gure??. It was found
that it is possible to enhance the heat transfer rate from a cylindeplaced in a
cross- ow by several fold using a porous medium with high permeabyliand high
thermal conductivity. Therefore, the author concluded that it isnot bene cial
to use a low-permeability medium for heat transfer enhancement ¢ause such a
medium adds extra thermal resistance and may cause a decreaskaat transfer.
Also, the results showed the formation of vortex shedding dowmetim of the bare
cylinder at Re = 100, and its suppression in the presence of the porous medium.
In this section, all the previously mentioned investigations used thene-
equation orLTE energy model to model the thermal response and calculate heat
transfer. Thus, the porous medium was treated as a continuum ksplume- av-
eraging the properties of the uid and solid phases. By reviewing théerature,
it appears that the LTNE energy model which does not assume the idealised

LTE assumption between the two phases has only been utilised by Retsal.
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(2003) and Wonget al. (2004) to study the problem of forced convection around
a horizontal cylinder. They used this model to demonstrate how ththermal
elds of the uid and solid phases, and the rate of heat transfer @mund and from
the cylinder, are a ected by the absence of th& TE condition. The uniform
temperature cylinder was assumed to be xed perpendicular to amiform uid
stream in a porous medium. Reest al. examined the problem in the limit of
high values ofPe. Their study was an analysis of forced convective heat transfer
in the boundary layer regime by reducing the governing equations sparabolic
partial di erential system. Whereas, Wonget al. investigated the same problem
but at nite Pe by numerically solving the fully elliptic Darcy and two-equation

energy models.

The authors, in both studies, reported that the surface heat émsfer decreases
with the distance from the leading stagnation point to the downstram stagnation
point around the cylinder; however, the local rate of heat transf for the uid
was found to be always higher than that of the solid matrix. It was piated out
that when the LTNE model applies the developing thermal elds in each phase
is non-similar, for example, when the inter-phase heat transfer €aient H, is
small, the solid thermal eld occupies a region around the cylinder mhogreater
that occupied by the uid thermal eld, as depicted in gure ??. In addition,
the results showed that the heat transfer in both phases incready increasing
the porosity-scaled thermal conductivity ratio for all values of the interfacial
coe cient H, tested. This occurred with no e ect of this coe cient on the trend
of convective heat transfer from the heated cylinder with. On the other hand,
H, was found to increase the rate of heat transfer in the solid phaseddecreases
it in the uid phase. These investigations ignored non-Darcian e ed and used
the simple Darcy model, which is only valid for small Reynolds number (Q@J or
less) based on the pore scale. Also, they omitted the e ect of theal dispersion,
which has a signi cant in uence on the process of heat transfer inggpous systems

as explained in the literature.
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(a) Hy = 0:01 (b) Hy =0:1 (c) Hy =100

Figure 2.7: E ect of the dimensionless interfacial heat transfer coe cient H,:
(a) 0:01, (b) 0:1 and (c) 100, on the thermal elds of uid (Upper) and solid (Lower)
phases, in the problem of forced convection around a circuteheated cylinder investi-
gated by Wong et al. (2004) at Reclet number P e = 100 and porosity-scaled thermal
conductivity ratio  =1:0.

2.3 Convection over multiple cylinders in porous
media

For industrial applications, depending on the application and desigrriteria, the

arrangement of cylinders into arrays may have many possible varians. In-line

and staggered arrangements of multiple cylinders are perhaps tmest typical ar-

rangements in the design of compact heat exchangers. Many reltengineering
applications of heat transfer and ow characteristics of multiple bge cylinders
without porous media using these two arrangements have been sgated. Most
of the early works on this topic are experimental in nature. An extesive review
of the experimental investigations up to 1970 is provided by Zhukakas (1972).
A considerable e ort has been made in recent decades in the devetant of nu-
merical models that predict hydrodynamic and thermal elds in cylin@r bundles.
This can be traced back to the pioneering work done by Thom & Apelt1©61),
who employed a conformal mapping technique to transform the bodaries of the
staggered tubes to coincide with equivalued surfaces of one of thdependent

variables. Amongst the vast number of studies in this regard, the @st important
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later works are listed in Wanget al. (2000) and Zhou & Yiu (2006).

It is important in cylinder bank ows to investigate the e ect of ow in terac-
tion between multiple cylinders on the characteristics of heat tramer (Zdravkovic
1994). The literature discloses that the in uence of the spacing pameter be-
tween cylinders on heat transfer has been discussed elaborately the case of
absence of porous media. For example, Aiba (1990) examined expentally the
e ect of the longitudinal spacing parameter between four in-line aular cylin-
ders above a plane wall and exposed to a cross- ow of air on the eective heat
transfer characteristics from the third cylinder. It was noticed hat although
the spacing parameter does not play an important role in the behavio of heat
transfer as the gap between the cylinders and the plane wall, theexage Nus-
selt number was found to be inversely proportional to this paramet. Jubran
et al. (1993) reported also experimentally the e ect of inter- n spacingon con-
vective heat transfer from cylindrical pin ns arranged in staggexd and in-line
arrays. They concluded that there is an optimal inter- n spacing 5D, in both
spanwise and streamwise directions, regardless of both type ofagr Jue et al.
(2001) tested numerically the in uence of gap-to-diameter ratio fothree cylin-
ders arranged in an isosceles right-angle triangle between two péghplates on
the behaviour of the convective cross- ow and heat transfer. maximum local
and time-average Nusselt number were also obtained at a certainlua of gap-
to-diameter ratio 0:75. Also, Roychowdhuryet al. (2002) observed numerically
that the pitch ratio of a bank of staggered cylinders has a strong wmence on the
recirculatory vortex formation and growth, and consequently omeat transport

properties, in the interior region between the cylinders.

Heat transfer enhancement from a bundle of cylinders using poumedia
between them with a xed value of cylinder spacing has been studiedlyg by
Layeghi & Nouri-Borujerdi (2004), Layeghi (2008) and YounisZ010). They have
made a numerical analysis for the problem of forced convection hé&ansfer from
an array of staggered cylinders or tubes embedded in an air-saited porous
medium in an uncon ned physical domain. Layeghi & Nouri-Borujerd(2004)

used the simple Darcy and Brinkmann-Darcy models to examine the ect of the
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presence of a porous medium on the augmentation of heat transfi®mm two rows
of cylinders at low and intermediate Reclet numbePe 300 atPr =1:0. They
concluded that the presence of the porous medium increases tleattransfer rate
from the rst and second rows in comparison with the no-porous sa, with a very
e ective heat transfer augmentation for 100 Pe 300. But, the increase in
heat transfer from the rst row was found to be more than that fom the second
one. However, they found that atPe 20, the use of the porous medium is
not very e ective for heat transfer augmentation from the rstrow, and it has a

negative impact on the heat transfer from the second row.

Layeghi (2008) used the unsteady fulDBF momentum model with the cor-
respondingLTE energy model to analyze the e ects of Reynolds number, i.e.
Re =100 and 300 atPr = 0:71, for wooden porous materials with di erent ther-
mal conductivities, i.e. wood/air thermal conductivity ratiosk, = 2:5;5:0 and 7.5,
on heat transfer enhancement from the rst three rows of thetaggered cylinder
bundle. The results revealed that in some cases, more than 50% a&amtement in
heat transfer can be obtained from the bundle by using the wood@orous media.
The highest conductivity ratio usedk, = 7:5 was shown to be the best choice for
heat transfer enhancement for di erentRe, as displayed in gure??. However,
it was noted that the total pressure drop also increases when tp@rous medium
is inserted between the cylinders particularly at highRe. Therefore, the authors
recommended that careful attention is needed for selecting poomaterials with

satisfactory heat transfer augmentation and acceptable press drop.

On the other hand, Younis (2010) pointed out that Iling the gap beteen
staggered cylinders with a porous medium may have an adverse d ean the over-
all rate of heat transfer. A comparison for the temperature eldaround multiple
cylinders between the two cases with and without porous media wasade, and
it is presented here in gure??. It was reported that although increasing the
e ective thermal conductivity of the porous medium increases theate of heat
dissipation, the heat transfer rate from cylinders downstream ahe rst row de-
creases compared with that released from the rst row. Therafe, for considering

materials and operating costs, the author did not recommend to e@porous media
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Figure 2.8: E ect of the solid/ uid thermal conductivity ratio k. =2:5;5 and 7:5,

on the local Nusselt number distribution on the rst and thir d rows of a bundle
of staggered cylinders embedded in an air-saturated poroumedium with constant

porosity " = 0:6 and Darcy number Da = 0:25, at two values of Reynolds number
(Left)200 and (Right)300. These results are taken from Layghi (2008).

for heat transfer enhancement from multi-columns of heat exchgers.

2.4 Pulsating ow in porous media

The importance of unsteady internal ows has long been recognise Of much
practical interest are situations in which pulsations are superimped on a mean
ow inside a geometrically simple con guration, such as a pipe or a chagl. In
the absence of porous media, an early theoretical exposition waada by Uchida
(1956) about an oscillating ow, but without consideration of heat tansfer. The
early numerical and experimental investigations on heat transfém pulsating ow
can be traced to Siegel & Perlmutter (1962) and Faghet al. (1979) in a parallel
channel and a pipe, respectively. The experimental data showeeadt transfer
enhancements, whereas the numerical analysis indicated to thatr fthe case of
constant wall temperatures, the presence of oscillations only slthalters total
heat transfer.

Following these studies, considerable research in this are has berdartaken.

For example, Cho & Hyun (1990) performed comprehensive numexisimulations
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(a) With a porous medium

(b) Without a porous medium

Figure 2.9: Isotherms of a convective ow over staggered heated: (@) cymders
surrounding by a porous medium with solid/ uid thermal cond uctivity ratio; (Left)
ki =5:0 and (Right) k; = 10, at Darcy number Da = 0:01, and (b) bare cylinders
without a porous medium. This comparison was made by Younis Z010) at Reynolds
number Re =100 and Pr =1:0.

to delineate the ow and heat transfer characteristics for bouraty-layer pulsating
ow in a 2D cylindrical pipe. The attention was directed to relatively slow-moving
pulsating ows with Pr = 7:0, such as those found in bio uid ows, to describe
the subsequent unsteady motions of the uid inside the pipe and tonalyze
the associated heat transfer characteristics. Kiret al. (1993) investigated the
transient heat transfer characteristics of fully-developed pulsag ow but in
the thermally developing region in a channel. This study was also madathv
a relatively slow through ow at Re = 50 and Pr = 0:7. Experimental research
to examine convective heat transfer from a heated oor of a rembgular duct
subjected to a reciprocating air ow was conducted by Coopeat al. (1994). They
obtained a non-dimensional correlation for the oscillatory- ow Nugelt number
as a function of the pertinent parameters such as oscillatoige, ow oscillation
frequencyf and duct height.

Zhao & Cheng (1995) presented a numerical solution for forcednsection
heat transfer of a periodically reversing ow in a pipe of nite length keated

at constant temperature. A correlation formulation of the time-pace average
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Nusselt number for air in terms of kineticRe, dimensionless pulsation amplitude
A and length-to-diameter pipe ratio, was obtained. The same auth®iZhao &
Cheng (1996) extended their previous work to investigate experantally and
numerically forced convection in a long pipe heated by a constant eax and
subjected to a hydrodynamically and thermally developing reciprotag ow of
air. Once again, based on their experimental data, they formuladean empirical
correlation for the cycle-space averaged Nusselt number in terwisthe pertinent
dimensionless parameters, for a laminar oscillatory ow of air in a longrcular

tube with constant heat ux.

Sert & Beskok (2003) studied numerically the same problem of recgquating
forced convection ows but in D channels subjected to periodic thermal bound-
ary conditions. They compared their numerical results for the lotédime-average
Nusselt number with the corresponding unidirectional ows. The pssibility for
determining a combination of the pertinent parameters such as thgenetration
length, WomersleyWo and Prandtl Pr numbers, to keep the maximum surface
temperature below a desired value, which is important for cooling ajpgations,
was examined. Another numerical study for the enhancement okt transfer
from hot blocks mounted in a horizontal channel by pulsating ow wa done by
He et al. (2005). They performed comprehensive simulations to investigatiee
in uence of several parameters, includindrke based on the mean ow, Strouhal
number St and pulsation amplitude A on the augmentation of heat dissipation

from the hot blocks.

Only Iwai et al. (2004) and Jiet al. (2008) investigated uid ow and heat
transfer characteristics around immersed heated bodies, i.e. lzontal circular
and square cylinders, respectively, placed inside an empty horizahthannel and
exposed to an oscillating ow. Iwaiet al. undertook experimental and numerical
studies for a slowly oscillating ow with zero-mean velocity imposed, ati erent
pulsation f and A. Figure ?? illustrates selected numerical results for the time
variation of the thermal eld around the circular cylinder for a half g/cle of
the ow oscillation. Whereas, Jiet al. performed experiments to investigate the

convective heat transfer enhancement by using non-zero-meaulsating ow, for
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Figure 2.10: Time variation of temperature contours around a circular cylinder
placed in an empty channel and exposed to a reciprocating ow The results were
presented by Iwai et al. (2004) for a half cycle of ow oscillation, at pulsating dis-
placement amplitude A=D.y = 10 and frequencyf =1:0.

di erent principal parameters, i.e. Reynolds numberRe, pulsation f and the

blockage ratio of the square cylinder, at low pulsatior.

In the presence of porous media, studies of the attendant heaansfer charac-
teristics of a pulsating ow have been far less numerous. E orts va been made
to explore the utilisation of porous media as a heat sink in a con ned ahnel
subject to a pulsating ow. This has been motivated by the growing eimand
for achieving a higher rate of removal of heat from computing chipssed in high-
performance and high-power electronic devices. These studies eoncerned with
the aspect of forced-pulsating convective ows over full- or pal-porous systems.

Paek et al. (1999) carried out an experimental study on the transient cooledvn
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of an insulated horizontal packed bed of spheres exposed to arsatile ow of
air, wherein the pulsating component of the velocity is added to the liet time-
averaged ow. The results obtained at smalDa =2:5 10 ° indicated that the
heat dissipation from the porous material is little a ected by the intoduction
of ow pulsation if the pulsating amplitude A < 1.0 is small so that no reverse
ows are induced. However, the heat transfer was shown to dease whenA
becomes large enough to cause backward ows. Also, for a giventhe pulsating
frequency represented by Womersly numbéio showed a positive e ect on the
rate of heat transfer between the packed bed and the owing uidyet, these

rates are still less than those for the case of steady ow.

Articles by Fu et al. (2001), Leong & Jin (2004), and Leong & Jin (2005)
reported experimental results for heat transfer in porous chaels subjected to
steady and sinusoidal oscillatory air ows, with various porous matals, e.qg.
reticulated vitreous carbon RV C) and metal foam, under constant heat ux
thermal boundary conditions. All of these investigations have cafuded that the
oscillating ow is better than the steady ow for heat transfer pumposes, where
it was found that the averaged Nusselt number for the former owvis higher that
for the later ow. They presented surface temperature distribtions and local
Nusselt number variations, and concluded that these distributionand variations
for oscillating ow are more uniform than those for steady ow. Fuet al. pointed
out that putting a channel lled with high conductivity porous media under a

pulsatile ow represents a new e ective technique for cooling elednic chips.

In the rst study by Leong and Jin, the e ects of thermal condudivity k and
permeability K for di erent metal foam materials on heat transfer were analysed
It was shown that heat transfer from a porous channel subjesd to an pulsating
ow can be signi cantly enhanced by using materials of loweK and higherKk.
Their later study was an extension of that work to examine the e ds of kinetic
Re and dimensionless pulsatiorf and A. The results showed that the cycle-
averaged Nusselt number increases with increasiAg and with increasingf, but
for relatively low values. Also, the experimental data displayed a faurable range

of Re, from 178 to 874, for augmenting heat transfer from a porous ahnel.
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Khodadadi (1991) analysed using an analytical approach fully ddeped os-
cillatory ow within a horizontal porous channel bounded by two impemeable
walls under the assumption of negligible inertia e ects, showing thate velocity
pro les exhibit maxima next to the solid walls. Therefore, it was suggted that
for ow in porous media con ned by two parallel walls with fast oscillatio, a
channeling phenomenon, similar to the one discussed by Vafai (198 variable
porosity media, can be maintained. This study did not dealt with the isse of
the associated e ect on heat transport. However, it showed thahe temporal
average of the oscillatory frictional drag disappears over a periogliggesting that
oscillations do not have a net in uence on energy losses in the systehence

making it a good method for heat and mass transfer enhancemermpdications.

Kuznetsov & Nield (2006) also performed analytical work but for no-zero
mean oscillatory ow in an iso- ux saturated porous channel and caular tube
using a perturbation approach. In this work, analytical expressis for the ve-
locity and temperature distributions, and for the transient Nussk number, were
presented for the problem of forced convection at constant sthaulsation am-
plitude A and large Reclet numberPe. This study showed the e ect of pulsation
frequencyf and modied Prandtl Pr and Darcy Da numbers on the transient
Nusselt number. They found that the variation of the Nusselt numer against
f has a peak value. The magnitude of the peak was shown to decreasethe
modi ed Pr increases, whereas, it rst increases, reaches a maximum, aneith

decreases to zero d3a decreases.

Numerically, Sezen & Vafai (1991) simulated forced convective w of a com-
pressible ideal gas through an adiabatic packed bed. The e ect o$ailating
hydrodynamic and thermal inlet boundary conditions on the behavig of the
transport processes was investigated. Once again for insulateaicked beds, the
average energy storage characteristics were found to be velgse, without major
di erences, for both cases of oscillating and constant inlet boundaconditions.

It was observed that asA of the oscillations in the inlet pressure increases, the
oscillations in the net energy stored become more pronounced. giarf how-

ever, was shown to tend to smooth the variation in the net energyasage. Also,
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the response of the eld variables, temperature, pressure, dgty and velocity,
was found to be more sensitive to an oscillating inlet pressure variatidhan an

oscillating inlet temperature.

Numerical data of heat transport of forced pulsating convectiveow in a
porous channel with a uniform temperature walls was provided by Kinet al.
(1994). Flow and thermal elds were examined over ranges of pripal parame-
ters, i.e. the ow pulsation amplitude A, the pulsation frequency parameter, the
thermal conductivity, capacity ratios and Da. The comparison that was made
with the case of non-pulsating ow showed that the existence of éoscillating
ow in the porous medium brings almost forth a reduction in heat trasfer in
the entrance region of the channel, but an enhancement of heaamsfer occurs
at moderate downstream locations. The results illustrated that ta in uence of
pulsation on heat transfer rates between the heated channel Ngaand the ow-
ing uid becomes stronger in the case of lower pulsation frequencyad higher
amplitude. However, this e ect was found to be minor at extreme denstream
locations. The peak value of heat transfer was found to be enhadlcasDa de-
creases or the conductivity ratio increases, while, the e ect of éhcapacity ratio

appeared to be similar to that of frequency parameter.

Flow and thermal characteristics of forced pulsating convectiveow in a
parallel-plate channel with two discrete porous-block-mounted hé sources in
tandem at the bottom wall was examined numerically by Huang & Yang2008).
They performed a detailed study of the e ects of Darcy numbeba, pulsation
frequency represented by Strouhal numbest, pulsation amplitude A and porous
blockage ratio, on heat transfer. It was shown that both the psence of the
porous blocks and the imposed inlet oscillating cause a periodic chamgéhe the
structure of recirculation ows, which are shown to have a signi cat in uence
on the ow and thermal behaviour near the heat sources. Some thie numerical
results, reproduced in gure??, indicated that the e ect of pulsation amplitude
is considerably positive on the heat transfer enhancement factimr both heaters.
A critical value of St to obtain a maximum heat transfer enhancement factor was

obtained. Below and above this critical value, the enhancement ftac was found
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to decrease afterward. This occurred at lo¥ = 0:6. Also, it is worth noting that

their results showed that the values of the pulsating heat transfenhancement
factor are not always higher than those for the steady non-pulsag case, but
depend on the values oA and St of the pulsating ow.

Steady and pulsatile forced convective ows in a horizontal chanhpartially
lled with two porous layers adhering to the channel walls that are dojected
to a uniform heat ux under LTNE condition were investigated numerically by
Forooghiet al. (2011). E ects of three determining parameters, namely Biot num
berBi, solid-to- uid thermal conductivity ratio k, and the thickness of the porous
layer, on the steady Nusselt number were considered. By comparitine results of
the two convective ows, it was stated that the time-averaged Nsselt number for
a pulsating ow is often higher than that of the steady ow. For pulsatile ow,
though, the results revealed the same nding as for the above vioof Huang
& Yang (2008). That is, with respect to the pulsationA which has a positive
in uence on heat transfer, an entirely di erent trend of averageNusselt number
against pulsating frequency, represented here by Womersley rioen Wo, was ob-
served. The average Nusselt number that was obtained at di eremalues of Bi
and k,was found to have a minimum value, instead of maximum, at a particular
critical Wo, but surprisingly the maximum average Nusselt number occurred at
the lowest Wo. This nding which is shown in gure ?? was predicted at high

pulsation amplitude A = 1:5.

2.5 The validity of the LTE assumption

As mentioned in chapter one, it has been established that thdE model for con-
vection in porous media, which assumes thermal equilibrium betweehet solid
and uid phases, is not necessarily a good approximation depending problem
parameters. As such, more recently more attention has been paathe LTNE
model to provide more physically realistic and accurate predictiond oonvection
heat transfer processes in porous media. Representative works related prob-
lems of convection and for di erent applications include Carbonell & \Witaker
(1984), Vafai & Sezen (1990a), Vafai & Sezen (1990b), Quiatd & Whitaker
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(a) E ect of pulsating amplitude

(b) E ect of pulsating frequency

Figure 2.11: Eects of: (a) pulsating amplitude at St = 0:8, and (b) Strouhal
number at A = 0:6, of forced oscillating convective ow in a parallel-plate channel on
the heat transfer from two discrete heat sources at the botton wall with two porous-
blocks mounted on them. The results were numerically obtaied by Huang & Yang
(2008) at Reynolds numberRe = 250, Darcy number Da =3 10 ° and e ective
thermal conductivity ratio equal to 1 :0.
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Figure 2.12: Variation of pulsation average Nusselt number against Womesley
number at di erent values of Biot number and solid/ uid therm al conductivity ratio,
of forced convective pulsatile ow in a channel partially | led with two porous layers
with thickness e=2H = 0:4. The plots were obtained atRe = 100, Pr =1:5," =0:5
and A = 1:5, (reproduced from Forooghiet al. (2011)).

(1993), Amiri & Vafai (1994), Amiri et al. (1995), Jianget al. (1996a), Jiang
et al. (1996b), Kuznetsov (1997a), Kuznetsov (1997b), Quintarét al. (1997),
Kuznetsov (1998), Amiri & Vafai (1998), Nield (1998), Minkowyczet al. (1999),
Lee & Vafai (1999), Mohamad (2000), Rees & Pop (2000), Alazmi\afai (2000),
Jiang & Ren (2001), Alazmi & Vafai (2002), Baytas & Pop (2002), Bnu & Rees
(2002), Baytas (2003), Jianget al. (2004a), Saeid & Pop (2004), Wang & Wang
(2006), Wong & Saeid (2009), etc.

Moreover, there have been considerable e ort in assessing thdidigdy of the
LT E assumption. Some criteria have been suggested for this assumpiioforced
convection channel ow. Whitaker and his co-workers, Carbone. Whitaker
(1984), Whitaker (1991), Quintard & Whitaker (1995) and Quintad & Whitaker
(2000), have performed pioneering work in this regard. Based ohet order of

magnitude analysis, they proposed a criterion in the case where tleeect of
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Figure 2.13: Contour error map plotted using the criterion proposed by Lee & Vafai
(1999) for the validity of the LTE assumption. The criterion is a function of Biot
number and e ective thermal uid/solid conductivity ratio.

conduction is dominant in theREV enclosing both the uid and solid phases.
Lee & Vafai (1999) presented a practical criterion for the casé forced convective
Darcian ow in channels with di erent cross sections. This criterionwhich is a
function of Biot number Bi and e ective thermal uid-to-solid conductivity ratio,
was utilised to present a qualitative error map given in gure??. It can be seen
that the error in using the LTE model increases as both the conductivity ratio

and Bi become smaller, hence causing that model to lose validity.

Later, Kim & Jang (2002) presented a general criterion foLTE expressed
in terms of important engineering parameters, for instance DarcRa, Prandtl
Pr and ReynoldsRe numbers. The criterion was checked when applied for con-
duction and/or convection heat transfer in porous media, which is are general
than previous one suggested by Whitaker and his co-workers ako\Also, it was
con rmed to apply to various cases of convective heat transfesuch as micro-
channel heat sinks and packed beds, and to well predict the validityf the LTE
assumption in porous media. Following this, a new criterion was devekg by
Zhang & Liu (2008) for the case when convection heat transfer isihinant inside

a channel lled with spherical particles under the condition of consint wall heat
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ux. This criterion encompasses the in uence of the e ective soliduid thermal
conductivity ratio in addition to the boundary heat ux, the area of cross section,
characteristic length for pore size, porosity, uid conductivity ki, heat source
of the solid phase and Nusselt number. The validity of the criterion vgachecked
against numerical results obtained using th®BF model. The results showed
that the e ect of the LTE on porous media becomes larger with the increase of
k¢, as well as with a decrease in boundary heat ux, characteristic lgth for pore

size, heat source of the solid phase and the conductivity ratio.

In addition, other studies have attempted to determine the applidae re-
gion of the LTE assumption by calculating the temperature di erence between
both phases, i.e. uid and solid, using theLTNE energy model. Analytically,
Kuznetsov (1997c) obtained an analytical solution for the tempeture dier-
ence between two phases in a channel with uniform wall heat ux utilisg a
perturbation technique. They concluded that this di erence is prportional to
the ratio of the ow velocity to the mean velocity. However, the anbysis could
not produce the velocity eld, temperature eld of any phase and ar lead to a

Nusselt number, or even present an error map con guration.

Nield (1998) clari ed the circumstances under which theeTNE condition
may be important in a saturated porous channel using an analyticalpproach for
the temperature elds and Nusselt number. They also suggested amportant
parameter (N = ks=H3 hss ), where parametersks and H¢p, are the solid thermal
conductivity and the channel height, respectively. Th& TNE e ect is negligible
only when N 1:.0. It was found that the in uence of LTNE was to reduce
Nusselt number. Then, Nield & Kuznetsov (1999) extended the worof Nield
(1998) by examining the e ect of the conjugate situation involving lhe coupling
of convection in the porous medium and conduction within a nite solidlabs on
LTNE . They pointed out that the degree ofLTNE is decreased due to the nite

thermal resistance of the channel slabs.

The analytical work of Minkowycz et al. (1999) established a new area of
failure for the LTE assumption corresponding to the presence of rapidly changing

surface heat ux. They investigated the conditions when there is@latively small
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departure from theLTE condition due to a rapid transient heating for a saturated
porous medium. It was concluded that the presence of thdE state depends on
the magnitude of the Sparrow numbeiSp which represents the thermo-physical
properties of the porous medium used, and on the change to theaean the heat

input. A simple method of estimatingSp for the case of zero ow and forced ow
was presented. For the case of no ow, a su ciently largeSp was found to be
indicative of the existence of the.TE condition. However, for the case with ow,

the LTE condition appeared to be valid ifSp=Reis large.

The applicability of the LTE model for a micro-channel sink, which was mod-
elled as a porous medium, was also analytically assessed by Kitral. (2000) for
the case where the bottom surface is uniformly heated by constdreat ux and
the top surface is insulated. They obtained exact solutions for thiemperature
distributions by using both the 1 and the 2 equation energy models. A relative
error map in terms ofDa and the porosity-scaled uid/solid thermal conductivity
ratio  to identify the applicable region of theLTE was presented. It was shown
that the LTE assumption and the corresponding energy model can be valid as

Da approaches zero or goes to in nity (see gure ??).

Mara e & Vafai (2001) incorporated the e ects of Da, Bi, inertial parameter
and the e ective uid/solid conductivity ratio in an analytical repre sentation of
the temperature eld of both phases. They also presented erroraps based on the
Nusselt number to examine the validity of theLTE model for the above pertinent
parameters. As in the work of Lee & Vafai (1999), smaller values & and
conductivity ratio were found to result in an increase in the error daonstrating
a required use of thee.TNE model instead of theLTE one. In addition, it was
established that other two parameters, i.e.Da and , have a smaller role in

determining the validity of the LTE compared with Da and conductivity ratio.

The validation of the LTE assumption for transient forced convection channel
ow was investigated analytically by Al-Nimr & Abu-Hijleh (2002). The porous
channel was assumed to be bounded by two insulated parallel boaniés, and the
cause of the transient behaviour was a sudden change in the inletidutempera-

ture. Closed form expressions were presented for the solid andduemperature
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Figure 2.14: Contour error map in terms of Darcy number Da and the porosity-
scaled uid/solid thermal conductivity ratio . This map was presented from the
analysis of Kim et al. (2000) for the validity of the LTE assumption in a micro-
channel sink.

domains, and for a criterion which ensures the validity of this assurtipn. In
order to investigate the conditions under which.TE is justi ed, they also con-
sidered a de nition for the thermal relaxation time, which is the time equired
for both the solid and uid to attain approximately the same temperdure, and
consequentlyLTE is ensured. It was found that four dimensionless parameters,
namely: porosity", volumetric Biot number Bi, dimensionless channel length and
solid/ uid thermal capacity ratio C,, control the validity of the LTE condition
in the channel. The results indicated to that the relaxation time is linedy pro-
portional to the channel length and £Bi, and to C, but at small Bi and". The
e ect of " was found to decrease the relaxation time at smaBi and largeC;,

whereas, its e ect is insigni cant at largeBi and smallC,.

Celli & Rees (2010) analysed both analytically and numerically the e éc

of the LTNE condition on forced convective thermal boundary layer ow in a
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saturated porous medium over a horizontal at plate. The tempeature elds of
the medium phases were presented for di erent values of the carmativity ratio
. The LTNE e ects were found to be at their strongest close the leading edge
where they wereO(x 1) in magnitude, but the maximum discrepancy between
the temperature elds decreases with the distance from the leadjredge, and the
LTE condition is attained at large distance. This nding con rms the analyical
work of Rees & Pop (2000) for a free convective boundary-layeow close to
a vertical plate, and the numerical results of Saito & Lemos (2009pr forced
convection in a porous channel. In addition, the distance over whidhme LTE
condition holds was shown to decrease in the neighbourhood of thadag edge

for increasing due to the increase in heat transfer between the phases.

Yang et al. (2011) obtained exact solutions for the case of fully developed
forced convective heat transfer in a two-dimensional tube led witan air-saturated
aluminium-foam under the LTNE assumption. The horizontal tube walls were
assumed to be subjected to a constant wall heat ux. They presed pro les
for the average temperature for both phases, i.e. air and aluminiunThese pro-
les revealed that the aluminium temperature is always much higher @n the
air temperature. Therefore, it was concluded that the case of mstant heat ux
boundary conditions must be treated by using th€ TNE energy model, since the

two phases within the channel were found to be never at thermadjeilibrium.

Numerically, Vafai & Sezen (1990a) analyzed transient forced neection of a
gas ow through a packed bed of uniform spherical particles allowinfgr thermal
non-equilibrium between the uid and solid phases. They qualitatively ssessed
the validity of the LTE assumption by presenting an error contour maps based
on qualitative ratings, shown in gure ??, for three types of materials: lithium-
nitrate-trinydrate, sandstone and steel. These maps were pesged in terms of
two pertinent parameters, DarcyDa and particle Reynolds numbersRe. The
investigation allowed a simple characterisation scheme for understhng the ap-
plicability of the LTE hypothesis for di erent conditions of compressible ow and
porous bed con gurations. The results indicated to that theLTE condition is

very sensitive to these parameters, but it was found to be valid agleer Re or Da
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approaches to zero. However, unexpectedly, the results shdwkat the validity

of LTE is less a ected by the thermo- physical properties.

Later, the same nding was reported by Amiri & Vafai (1994) who gamined
the validity of the LTE in a packed bed con ned by walls at constant temperature,
using the same qualitative error map variables used by Vafai & Sezg1990a),
that is, in terms of Re and Da at di erent values of solid/ uid thermal di usivity
ratio. Later the same authors (Amiri & Vafai 1998) examined theemporal LTE
condition by computing the maximum temperature di erence betwee the solid
and uid phases through the whole bed. They revealed that a largetiscrep-
ancy between the phases is encountered at early times as solidttial thermal
conductivity ratio k, approaches unity. However, this di erence was shown to
quickly vanish as the time progresses with the temperature di er@@ smallest
for k, closest to unity. Once again, theLTE assumption appeared to become
more justi able for small values ofDa. Also, it was noted thatk, is an essential
parameter for examination theLTE assumption; however, it is not enough to use

it solely to decide on the validity ofLTE .

Khashan & Al-Nimr (2005) also numerically assessed the validity of thelE
assumption for the problem of non-Newtonian forced convectiveow through
channels lled with porous media. Quantitative LTE - LTNE region maps, re-
produced in gure ??, were presented for a broad ranges of representative dimen-
sionless parameters such as Reclet numb®e, Biot number Bi, power-law index
n, uid/solid thermal conductivity ratio , and microscopic and macroscopic fric-
tional ow resistance coe cients, to examine whether theLTE assumption can
or cannot be used. The conditions of a highd?e, a lowerBi, a lower a lower
n and a lower frictional coe cient, were identi ed as unfavorable cireamstances

for this assumption to hold.

By utilising similar method used by Khashan & Al-Nimr (2005), Khashan
et al. (2005) checked the validity of theLTE state for both hydro-dynamically
and thermally developing forced convective ow in an isothermal pous tube.
Their results also referred to the possibility of expanding th&€TE validity over

the LTNE region whenPe or the conductivity ratio  decreases, or wheBi
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(a) For gas-saturated lithium-nitrate-trihnydrate porous
medium

(b) For gas-saturated steel porous medium

Figure 2.15: Qualitative error maps for the LTE assumption for transient forced
convective gas ow through a packed bed of two kinds of sphedal materials: (a)
lithium-nitrate-trinydrate, and (b) steel, in terms of Dar cy and particle Reynolds
numbers. The results are taken from Vafai & Sezen (1990a).
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Figure 2.16: LTE - LTNE region map produced by Khashan & Al-Nimr (2005) for
non-Newtonian forced convective ow through a channel lled with porous media, for
a wide ranges of Biot number, Reclet number and uid/solid t hermal conductivity
ratio.

increases. In addition, lowRe, large dimensionless Forchheimer coe cient and
low Da were all established to improve the validity of theLTE assumption, as
low velocity ows allow su cient thermal communication between the ®lid and

uid phases.

Saito & Lemos (2009) studied the e ects of thermal and struct@al properties
of a horizontal porous bed of spheres on forced convective héansfer within
from and around solid particles and the saturating uid using theLTNE energy
model, focusing on the e ect of thermal dispersion. The bed wassasned to be
bounded by two parallel plates at constant temperature. The retts showed that
high Re, low porosity ", small particle diameterd, and low solid-to- uid thermal
conductivity ratio k, promote the thermal equilibrium between the uid and solid
phases in the bed leading to higher values of Nusselt number throwgit both
phases. The results also showed that the di erence between thedb solid and
uid Nusselt numbers with the longitudinal coordinate is large at the leginning

of the bed, and it decreases with the distance downstream.

The validity of the equilibrium model has also been addressed for nal
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convection, but with perhaps less attention, for various geomeé#s and applica-
tions such as cavities, enclosures, horizontal cylinders, annulicanertical and
horizontal plates, against di erent parameters. Baytas & Pop (202), Banu &
Rees (2002), Baytas (2003), Saeid (2006), Badruddet al. (2006) and Saeid
(2007) all have found that when the interfacial heat transfer eocient H, and
the porosity-scaled uid-to-solid thermal conductivity ratio have large values
then the thermal equilibrium state is approached in the two-phasequous system,
i.e., both uid and solid phases have the same thermal eld and Nussefiumber.
In addition, the results of Mohamad (2000) indicated that the.TE model is dif-
cult to justify for the non- Darcy regime, and when the thermal onductivity of

the solid phaseks is higher than that of the uid phase ks .

Rees & Pop (2000) who used an asymptotic analysis to investigatedrconvec-
tive boundary-layer ow close to a vertical plate emphasised on thahe thermal
equilibrium between the two phases is justi ed at increasing distansefrom the
leading edge. Mohamad (2001) who used a di erent approach to ewme numer-
ically the same convective boundary-layer of Rees & Pop (2000) pi&d out that
the non-equilibrium parameter, uid/solid conductivity ratio and the porosity "
of the porous medium used have a signi cant in uence on the thernhaquilibrium
condition. It was revealed that this condition becomes unjusti ed iks is equal
to or greater than ks, the non-equilibrium parameter less than or equal to unity

and" is high.

Moreover, based on their numerical and experimental results, Bhikumar &
Mahajan (2002) concluded that for the material of metal foams igeneral, the
developedLTNE energy model must be employed instead of the tradition&llTE
model. They reported that theLTNE e ects become signi cant at high Rayleigh
Ra and Darcy Da numbers. Haddacet al. (2004) found that the LTE assumption
is mainly controlled by four parameters which aréBi, Ra, Da and the ratio of
e ective to dynamic viscosity, in the problem of free convection ovea vertical
at plate embedded in porous media. In their study, it was mentionedhat this
assumption is not valid for relatively low values oDa, Bi and viscosity ratio, and

high values ofRa. Khashanet al. (2006) observed in a porous rectangular cavity
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(a) At Ra=50

(b) At Ra = 400

Figure 2.17: Contours of the local LTNE parameter, i.e. phase temperature di er-

ence, in a rectangular porous cavity heated from below. The antours were plotted

for two values of Rayleigh number: (a) 50 and (b) 400, at Darcynumber Da = 10 3.

The white regions represent the parameter values below:05, which was considered
as an upper constraint for the LTE validity.

heated from below the e ect of theLTNE depreciates adDa decreases, and as
the e ective uid/solid conductivity ratio, Ra and Bi increase. They presented
contours for the localLTNE parameter, which is the phase temperature di erence,
within the entire cavity, at various values ofRa, as illustrated in gure ?2.

In the mixed convection area, the validity of theLTE model has been as-
sessed only by Wong & Saeid (2009) for vertical air jet impingemenbaling of
an isothermal heat source placed on the bottom wall of a horizotehannel lled
with a high porosity metal foam under the condition of thermal norequilibrium.
Also, the authors emphasised in a part of their study, the e ectsfdhe interfacial
coe cient H, and the conductivity ratio on the equilibrium state. Once again,
the results showed the same nding mentioned above related to thetwo param-
eters, which is that an increase in either renders the solid and uid weards the

thermal equilibrium condition.

2.6 Conclusion

Relevant background studies on thermal convection in channelsntaining porous

media together with speci c research which includes a heated bodgegnerally a
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circular cylinder) embedded within the porous medium provide the coext for the
current research. Concerning embedded cylinders, the literatireveals that con-
siderable e ort has been directed towards the natural convectiocase with fewer
studies dealing with mixed and forced convection. Moreover, mostthe existing
studies include strong simplifying assumptions such as: adopting th€E condi-
tion, neglecting the non-Darcian e ects and/or omitting the thermal dispersion
e ect. Therefore, a theoretical study of forced convection @v a circular cylinder
within a porous medium, in which the e ects of inertia, solid boundariesand

thermal dispersion under theLTNE assumption is justi ed.

A natural and relevant extension is to consider the case of multiplended-
ded cylinders, given its obvious application to heat exchangers. Thigerature
indicates that this subject has been elaborately investigated fohé case without
porous media, to examine the ow interaction between cylinders orelat transfer.
However, using porous media to augment heat transfer from a bdaof horizontal
cylinders has been much less investigated. In those studies, then@antration
has been only on testing heat transfer enhancement by insertin@mous media
amongst the cylinders with xed values of cylinder spacing. The ow iteraction
between multiple cylinders and the convective e ect on heat transef has been
not yet investigated throughly in the presence of porous media. Thwarrants
further investigation to predict the enhancement e ects of di eent porous media
and cylinder bank arrangements on the local and average heat mifer from a

cylinder bundle.

In this chapter the characteristics of heat transfer and uid melanics with
and without porous media under pulsatile ow conditions also have baeeviewed.
This reveals that the majority of previous studies have focused geometrically
simple con gurations, e.g. anempty pipe or channel. Thus the inclusion of a
heated circular cylinder within a channel containing a porous mediunubject to

pulsating ow appears a relevant problem to address.

Finally, the literature indicates that the validity of the LTE energy model has
been examined relative to the more accuraleTNE model for a restricted number

of ow geometries, and conditions for the validity of theLTE model established
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for ranges of governing parameters. However, the geometriegkled have not
focused on the relevant case of bodies embedded within a poroudime such
as a circular cylinder. Given this, one focus of the research is to lhis gap
and provide parameter ranges for when theTE model can produce acceptable

predictions for the more complex geometry of a cylinder embedded anporous

medium.
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Chapter 3

Methodology and validation

3.1 Introduction

This study aims for the accurate simulation of the complicated tramsort phe-
nomena in packed beds. The analysis requires a general and rigerowodel to
describe the ow and heat transfer processes in porous media. this chapter,
the particular problem investigated in this thesis is described. Therihe coupled
system of governing equations are introduced, which describe t@mplex physics
involved, together with the speci cation of appropriate boundaryconditions. Fol-
lowing this, the discussion continues on to discretising the governirggjuations,
in this case, using the spectral-element method. Finally, numericaésolution

studies are performed for the computational domain and grid.

3.2 Mathematical formulation
3.2.1 Statement of the problem

The problems considered in this thesis can be broadly categorisegesdicting the
ow and heat transfer from either a single or multiple circular cylindes embedded
in a two-dimensional channel containing porous media. The upstm@a ow into
the channel can be either steady or pulsatile. There are many plyal parameters
involved and an attempt is made to quantify the e ect of varying these parameters
on the ow and heat transfer. In addition, there are various appximations
involved in translating the physics into mathematical models, both indérms of

the hydrodynamics and the thermal modelling, and the e ects of soe of these
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approximations are considered.

The schematic diagrams of the main cases considered are providedgn
ures 2.1 and 2.2. The cylinder(s) is/are assumed to be isothermallydted at a
constant temperatureT;, and cooled by the incoming external ow atT,. The
con ning horizontal walls have the same temperaturd,, as the ow at the inlet.

The geometrical relationships are set such that:

for the case of a single cylinder, shown in gure 2.1, the the blockagatio
of the bed isD.,=H = 0:25, whereD, is the cylinder diameter, which is
considered to be the unit scale length in the present study, ard is the
bed height.

for the case of multi-cylinders, shown in gure 2.2, a larger blockags in-
curred so a smaller diameter is used.,=H = 0:1666, also to provide more
exibility to study the e ect of changing the spacing between the clin-
ders. The longitudinal pitch p, is taken as equal to that in the transverse
direction p,. Here, longitudinal pitch is the distance between the top and
bottom cylinder centres, while transverse pitch is the distance beeen the

front and back cylinder centres.

For both cases, the extent of the packed bed in the-direction is assumed to be

large enough so that the problem will essentially be two-dimensional.

3.2.2 Governing equations

Prior to analysing these problems, it is useful to state the assumphs on which

the governing equations are based:
1. The uid ow is laminar and incompressible.

2. Forced convection dominates the thermal eld of the packed dei.e., nat-

ural convection e ects can be ignored.
3. The uid passing through the bed is Newtonian.

4. The porous medium is homogenous and isotropic.
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(b) Pulsatile ow

Figure 3.1: Schematic diagrams for forced convection for ow past a sinkg cylinder
with steady (top) and pulsatile (bottom) ows over a single h eated circular cylinder
embedded in a horizontal porous channel.

The variation of thermo-physical properties of the two phasesith temper-

ature can be neglected.
Inter-particle radiation heat transfer can be ignored.
No heat generation occurs inside the porous medium.

But, importantly, local thermal equilibrium between the two phags is not

assumed.

Taking in account these assumptions, the system of the governieguations of

the continuity, momentum and energy, can be presented in the follang vectorial
form as given in Vafai & Tien (1981), Kaviany (1995) and Nield & Bejar{2006),
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(b) Staggered con guration

Figure 3.2: Schematic diagram for steady forced convection ow over a bak of four
heated circular cylinders: (a) in-line, and (b) staggered,con gurations immersed in
a horizontal porous channel.

based on the volume-average method:

a. Continuity equation:

r hui =0; (3.1)
b. DBF momentum equation:

. %+%h(u ryui = %mi é%jhuijhuw,—fr 2mui th Py (3.2)
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c. Two-phase energy equation:

- for uid phase:
#

. @ni . h | o
(Cp)f ?'{' hui rh Tel =7 kf:e ;(X;y)rh Tel + hsf Asf hTSI h Tel
(3.3)
- for solid phase:
: h i
a ") cp)s% =r Kse rh Tsi hgag Hlsi h Tii (3.4)

d. One-phase energy equation:

The LTE model uses the same momentum equations but replaces the thekma

equations with the following single energy equation:

: h i h i
(Cp)m % +"( Cp)f hui rh Ti =1 Kpe ;(X;y)rh Ti ; (3.5)
where,
q —
jhuij = hzi + el (cp)m = "(Cp)t + (1 ")(Cp)s; (3.6)

Here, u is the velocity vector eld, t is the time variable, P; is the pressure
eld and T is the temperature eld. Subscriptsf and s denote the uid and
solid phases, respectively, and refers to an e ective property. The following
are other uid and medium properties: K is the permeability, F the geometric
function,  the uid dynamic viscosity, the density, ¢, the specic heat," the
porosity, k the thermal conductivity, a;s the speci c surface area of the packed
bed andhg the interfacial heat transfer coe cient. In addition, the primes refer
to dimensional quantities and the operatott::i denotes local volume average of
a quantity.

In the momentum equation 2.2, the rst term on the right-hand sideepresents
the frictional resistance due to the presence of the micro-poré&wture, while
the square term, the second term on the right-hand side, is cadsey the inertial
e ects from passing through the solid matrix. The third term on theright-hand

side accounts for the e ect of friction posed by an external bowlary on the ow.
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With regard to the energy equations, it can be seen that as the solghase is
stationary, the energy transport through the solid phase, i.e., eqtion 2.4, only
needs to account for conduction. However, an additional mode béat transfer
emerges if there is a di erence in the temperature distributions beten the uid
and solid phases. This transfer mode can be conceived of as comvecdeat
transfer that can be formulated via a uid-to-solid heat transfercoe cient hg .
The equations 21 2.5 can be transformed into a non-dimensional form&

2:12, respectively, by employing the following dimensionless variables:

X;y . hui tu, . hTi T, . hPsi
X;y = ;o hui= —; t= v o hi= ———; WPl = —; 3.7
Y Dcy Uo Dcy (Th To) f fug ( )
to give
r hui=0; (3.8)
1 @Gui 1 . 1 Bt 1 . .
- == 4+ = = — jhuijhui + 2 h Psi;
" @t Sh(u r)ui ReDDamu p?aj uij hui "ReDr hui r (i
(3.9)
@I f i . - 1 kf:e (xy) . Bi . .
— + = + .
K at hui rh i ReDPrkrr K rh i ReDPr(hSI h +i);
(3.10)
1 "Y@s _ 1 Ks:e . Bi . o\
r @t ReDPrr ke rh i ReDPr(h s h ¢i); (3.11)
and the dimensionless form of th& TE energy model becomes
@' | ! . . 1 kf:e (Xy) .
— 4+ I ey A . .
@t c [hui rh ] ReDPrCr K rh i ; (3.12)
with
ke
c="+1 " — (3.13)

Here,k, and , are the solid-to- uid thermal conductivity and di usivity ratios,

ks/ ki and <= ¢, respectively. In addition, the key governing non-dimensional
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groups: the Reynolds, Darcy, Prandtl, and Biot numbers are

UoDey 1 X . pr=_. B
f’ ks

. Da

ReD = = —,
2 )
f D&

(3.14)

The empirical expression suggested by Dullien (1979) for the specsurface
area of the packed beds is employed in the present investigation as follows:

_ 6@ "),
S

Asf (3.15)

where, d, is the particle diameter. While, the formulation of the interfacial hea
transfer coe cient hg is based on the empirical correlation proposed by Wakao

et al. (1979) for packed beds and can be expressed as:

Ks

hst = a 2+ PriPRed® ; (3.16)
p
where, Re, is the particle Reynolds number
huii

Re, = 11 %. (3.17)

f

In turn, this allows the Biot number to be expressed as
i " 1 DCV ? 1=3 0:6

Bi=6(1 ") — 2+ Pr~—Re™ ; (3.18)

which explicitly shows the strong e ect of the interfacial heat trasfer rate on the
particle to cylinder diameter. The permeability of the porous mediunK incor-
porated in the Darcy number and the geometric functiorF, in the momentum
equation 2.9, are inherently tied to the structure of the porous nigum. These
are generally based on empirical ts from experimental ndings, i.eno universal
representations exist. For a randomly packed bed of spheresisgoe cients were
reported by Ergun (1952), and were expressed in terms of patgs’ and particle

diameter d, as follows:

"3d2
— P .
=P (3.19)
150(1 ")
1:75
F=p—: 3.20
150'3 ( )

The e ective thermal conductivity of the uid phase k., is composed of a

sum of the stagnantks; and dispersionky conductivities:
kf:e (Xy) = kst + kd(x;y): (321)
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Typically, the stagnant conductivity is the product of the phase factions and
the individual thermal conductivities of the uid and the solid phases In the
ongoing investigation, the semi-theoretical model of Zehner & Salender (1970)

for calculating the stagnant conductivity is used:

Ket p_+2p—1 " (1 )B B+1 B 1

@ O g e™MB) 5 1B

K ; (3.22)

where =1=k,andB =1:25[(1 ")="]%. Whereas, the dispersion conductiv-
ity that incorporates the additional thermal transport due to the uid's tortuous
path around the solid particles is determined in both longitudinal and lral
directions based on the experimental correlation reported by Wak & Kaguei

(1982), and is given by:

% = 0:5PrRey; (3.23)

f

% = 0:1PrRey: (3.24)
f

While, the e ective thermal conductivity for the solid phase consis merely of
the phase fraction component which is the stagnant component s the solid

phase is stationary:
Kse = (1  ")ks: (3.25)

Heat transfer characteristics are evaluated based on the timeeam local and
average Nusselt numbers along the heated surface of the cylinddihe Nusselt

number is de ned for the uid and solid phases separately and is exggsed as:

Fluid phase local and average Nusselt numbers:

- hcyDcy _ Kr.e [@IT i:@)]Dcy,

N U ' ]
f Ks ki (Th  To)

Nus; = Nu¢ ds:  (3.26)

Solid phase local and average Nusselt numbers:

= heyDey — Kse [@Tsi=@]Dgy Nu. =
Ks Ks(Th  To) ’ TS

Z g
Nug ds;  (3.27)

NUS'

where r* and s denote to the normal and tangential directions at the cylinder

surface, respectively, and is the circumference of the cylinder. Consequently,
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the time-mean average total Nusselt numbeX u, is de ned as the summation of

Nus; and Nus:

Nu; = Nus + Nusg: (3.28)

The dimensionles©DBF momentum equation 2.9 allows for a smooth transi-
tion between uid ow through porous media and the Navier-Stokegquations in a
space without porous media by taking =1and K I'1 . Also, the one-equation
energy model 2.12 can be transformed to the standard uid engrggequation by
taking the constantsC = 1 and ket = K¢ to predict the thermal elds in the

absence of porous media.

3.2.3 Boundary conditions

The problem is not completely speci ed without the provision of propeboundary
conditions. In the problems under investigation Dirichlet boundary enditions,
for the pertinent hydrodynamic and thermal variables, i.e., the velaty and tem-
perature elds, are imposed at the inlet and solid boundaries. For arple, the
cylinder surface and the channel walls are maintained at constargémperatures,
and a no-slip boundary condition is imposed at the cylinder surface @rnhe con-
ning walls. In addition, both uid and solid phases are at the same temerature
at the inlet of the packed bed. At the exit, Neumann boundary contons are
imposed on the normal velocity and the solid and uid temperaturesIn addi-
tion, the pressure is set to zero at the outlet boundary. At otheboundaries the
pressure satis es a Neumann condition obtained by taking the dgiroduct of
the Navier-Stokes equations with the surface normal vector. T$ higher-order

boundary condition also ensures mass conservation at solid bourida (?).

Thus, the dimensional initial and boundary conditions can be matheatically

expressed as:
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att=0: hui = hvi = hTyi = hli =0

att> 0: at inlet (x=0; 0<y<H)
hui = u, (for steady ow)
hu(t)i = ug(l+ Asin(2f t))  (for pulsatile ow)
hvi =0; hTyi = hlsi = T,

at outlet (x=1L, 0<y<H)

at the walls (O<x<L; y=0andH)

hui = hvi =0; hT;i = hTgi = T,

at the cylinder boundary (0<"' °< 360)

hui = hvi =0; HTfi = hTgi = Ty: (3.29)

By using the dimensionless variables in equation 2.7, the dimensionlestah

and boundary conditions become as follows:

att=0: hui=hi=hsi=hsi =0

att> 0: atinlet (x=0; 0<y <H=D ¢)
hui =1 (for steady ow)
hu(t)i =1+ Asin(2Stt) (for pulsatile ow)
hvi=h¢i=hgsi =0

at outlet (X = L=D¢y; 0<y <H=D )
@ui _ @i _ @i :
= = = hvi =
@x  @x @x =0
at the walls (0<x<L=D ¢; y=0and H=Dy)

hui = hvi = hsi = hg =0

at the cylinder boundary (0<' °< 360)

hui = hvi =0; hsi = hg =1: (3.30)
For these boundary conditions, the thermal equilibrium assumptiois imposed
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at heated boundaries, e.g., the uid and solid phases have the saneenperature
as that of the isothermal cylinder's surface, see Alazmi & Vafai (®2) and Wong
& Saeid (2009).

3.3 Numerical method of solution

The above equations 83 2:12 form the mathematical model for analysing the
transient momentum and energy transport in unsteady forced owective ow
in a porous media. This is a system of highly coupled equations descripithe
evolution of the four pertinent elds, i.e. velocity hui, uid temperature h;i,
solid temperature h si and pressurehPsi. To numerically solve this system of

equations, it is necessary to discretise the problem in both time angace.

3.3.1 Temporal discretisation

The temporal discretisation method used for this study is a two- ahthree-step
time-splitting scheme for the energy and momentum equations, pesctively. The
name of time-splitting for this method is because the right-hand sidaf the equa-
tions is divided into two or three groups, and integrated separatelyvhich results
in the overall integration over one time-step being split into two or thee sub-
steps. The method is thoroughly described in Chorin (1968), Karrdakis et al.
(1991) and Thompsoret al. (2006).
For brevity, the discretisation for the Darcy-Brinkmann-Forchleimer DBF

momentum equation 2.9 is described in this section. This equation is reanged

as follows:

n2 "

Qui _ Ly vy p— Jhuij hui
a

et

ReDDahJi + %r 2hui "rh Psi:
(3.31)

For use of this method with the Navier-Stokes equations as in theaaémen-
tioned references, the three sub-steps of the time-splitting press treat the advec-
tion, mass conservation/pressure, and di usion terms. Therefe, for the above
momentum equation 2.31, the non-linear terms accounting for casstion and

Forchheimer inertial e ect, with the linear Darcy term accounting br fractional

71



resistance, are rst integrated over the entire time-step, prading a primary in-
termediate velocity eld hu i. Then, the primary velocity eld is employed as
an initial condition for the integration of the pressure step, which pduces a
secondary intermediate velocity eldhu i. Last, this secondary intermediate ve-
locity eld is utilised as the starting condition for the integration of the di usion
term, for obtaining the nal velocity eld hu(™1i at the end of the time-step.

Consequently, the following three discretised sub-step equatioase obtained:

1Z t+ t n2 Z t+ t
hui huWi= = hu:r Juidt p— jhuij hui dt
t Rz (3:32)
hui dt
Rep Da t
Z t+ t
hihuiz " th Py idt (3.33)
t
(n+1) 1 Zt+ t 5
"™ h = — hui dt; 3.34
[ u i Rep | r i ( )

wherehu i and hu i are the primary and secondary intermediate velocity elds
at the end of the rst and second sub-steps, respectively, and is the current
time-step. The righthand side of the rst sub-step equation 2.32 igeated using

a second-order Adams-Bashforth approximation as follows:

hui h u™i= Nay Neoen Loarcy (3.35)
and,
Nagy = —t g(f(u:r yui)™ %(r(u:r yui)" v
NEorch = 49% g(jhuijhui)(”) %(jhuijhui)(” o)
L parcy ReDt'[')a g(mi)(’” %(hji)(” no (3.36)

whereN gy and Ng e represent the non-linear advection and Forchheimer terms,
respectively, whileLpacy represents the linear Darcy term, anch is the time-
step. The pressure sub-step equation 2.33 is treated in two pa#gs both the two

unknown velocity and pressure elds in the equation must be integtad forward
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in time. A second-order Adams-Moulton method is rst used to formlate the
integration of the pressure sub-step, giving

. . " . .
uihui= —- rh P+ thPMi (3.37)

Further simplifying for this equation can be obtained by consideringhie pres-

sure eld at the middle of the time-step,
hwihui=z t hp™?j (3.38)

In the second part, taking the divergence of equation 2.38, andfercing the
continuity for the velocity eld at the end of the sub-step (using egation 2.8),
leads to a Poisson equation for the pressure,

! r:hui ; (3.39)

r 2I,Pf(n+ %)I = t"

from which the velocity eld at the end of the sub-stepju i in equation 2.38, can
be solved. In the third sub-step, the nal velocity eld u®*%j is computed by
approximating the di usion sub-step equation 2.34 employing an implicisecond-
order Adams-Moulton method, rendering it to the following form,

t
uDj h i= —— r 2™+ 2™ 3.40
i u i Res [ [ ( )

The integration over the time-step is now completed by solving the abe
equation for u™*V i, The implicit Crank-Nicholson technique retains second-
order accuracy in space and time, see Canuto (1988). In geneitale splitting
method attains a second-order accuracy in time for the velocity lé when rst-
order pressure boundary conditions are imposed, as explained bwgrKiadakis
et al. (1991).

For the energy equations, 2.10, 2.11 and 2.12, this method resultsseparate
equations being formed for merely the nonlinear advection term artle linear
di usion term. Also, similar to the momentum equations, the nonlinearadvec-
tion equation is solved using an explicit second-order Adams-Bastifomethod,
and the linear di usion equation is solved using an implicit second-ordeZrank-

Nicholson method. Because of the non-linear coupling between thepations, it
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IS necessary to iterate over each time-step. Iteration is requireshtil convergence
is achieved. In the present study, it is assumed that this occurs wh hui ve-
locity components and the time-mean average uid and solid Nusselumbers,
Nu; and Nus, respectively, in two consecutive iterations di er by less than the

convergence criterion of 10,

3.3.2 Spatial discretisation

The nodal-based spectral-element method, which is a high-order I&&in nite-
element approach, is implemented to discretise the governing egioais in space.
In this method, the computational domain is usually subdivided coaedy into a se-
ries of discrete macro-elements. Re nement can be made to thengeated macro-
mesh in regions of the domain that experience high gradients (re nement). The
spatial discretisation employed here is based on quadrilateral elemse although
these elements are free to have curved sides. The treatment pétsal discreti-
sation using the Galerkin method is well-documented by, for exampl€&letcher
(1984), Fletcher (1991) and Karniadakis & Sherwin (2005).

The following is a brief description for the solution procedure of the &erkin
method used in the present algorithm. This process can be applied each
of the temporally integrated sub-step equations de ned in equatis 2.35-2.40.
For brevity, only the spatial discretisation for the rst sub-step equation 2.35
is described here. The rst step starts with calculating the residdaR. The
residual is formed by moving all terms to the right hand side, and sshtuting a

trial solution for the variables. This results in the expression

t 3 1
utriaI ug]iél + “n é ((Utrial i’ )utrial ))(n) é ((utrial i’ )utrial ))(n Y +
tF"2 3 . . 1 . .
= 3 (Jutriall Utrial )(n) A (JutriaIJ Utrial )(n 2 +
Da 2 2
t" 3 1
Re, Da E (Utrial )(n) E (utrial )(n R R;
(3.41)

where uyiy IS the trial solution for the velocity eld, and the operator h::i is
eliminated for simplicity. It is shown in equation 2.41 that the residual ign error

term introduced through the use of the trial function. Where if the residualR =0,
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the trial solutions is the exact solution, otherwise the trial solutiorrepresents the
approximate solution for the velocity eld.

Next, the method of weighted residualsNIWR) is employed to weight the
residual. This is accomplished by taking the inner product of the regidl with
respect to the weighting function over the computational domain and set the

weighted residual to zero as follows:

z 2z t 3 1
Ugrial uggl + T é ((Utrial i’ )utrial ))(n) é ((Utrial i’ )utrial ))(n Y +
tF'2 3 . 1. .
—pD:a é (Jutrialj Utrial )(n) é (JutriaIJ Utrial )(n Y +
t" 3 1
Reba 2 Uma) ™ S Uwa) ™ N (; )dxdy = 0;

(3.42)

whereN;; (; ) is referred to as the weight function or test function in two di-
mensions and ( ) are the orthogonal element coordinates. Here, the weight
functions are derived from the product of the quadratic Lagrarign interpolation
functions within each element. Therefore, the weight functions nabe written as

a tensor-product Lagrange polynomials in two dimensions,

YO D)
(;

Nig ()= ST

(3.43)
=1
=1
6i
6]

9
s
wherei;j; g and s are the indices of the internal node points within each element,
p is the order of the Lagrange polynomials, and+ 1 represents the total number
of points N of the element. Therefore, for increasing the number of pointsrfo
further improving the grid resolution, the order of these polynomia p can be
increased from 2 to 14. This kind of re nement is known ag-re nement, which
leads, together with theh-re nement mentioned above, to so-calleth-p method.
In fact, this is the main advantage of theh-p discretisation method. Where
the computational domain can be discretised once merely with an apgimately
optimal macro-element grid, and then an accurate converged stiduin can be
achieved by only increasing at run-time until convergence is obtained.

The integral of the equation 2.42 can be achieved separately forckacompo-
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Figure 3.3: A general four curved quadratic macro-elements transformeé into a
linear square elements with new elemental coordinates and

nent existing in the equation. Therefore, the rst term which is deed as:
Z Z
Ugia :Nij (5 )dxdy; (3.44)

is used to demonstrate the solution procedure of the Galerkin metd. The
integration of the equation 2.44 has to be done rst over each mazelement
separately, and then the contributions of the total elements areummed together
to be evaluated over the whole domain. To simplify the approximationfahis
integral, the Jacobian is employed for transforming the curved qdaatic macro-
element into a square element de ned over the range of -1,1 in bothand
directions as shown in gure 2.3. Thus, the integral over each elentas expressed

as 7 7

Utrial :Ni;J (; )I(; )dd; (3.45)
El

whereEl represents the element domain, andl( ; ) is the Jacobian. Finally, by
using Gauss-Lobatto-Legendre quadrature, the integral of ¢hequation 2.46 can
be approximated as:
X X
Wan(5 ) &Nig (5 )30 ) (3.46)
asb ]
where@ represents the velocity eld at the nodal pointsW,.,( ; ) is the weight-

ing coe cients of the Gauss-Lobatto-Legendre quadrature athtese points, anca
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and b are the points' locations in two directions and , respectively. Similar
process is repeated for other components in equation 2.42, ané #emental re-
sults are then assembled to construct the global mass matrix sgst that may
be solved with an appropriate boundary conditions for new eld of tb primary
intermediate velocity. The same procedure is also repeated for ttest of the sub-
step equations to complete the spatial discretisation for the momiim equation

and obtain the nal unknown eld of velocity.

3.4 Resolution studies

Tests are conducted to ensure that the numerical results obtad are independent
of the domain size and the spatial grid resolution. Domain size and gmiesolution
studies are undertaken for the two con gurations described in gres 2.1 and 2.2
for a single circular cylinder and bundle of staggered and inline four loyders,
respectively, mounted in a horizontal channel.Nu; and Nus are monitored in

these studies as an indicator of convergence.

3.4.1 Domain size study

The study of domain size is rst performed for steady ow in the rd geometrical
con guration shown in gure 2.1(a). Four physical domains, i.,e.M1, M2, M3,
and M 4, according to their upstreamL, and downstreamLq lengths from the
centre of the cylinder as explained in table 2.1, are chosen. The fadomains
are examined with and without the presence of porous media at twalues of
Reynolds numberRep, = 10 and 250, with polynomial orderp = 6. To suf-
ciently resolve the higher temperature gradients near the heatecylinder the
macro-element distribution is concentrated around its surface. hE macro-mesh
resolution is decreased in both the upstream and downstream ditiens to the
inlet and outlet boundaries where gradients are smaller. To captutke boundary
layers in the y-direction a ner mesh is employed near the walls with coarsen-
ing towards the core of the channel. The results of the study prsted in table
2.2, show that theM 2 and M 3 domains are appropriate choices for the porous

and empty channels, respectively, with numerical errors less th&dl% as mea-
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Domain Ly Ly macro-elements macro-nodes

M1  3D¢ 10D 670 615
M2  5Dg 12D 742 683
M3 8¢ 15D¢ 850 785
M4  8D¢ 20D 940 870

Table 3.1: Four physical domains chosen, with their upstream and downgeam
lengths, and the total number of macro-elements and nodes.

(a) Empty channel (b) Porous channel
Rep =10 Rep =250 Rep =10 Rep =250
Domain Nus¢ Nus Nus Nusg Nus¢ Nusg

M1 5.057827  19.441979 7.984645 0.129630 69.705124 0.130727
M2 5.122665 19.539155 7.968639 0.128593 69.699884 0.129716
M3 5.153913 19.660151 7.965108 0.128553 69.698501 0.129681
M4 5.153913 19.660764 7.965108 0.128553 69.698501 0.129681

Table 3.2: Domain size study for a steady forced convective ow in two; &) empty,
and (b) porous, channels for two values oRep = 10 and 250, with order of polynomial
p=6.

sured by uid and solid Nusselt number convergence. The distributio of the
computational macro-meshes for th& 2 andM 3 domains are described in gure

2.4.

The same domain lengths oM 2 and M 3 shown in table 2.1 are used for the
problem of steady ow over multi-cylinders, but with di erent numbers of macro-
elements and nodes due to the number of cylinders, for the caseathwnd without
the presence of porous media. Figures 2.5 and 2.6 show the compatel macro-
element meshes for the con gurations of staggered and inline mudtylinders,
respectively, forM 2 andM 3 channels. The mesh of the staggered arrangement is
plotted at spacing parametelSP = 2:75, while the mesh of the inline arrangement
is plotted at SP = 0:75. Once again, it is seen from the distribution of the
computational meshes in gures 2.5 and 2.6 that the resolution of éhmacro-mesh
is concentrated around the heated cylinders, and this resolutioredreases in both
the upstream and downstream directions to the inlet and outlet bandaries. Also,

a ner mesh is employed close the walls and coarser mesh close thes aufrthe
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(@) M 2 domain

(b) M 3 domain

Figure 3.4:. Typical computational macro-meshes for the; &) M 2 physical domain
used for steady ow in a porous channel, and ) M 3 physical domain used for steady
ow in an empty channel.

Staggered arrangement Inline arrangement

Domain elements nodes elements nodes
M 2 1836 1713 2328 2182
M3 2156 2023 2600 2449

Table 3.3: The total number of macro-elements and nodes used in the comyational
meshes of the staggered and inline multi-cylinders' arrangments, described in gures
2.5 and 2.6, for the cases of withM 2 and without M 3 of porous media.

channel. The total number of the macro-elements and nodes usedhe meshes
of the staggered and inline arrangements are given in table 2.3, fdr2 and M 3

channels.

To use theM 2 and M 3 physical domains for the problem of pulsatile ow
over a single cylinder inside porous and empty channels, and to erestinat they
are relevant for this application, the e ect of the their upstream lagth L, on
heat transfer from the cylinderNu; and Nus, is investigated. This investigation
is done by changing the upstream length within the range oftb L, 10D
for the M 2 domain, and within 8 Ly 12D for the M3 domain. This is
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(&) M 2 domain

(b) M 3 domain

Figure 3.5: Typical computational macro-mesh for banks of four staggeed cylinders
with spacing parameter SP = 2:75, for; (a) the M 2 domain used for the porous case,
and (b) the M 3 domain used for the case of without porous media.

achieved at the highest pulsation amplitude examined, i.eA = 3:0 in the porous
channel, andA = 0:7 in the empty channel, for the lowest and highest limits of
pulsation frequencySt = 0:1 and 20, and forRep = 1:0 and 250. The results
of the investigation are presented in tables 2.4 and 2.5, for both ahzels. It is
found that the M 2 domain with L, = 6Dy, and the M 3 domain with the same
original upstream lengthL, = 8Dy, are appropriate for oscillatory ows in these
channels with numerical errors less than:0%. Figure 2.7 depicts the in uence
of L, on the transient variation of N; over one period of a pulsating ow in the

porous channel, atA = 3:0 and St = 0:1, and forRep = 1:0 and 250.

3.4.2 Grid resolution study

In order to ascertain at what spectral resolution the solution bemmes grid inde-
pendent and subsequently which resolution provides a satisfaggocompromise

between accuracy and computational expense, a grid resolutidandy (GRS) for

80



(@) Rep =1:0

St=0:1 St=2:.0
Lu NuU ¢ Nusg Nus Nusg
5D 2.791911 0.191021 2.477719 0.187402
6D 2.759714 0.189347 2.477754 0.187405
7D 2.742694 0.188456 2.477729 0.187403
8D 2.737184 0.188149 2.477730 0.187403
9D 2.734957 0.188044 2.477730 0.187403
10D 2.734706 0.188030 2.477730 0.187403
(b) Rep =250
St=0:1 St=2:.0
Lu Nu ¢ Nusg Nus Nusg
5D 72.006157 0.290494 68.311690 0.301378
6D 71.038944 0.289071 68.311707 0.301378
7D  71.023951 0.288897 68.311714 0.301378
8D 71.023224 0.288896 68.311721 0.301378
9D 71.022825 0.288895 68.311722 0.301378
10D 71.022387 0.288893 68.311722 0.301378

Table 3.4: The e ect of upstream length of the M 2 domain allocated for the porous
channel, subjected to a non-zero pulsate ow at its highest aplitude A = 3:0, on
Nu; and Nug at (a) Rep = 1:0 and (b) 250, and for two minimum and maximum
frequency limitations st = 0:1 and 20.

Rep =1:0 Rep =250
St=0:1 St=2.0 St=0:1 St=2:.0
Lu Nu ¢ Nus Nus Nus
8D 2.328386 2.381161 24.002609 24.374326
9D 2.328386 2.381161 24.002609 24.374326
10D 2.328386 2.381161 24.002609 24.374326
11D 2.328386 2.381161 24.002609 24.374326
12D 2.328386 2.381161 24.002609 24.374326

Table 3.5: The e ect of upstream length of the M 3 domain allocated for the empty
channel, subjected to a non-zero pulsate ow at its highest enplitude A = 0:7, onNu;

at Rep = 1:0 and 250, and for two minimum and maximum frequency limitations
st =0:1 and 20.
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(&) M 2 domain

(b) M 3 domain

Figure 3.6: Typical computational macro-mesh for banks of four inline glinders
with spacing parameter SP = 0:75, for; (a) the M 2 domain used for the porous case,
and (b) the M 3 domain used for the case of without porous media.

the aforementioned meshes is undertaken. As described earlietetipolants of
orderp= N 1 are employed to represent the solution variables throughout the
spatial discretisation. This leads to a set oN N internal node points dur-
ing each macro-element of the mesh, while keeping the macro-eletayout the
same. Therefore, in the present study the mesh resolution is vatiby changing

the order of these interpolants from 2 to 8.

The GRS is carried out for the macro-element meshes of thd 2 and M 3
domains shown in gure 2.4 assigned for the case of a single cylindergald in a
horizontal channel, and for the macro-element meshes of the2 andM 3 domains
shown in gures 2.5 and 2.6 assigned for the case of staggered arichénmulti-
cylinders mounted in a horizontal channel. For the case of single cyder, the
GRS is rst achieved for the porous channel, i.e.M 2, at two lowest and highest
values of Reynolds numbeRep = 1 and 250, and at two minimum and maximum

values of each of the following parameters: solid-to- uid thermalonductivity
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(a) Fluid Nusselt number

(b) Solid Nusselt number

Figure 3.7: The e ect of upstream length of the M 2 domain for the porous channel
under a non-zero pulsate ow with amplitude A = 3:0 and frequencySt = 0:1, on the
transient variation of; (a) Nuf, and (b) Nus for a one period, at (Left) Rep = 1:0
and (Right) Rep = 250.

ratio k, = 0:01 and 1000; Biot numberBi = 0:01 and 100; and cylinder-to-
particle diameter ratio d, = 10 and 100, which govern the porous system. Then,
the GRS study is done for the empty channel, i.eM 3, at only Rep; =1 and 250.
Again, Nu; and Nug are monitored as an indication of accuracy. The results of
this case are presented in tables 2.6, 2.7, 2.8 and 2.9. Here the s@robf an
appropriate p value relied rather on the range op for which the solution does
not diverge. These results show thaNu; and Nug are converged byp = 6 for
the porous channel, andNus is converged byp = 7 for the empty channel, with
a relative error of less than 5%.

For the case of multi-cylinders, theGRS is implemented for both inline and

staggered arrangements, and for the empty and porous chatsas well, at only
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Rep =1:0

ke =0:01 k, = 1000
p N Ut Nus Nu¢ Nus
2 2.093937 0.208724 1.945964 0.124746
3 2.084829 0.208389 1.940192 0.124378
4 2.082658 0.208095 1.935207 0.124058
5 2.081221 0.207893 1.931993 0.123852
6 2.080121 0.207749 1.929790 0.123711
7 2.079330 0.207646 1.928184 0.123608
8 2.078717 0.207566 1.926967 0.123529

Rep =250

ke =0:01 k. = 1000
p N u¢ Nusg Nus Nusg
2 66.31117 0.303586 54.95857 0.260723
3 65.98328 0.302715 54.71937 0.259967
4 65.99555 0.302373 54.74098 0.259612
5 65.99180 0.302171 54.74359 0.259411
6 65.97858 0.302032 54.73227 0.259271
7 65.96869 0.301929 54.72206 0.259169
8 65.96135 0.301852 54.71413 0.259092

Table 3.6: Grid resolution study of the computational domain M 2 for a single cylin-
der embedded in a horizontal porous channel, at two minimum ad maximum values
of solid-to- uid thermal conductivity ratio k, = 0:01 and 1000, and at two lowest
and highest values of Reynolds numbeRep = 1:0 and 250. This is done by vary-
ing the interpolation polynomial order p within the range 2 8, while keeping the
macro-element layout the same.

the smallest and largest values of the spacing paramet@P = 1:5 and 3 between
the cylinders. This case is a little more di cult than the previous case iace the
numerical accuracy has to be satis ed foNu; and Nug of all the four cylinders.
This is accomplished also aRep = 1 and 250, and the results of this case indicate
that the values of Nu; and Nug for the four cylinders are well within again 6%
with p = 6 for the porous channel, and withp = 7 for the empty channel. Here, for
brevity, only the results of the front cylinder A in each arrangement are presented
in tables 2.10, 2.11, 2.12 and 2.13.

The numerical simulations for the domain and mesh resolution studi¢mve
been performed at a time-step t = 0:001 (determined by a Courant time-step

restriction), on the Monash (University) Sun Grid MSG) and National Compu-
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Rep =1:0

Bi =0:01 Bi =100
p N us Nus Nu¢ Nus
2 2544630 0.126913 2.453301 0.235783
3 2535916 0.126555 2.445354 0.235100
4 2533012 0.126237 2.442494 0.234799
5 2531002 0.126031 2.440490 0.234597
6 2529496 0.125890 2.438990 0.234452
7 2528403 0.125787 2.437900 0.234346
8 2527562 0.125709 2.437062 0.234266

Rep =250

Bi =0:01 Bi =100
p N u¢ Nug Nus Nug
2 67.99546 0.130639 67.89319 0.655912
3 67.64925 0.130263 67.54869 0.650291
4 67.66128 0.129938 67.56126 0.649493
5 67.65795 0.129724 67.55809 0.649283
6 67.64456 0.129577 67.54474 0.649137
7 67.63441 0.129473 67.53458 0.649034
8 67.62685 0.129395 67.52701 0.648956

Table 3.7: Grid resolution study of the computational domain M 2 for a single cylin-
der embedded in a horizontal porous channel, at two minimum ad maximum values
of Biot number Bi =0:01 and 100, and at two lowest and highest values of Reynolds
number Rep = 1:0 and 250. This is done by varying the interpolation polynomal
order p within the range 2 8, while keeping the macro-element layout the same.

tational Infrastructure (NCI ) high-performance computers.

3.5 Chapter summary

In this chapter, a description for the physical problem under corgeration in this
thesis is rst stated. Next, the mathematical model, i.e. the DarcyBrinkmann-
ForchheimerDBF momentum and the one- and two-equation energy models, that
describes the ow and heat phenomenon in porous media is presehigith an
appropriate assumptions. Then, a normalisation process using aoper dimen-
sionless variables to formulate a general non-dimensional form fbe macroscopic
mathematical model used, is performed. Following this, relevant Dohlet and

Neumann boundary conditions are speci ed that are employed in thaurrent in-
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Rep =1:0
Dey=d, =10 D¢y=d, =100

N us Nus Nu¢ Nus
2.409024 0.185074 2.596653 0.193798
2.404260 0.184718 2.583461 0.193727
2.400991 0.184395 2.578620 0.193615
2.398749 0.184185 2.575193 0.193461
2.397186 0.184042 2.573881 0.193360
2.396063 0.183938 2.573185 0.193281
2.395210 0.183859 2.572616 0.193215

00 ~NO O WNTDT

Rep =250
Dey=dp = 10 Dey,=0p = 100

N us Nusg Nu¢ Nusg
91.56000 0.273684 40.92436 0.349061
91.37153 0.273048 40.55497 0.347402
91.35897 0.272731 40.61156 0.347006
91.31966 0.272529 40.76205 0.346781
91.29128 0.272388 40.80610 0.346625
91.27201 0.272286 40.81810 0.346518
91.25765 0.272209 40.82188 0.346440

0O ~NO O WNTDT

Table 3.8: Grid resolution study of the computational domain M 2 for a single cylin-
der embedded in a horizontal porous channel, at two minimum ad maximum values
of cylinder-to-particle diameter ratio Dcy=d, = 10 and 100, and at two lowest and
highest values of Reynolds numbeRep = 1:0 and 250. This is done by varying the
interpolation polynomial order p within the range 2 8, while keeping the macro-
element layout the same.

Rep =1:0 Rep =250

N us Nus¢
2.086845  22.453573
2.084753 19.399868
2.082221 18.992643
2.080529 19.377584
2.079362 19.465532
2.078513 19.435192
8 2.077858 19.425336

N O Ok W NT

Table 3.9: Grid resolution study of the computational domain M 3 for a single cylin-
der placed in a horizontal empty channel, at two lowest and hihest values of Reynolds
number Rep = 1:0 and 250. This is done by varying the interpolation polynomal
order p within the range 2 8, while keeping the macro-element layout the same.
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Rep =1:0
SP=15 SP=3:0

N u¢ Nusg Nus Nusg
1.465940 0.105811 2.485226 0.180932
1.459136 0.105163 2.477214 0.180329
1.455365 0.104777 2.473191 0.179935
1.452807 0.104525 2.470577 0.179681
1.450975 0.104348 2.468757 0.179505
1.449566 0.104212 2.467463 0.179380
1.448953 0.104153 2.466449 0.179282

0O ~NO Ol WNTDT

Rep =250
SP=1:5 SP =3:0

N u¢ Nug Nus Nug
48.89282 0.169444 69.00218 0.301128
48.73988 0.168676 68.73723 0.300299
48.70266 0.168271 68.72283 0.299898
48.72026 0.168015 68.70536 0.299644
48.73662 0.167985 68.68897 0.299468
48.74995 0.167882 68.67657 0.299341
48.75491 0.167861 68.66711 0.299244

00O ~NO Ol WNTDT

Table 3.10: Grid resolution study of the computational domain M 2 for four stag-
gered cylinders embedded in a horizontal porous channel. Tk table shows the results
of only the front cylinder A at two minimum and maximum values of spacing pa-
rameter SP = 1:5 and 30, and at two values of Reynolds humberRep = 1:0 and
250.

Rep =1:0 Rep =250
SP=15 SP=3:0 SP=15 SP=3:0
N us Nu¢ Nu¢ Nus

1.066199 2.038929 15.25015 19.43185
1.059792 2.033090 13.65182 18.27510
1.055753 2.029119 13.59634 18.32084
1.053185 2.026571 13.65323 18.41300
1.051421 2.024817 13.66191 18.40881
1.050147 2.023539 13.65659 18.40993
1.049140 2.022570 13.65459 18.40991

00 ~NO O~ WNT

Table 3.11: Grid resolution study of the computational domain M 3 for four stag-
gered cylinders placed in a horizontal empty channel. This &ble shows the results of
only the front cylinder A, for SP =1:5 and 30, and at Rep = 1:0 and 250.
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Rep =1:0

SP=15

SP=3:0

N u¢

Nusg

Nus

Nusg

00O ~NO Ol WNDT

2.133478
2.116174
2.112479
2.109931
2.108127
2.106812
2.105780

0.136744
0.135757
0.135371
0.135119
0.134944
0.134817
0.134717

2.545001
2.526682
2.522761
2.520189
2.518384
2.517058
2.516046

Rep =250

0.191963
0.191016
0.190630
0.190377
0.190202
0.190075
0.189977

SP=15

SP=3:0

N u¢

Nus

N u;s

Nus

00 ~NO Ol WNTDT

68.29207
68.06833
68.05973
68.03801
68.02065
68.00807
67.99868

0.254285
0.253375
0.252970
0.252716
0.252541
0.252413
0.252316

69.61140
69.34052
69.32607
69.30967
69.29255
69.28008
69.27054

0.304836
0.303930
0.303520
0.303266
0.303091
0.302964
0.302866

Table 3.12: Grid resolution study of the computational domain M 2 for four inline
cylinders embedded in a horizontal porous channel. This tale shows the results of
only the front cylinder A at two minimum and maximum values of spacing parameter
SP =1:5 and 30, and at two values of Reynolds humbermRep = 1:0 and 250.

Table 3.13: Grid resolution study of the computational domain M 3 for four inline
cylinders placed in a horizontal empty channel. This table iows the results of only

Rep =1:0 Rep =250
SP=15 SP=3.0 SP=15 SP=30

P N u¢ Nus Nus Nus

2 1.255058 2.010588 19.949738 18.473362
3 1.249006 2.005596 18.341549 16.647298
4 1.245032 2.001674 18.480191 16.636018
5 1.242487 1.999131 18.567784 16.822433
6 1.240740 1.997380 18.580809 16.818516
7 1.239449 1.996097 18.584627 16.815137
8 1.238494 1.995110 18.584108 16.814505

the front cylinder A, at SP = 1:5 and 30, and at Rep =1:0
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vestigation to describe the pertinent hydrodynamic and thermalariables, i.e. the
velocity and temperature, on the inlet, outlet and solid boundariesThe numer-
ical technique, e.g. the spectral-element method, is also introduaiefor which
the discretisation of the system of highly-coupled governing equams in both
time and space is shown in some detail. In the last section, the comptional
meshes for the physical domains are developed, and a detailed domand grid-

resolution studies are presented.
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Chapter 4

Validation of the numerical code

4.1 Introduction

In order to validate the implementation, results from the present@de have been
compared with previously published numerical and experimental na¢s. A num-
ber of test problems have been used to provide benchmarks. Inilya the nu-
merical results of the code have been compared with numerical agxperimental
results for mixed and forced convective ows inside a channel andav a single
cylinder. Following this, it is validated for thermal predictions for muliple heat
sources, e.g. multiple cylinders, in both the presence and absentparous media

against related numerical studies.

4.2 Mixed convection of a jet impingement

As described in the literature review, to date there has been no cptate analysis
of unsteady non-equilibrium forced convective ow past a cylindernebedded in
porous media. Therefore, the numerical algorithm used in the exisy code is
rst veri ed against a closely related mathematical problem reporéd by Wong
& Saeid (2009). They analysed the problem of steady mixed convect aris-
ing from an air cooling jet impinging on an isothermal heated surfac®wtained
within a channel containing porous media under the TNE condition. They
used a nite-volume numerical approach with a lower-order powdaw scheme for
the convection-di usion formulation to discretise the generalisedBF momen-

tum model and other governing equations. Their problem is modeleding our
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approach.

The channel is lled by highly porous metal foam at constant porosjt” =
0:87. Non-Darcian e ects are taken into consideration, where theoe cient of
friction is xed at Crg = 0:1, during this study. The uid-to-solid thermal conduc-
tivity ratio is modeled as a porosity-scaled thermal conductivity rab parameter

= "ks=(1 ")ks, and the interfacial convective heat transfer coe cient is norma
ized with respect to uid thermal conductivity to obtain the volumetric convective
heat transfer parameteH, = ( hg a5t H?)=k; . The schematic diagram of the phys-
ical system with the macro computational mesh used here are prdgd in gure
3.1. The heat transfer and uid ow characteristics are considekto be symmet-
rical about the y-axis, hence only one half of the physical model is considered for
the computational domain. The upper wall of the channel is assuméo be cold
with a temperature ., while the bottom wall contains a hot surface at tempera-
ture 4 in the middle section and adiabatic surfaces covering the rest of thall.
The aspect ratio of the channel is (length/height)= (&5 + 2L)=L = 10 and the
jet opening width is taken as one tenth of the heat source lengthd22L = 0:1).
The heat source length is set to double the channel height.

The boundary conditions used are as follows:

at x =0 (Symmetry axis)
%:@:@V:uzo for (O<y<L)

atx =L+ S (Flow exit)

@s _ @f _ @U_ @V_
@x @x @x @x 0 o ©O<ys<bt)

aty =0 (Bottom surface)

u=v=0
. @s @f
= ;=1 for (O<x<L); otherwise — = — =
T ( : @y @y
aty =L (Top surface)
s= f=U= 0
v= 1 for (0<x<d); otherwise v=0 (4.2)

The size of the macro-grid used in this work is (49 18) elements, with high
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Figure 4.1: (a) Schematic diagram of the full physical system for the prdolem of jet
impingment cooling an isothermal heated surface immersedni a horizontal porous
channel together with the coordinate system, studied by Worg & Saeid (2009), and
(b) the computational macro-mesh used in the present study.

order of polynomial basis functionp = 7. The computational grid is compressed
in the x-direction towards the heat source, where steep variations in tireal and
velocity elds are expected, while in they-direction a ner mesh is employed
in the vicinity of the solid boundaries and a coarser mesh near the eoof the
channel. The present code is tested for dierent values of Recletumber, Pe,
and H,, and at a constant values of Rayleigh numbeRa = 100, Darcy number
Da=10 *and =1:0.

Figures 3.2 and 3.3 show a comparison between the results reporydiong
& Saeid (2009) and those predicted by the code for streamlines arstherms
for the uid and solid phases, forPe = 10;40, and 100, and atH, = 1:0. In
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gure 3.2, the streamlines of the uid ow at low Pe= 10 refer to the dominance
of free convection in the channel close to the heat source. Hentlee jet ow
enters the channel vertically downwards through the porous meon and hits
the heated segment making a turn, then passes through the middd¢ the two
secondary generated vortices towards the exit. It can be sedrat the strength of
these two vortices decreases and they shift towards the upsire direction asPe
increases to 40, and then they disappear &e = 100, which means that forced
convection becomes now dominant. The isotherms in gure 3.3 indi@that a
thermal plume forms in the region between the two vortices. It is ¢ that as
the ow becomes stronger the plume pushes towards the upstrealirection. The
comparisons of both streamlines and thermal elds are favourablalthough the
predictions from the current code are not identical to the publisteeresults. It is
di cult to ascertain the cause of the di erences, but it is worth noting that they

are small.

Figure 3.4 illustrates the comparison between the two numerical mels$ for the
variation of uid and solid average Nusselt numberdNu; and Nug respectively,
versus Pe over the range 1 1000, for two values ofH, = 1:0 and 1000. In
gure 3.4(a), Nu; is quite dierent from Nug which is relatively insensitive to
Pe. However, in gure 3.4(b), it can be noticed that the di erence betveenN u;¢
and Nus is small and their values are almost identical which indicates thermal
equilibrium. This is caused by increasing the heat transfer coe cienparameter
H, which represents the thermal contribution between the uid andalid phases.
As shown in these gures, there are small di erences in the resultsetween the
two numerical models { typically about 10%. The dierences may be aesult
of the lower-order numerical model used by Wong and Saeid. Howeyvthey did
not state their values of the thermal di usivity and heat capacity d the alloy of
metal foam used as their porous medium. These values had to berested from
data for the original alloy componentsk e(73%)Cr (20%)Al (5%)Y (2%)] based on
their percentages. However, again, the gures show very similarends, which

helps provide con dence in the implementation of the current code.
Another comparison for the velocity distribution close to the wall immpged
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(@) Pe=10

(b) Pe=40

(c) Pe=100

Figure 4.2: Comparison between the results of Wong & Saeid (2009) (Top) ad
those predicted by the present code (Bottom), for streamlires of air jet impingement
cooling of a heat source immersed in a porous channel, at theevalues of Reclet
number; (a) Pe= 10, (b) 40 and (c) 100.
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(@ Pe=10

(b) Pe=40

(c) Pe=100

Figure 4.3: Comparison between the results of Wong & Saeid (2009) (Top) ad
those predicted by the present code (Bottom), for isothermsof the uid phase (solid
lines), and the solid phase (dash lines), for an air jet impigement cooling of a heat
source immersed in a porous channel, at Reclet number (aP e = 10, (b) 40 and (c)
100.
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upon by the jet, at y = 0:002 above the heated segment, féte = 10 and 20, at
H, = 1:0, and for the variation of theLTNE parameter againstH,, at Pe= 100,
are presented in gure 3.5. Here, th& TNE parameter is de ned as:

LTNE = Ms 1 (4.2)

N

whereN is the total number of nodes in the domain. This is a simple measure of
the mean di erence between the uid and solid over the domain. Evethrough
this parameter is a weak function of the grid point distribution, whichis di erent
in each case, excellent agreement between the two numerical tessgan be seen

in this gure.

4.3 Forced convection over a single cylinder

It is essential that the numerical results be veri ed against reliablexperimen-
tal work to investigate the degree of accuracy of the current moerical ndings.
Therefore, in this section, the numerical results are benchmarkeagainst ex-
perimental results obtained by Nasret al. (1994) for air forced convection heat
transfer from an unbounded circular cylinder surrounded by sphieal particles,
as shown in gure 3.6(a). In their experimental set up, the cylinders embedded
in a large vertical bed to avoid the e ects of the solid boundaries. lts heated
at a constant temperatureT,, and cooled by the external owT, coming from
the top of the bed. The comparison is made for three kinds of parlicmaterials,
nylon, glass and aluminum as the solid phase, with solid/ uid thermal aaduc-
tivity ratios k, = 8:7;38 and 7605, and with di erent sizesd, = 6:35,2:85 and
1223 mm, respectively. Constant values of porosity = 0:37 and cylinder diam-
eter D = 12:7 mm are used. In their work, they reduced the experimental data
to dimensionless parameters such as Nusselt number and Recletmher. Accord-
ing to their recommendation, the model of Zehner & Schluender (19) is used to
calculate the e ective stagnant thermal conductivity in the energ equation while
the dispersion-enhanced conductivity is neglected. Thus, the pars medium is
treated as a continuum by volume-averaging the thermal di usivityof the solid

and uid phases. Therefore, the present code was adjusted td this particular
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(@) At Hy=1:0

(b) At H, = 1000

Figure 4.4: Comparison between the results of Wong & Saeid (2009) and thse
reproduced by the present code for the variation of average bsselt number for the
uid and solid phase against Reclet number at: (a) H, =1:0, and (b) H, = 1000.
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(a) The local velocity variation

(b) The LTNE variation

Figure 4.5: Comparison between the two numerical models: the present nael and
the model used by Wong & Saeid (2009), (a) for the variation of(u-velocity Pe) at
y = 0:002 along the heat source, for two values oP e = 10 and 20, with H, = 1:0,
and (b) for the variation of the LTNE parameter againstH, at Pe= 100.
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case, and reproduce the experimental results. The computatednmacro-mesh
used in the numerical work is shown in gure 3.6(b). The large dimensis of
the computational domain were chosen to limit boundary e ects. Té height of
the computational domain is selected to bél = 12Dy, while the total width is

L =10D.y. The boundary conditions employed here are as follows:

aty =+ H=2 (Flow inlet)

Vo= Lu= =0 for ( L=2<x< +L=2)
aty= H=2 (Flow exit)

@ _ @u_ Qv

—=—=—=0 for L=2<x< +L=2

@y @y @y ( )
atx= L (Free ow)

@v_ @

ax @X=u=0 for ( H=2<y< +H=2)

at (Cylinder surface)

=1l,u=v=0 (4.3)

Figures 3.7 and 3.8 show the results of the comparison for the varat of
Nusselt number with Reclet number, Pey based on the cylinder diameter, for
the three particle materials mentioned above. There is clearly goodjr@ement
between the numerical predictions, the experimental results ands a further com-
parison, with the analytical solutions made by Cheng (1982) for mideconvection
about a horizontal cylinder embedded in a uid-saturated porous edium. Cheng

obtained similarity solutions using the Darcy model in the boundary-kger region.

4.4 Forced convection over a bundle of cylinders

The validity of the present numerical scheme for its ability to predictthermal
results in the case of heated multiple cylinders is veri ed in this sectiorValidation

is achieved in two steps; with and without the presence of porous dia.

4.4.1 With porous media

First, the case of multi-cylinders embedded in a porous medium wasaexined

and comparison made with the numerical predictions of Layeghi (28). They
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________________________________)

(a) The physical domain and coordinate system

(b) Computational macro-mesh

Figure 4.6: (a) Schematic diagram of the problem of forced convection fim an

unbounded circular cylinder surrounded by spherical partcles, investigated experi-
mentally by Nasr et al. (1994), and (b) the computational macro-mesh used here to
reproduce their results.
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(a) For packed bed of nylon spheres

(b) For packed bed of glass spheres

Figure 4.7: Comparison between the present algorithm with the experimatal data
obtained by Nasr et al. (1994) for air forced convection heat transfer from a circuar
cylinder, D = 12:7 mm, embedded in a packed bed of: (a) nylon spheres with
dp = 6:35mm, and (b) glass spheres withd, = 2:85 mm.
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Figure 4.8: Comparison between the present algorithm with the experimatal data
obtained by Nasr et al. (1994) for air forced convection heat transfer from a circuar
cylinder, D = 12:7 mm, embedded in a packed bed of aluminum spheres witd, =
1223 mm.

analyzed forced convective heat transfer from the rst threeaws of staggered
heated tube bundles immersed in a low thermal conductivity woodenopous
medium using a nite-volume approach. TheDBF momentum model, and the
simple one-equation energy model, were used in their study to estimahe ow

and thermal elds, respectively. The continuum assumption was eployed to

calculate the thermal properties of the porous medium, and the ghsrsion e ect
was incorporated into their model. The current model has been ruor the same
parameters. Four tubes from the bundle have been selected in theesent study
to test the heat transfer from the rst three rows. The schem@éc diagram for
this case and a typical computational mesh used for the computahs, are shown
in gure 3.9. The staggered tubes are arranged in an equilateraliangle form

with longitudinal pitch p, = 1:3, and transverse pitchp; = 0:75. The relevant
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(a) Schematic diagram with the coordinate system

(b) Computational mesh used

Figure 4.9: (a) Physical domain for the problem of forced convective heatransfer
from a staggered tube bundle embedded in a porous medium exaned by Layeghi
(2008), and (b) computational mesh used in the present study

boundary conditions for the solution domain are as follows:

at x =0 (Flow inlet)

u=1,v= =0 for O<y<H)
at x = L (Flow exit)
@u_ @v_ @
- = —_— = = = < X<
@x @x @XOfor(OxH)
aty=0and H (Symmetrical lines AB and CD except tubes)
@u @

—=—=v=0 for (0 <x<L
@y @y ( )
at (Tubes' surfaces)

=1l,u=v=0 (4.4)

The numerical simulations have been performed at Prandtl numbé&tr = 0:7
for air with a solid-to- uid thermal conductivity ratio ks=k; = 2:5, Darcy number
Da = 0:25 and porosity” = 0:6, for two values of Reynolds numbeRe.x =
100 and 300. WhereRen s is based on the maximum velocCityuyax Which is
the average velocity at the minimum cross-sectional area, and aalited by the
following expression:

Urnax _ max p=D¢y | 0:5p:=Dy¢y
Uo Pt=Dqy 1’ [(O:5pt:Dcy)2 +( plchy)z]O:5 1

Our numerical results for the local Nusselt number based on theef stream

(4.5)

temperature are compared with their results and presented in ge 3.10. The
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local Nusselt number is plotted along the half-perimeters for the gt three rows
from the leading point to the trailing point in the ow direction. As may be seen

from gure 3.10, the comparison shows very good agreement.

4.4.2 Without porous media

In the rst validation step above, the numerical results have beenhecked against
those of Buyruk (2002) for forced convection heat transferdm a bank of cylinders
mounted in an empty channel. This investigation is performed for twgeome-
tries: three isothermal cylinders in a staggered geometry, andrffour cylinders
in an inline geometry, placed in very wide horizontal channel to eliminatthe
e ect of channel blockage. Figure 3.11 depicts the physical setop the problem.
The cylinders are heated afl,, and mounted in a uniform cross- ow with velocity
U, and temperature T,. In the present study, the cylinders are assumed to be
unbounded. The longitudinal and transverse pitches between cytiars are kept
constantpp = 2 and p; = 2, respectively. The numerical code was adjusted to
accommodate the assumption of this problem for a clear convectiveéd ow.
Figure 3.12 shows the numerical meshes used here for both stagdend inline
con gurations. Far boundaries are chosen, i.e. the dimensions dfet computa-
tional domains areL = 14Dy in length, andH = 12Dy in height, to satisfy their
boundary conditions. The following dimensionless boundary conditisrused for

this case are:

at x =0 (Flow inlet)

Uu=1;v= =0 for O<y<H)
at x = L (Flow exit)

@ _ @Qu_ @v_

@x @x @X—O for (0<x<H)
aty=0and H (Free ow)

@u @

—=—=v=0 for (0 <x<L

@y @y ( )

at (Cylinders' surfaces)

=1l;,u=v=0 (4.6)
The current transient numerical ndings at steady state that have been ob-
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(@) At Remax =100

(b) At Remax = 300

Figure 4.10: Comparison between two numerical models: the present modeaind the
model used by Layeghi (2008) for local convective heat trarfer from the rst three
rows of a staggered tube bundle embedded in a wooden porous diem ks=ki = 2:5,
at maximum Reynolds humber @) Remax = 100, and (b) 300.
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tained at Rep = 80 and Pr = 0:7, and compared with the numerical results
reported by Buyruk. These are presented in gures:33 3:15. Buyruk employed
the ANSYS software program that employs the nite-volume methd for predic-
tions. Figures 3.13 and 3.14 show the comparison for the predictiooistempera-
ture contours around the three staggered cylinders and the foinline cylinders,
respectively. The results show asymmetrical temperature conto distributions
from the rst and second rows of cylinders in both arrangementsWhereas, ¢-
ure 3.15 shows comparisons for the distributions of the local Nuksaimber N u-
along the surface of the two rows of the cylinders. An asymmetricdistribution
for Nu. is observed for the staggered con guration, but it is not obserdefor
the inline con guration. As can be seen from these gures that theomparisons

display a satisfactory agreement between the two numerical salomns.

4.5 Validation summary

In this chapter, the numerical program has been used to produaav and thermal

predictions for a number of di erent problems, both experimentaand numeri-
cal, that have appeared in the literature. This validation has been p®rmed for
di erent kinds of convective ows, e.g., mixed and forced, over a syte and mul-
tiple cylinder con gurations, and with and without the presence of prous media.
In general very good agreement has between achieved with dewat typically

10% or much less for most of the comparisons. Since some of the trparame-
ters, models and materials are uncertain for some of the publisheidies (and
hence they had to be estimated), and it is unclear the resolution emrassociated
with published numerical predictions, the match-up appears to becaeptable.
Therefore, it can be concluded that the implementation is reliable tareulate the

problems tackled in this thesis.
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(a) Three cylinders in staggered con guration

) ¥ 2 '
e T] _____ (-
iy :

£ et o
(b) Four cylinders in inline con guration

Figure 4.11. Physical domain used by Buyruk (2002) to investigate forcedconvec-
tion heat transfer from an unbounded bundle of: (a) three cyinders in staggered
con guration, and (b) four cylinders in inline con guratio n. This case was studied in
the absence of porous media.
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(@)

(b)

Figure 4.12: Computational grids used in the present study to reproduce he results
of Buyruk (2002) for forced convection heat transfer from anunbounded bundle
of: (a) three cylinders in staggered con guration, and (b) four cylinders in inline

con guration.

109



(a) Isotherms of Buyruk (2002)

(b) Present prediction

Figure 4.13: Comparison between; (a) the numerical model used by BuyrukZ002),
and (b) the present model, for predicting temperature contairs of forced convective
ow over three unbounded circular cylinders in staggered arangement, at Reynolds
number Rep = 80, and at longitudinal and transverse pitchesp, = p; = 2.
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(a) Isotherms of Buyruk (2002)

(b) Present prediction

Figure 4.14: Comparison between; (a) the numerical model used by BuyrukZ002),
and (b) the present model, for predicting temperature contairs of forced convective
ow over three unbounded circular cylinders in inline arrangement, at Reynolds num-
ber Rep =80, and at longitudinal and transverse pitchesp, = p; = 2.
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(a) For staggered cylinders con guration

(b) For inline cylinders con guration

Figure 4.15: Comparison of the local Nusselt number distribution aroundthe rst
and second rows of; (a) the staggered cylinders, and (b) thenline cylinders, of
the present work against the numerical solution of Buyruk (2002). These plots are

obtained at Rep =80 and p; = p; = 2.

112



Bibliography

Achenbach, E. 1995 Heat and ow characteristics of packed bedExperimental
Thermal and Fluid SciencelO (1), 17{27.

Aiba, S. 1990 Heat transfer around a tube in in-line tube banks near a plane
wall. Transactions of the ASME, Journal of Heat Transfer112, 933{938.

Al-Nimr, M. A. & Abu-Hijleh, B. A. 2002 Validation of thermal equilibrium
assumption in transient forced convection ow in porous channelransport in
Porous Media49 (2), 127{138.

Alazmi, B. & Vafai, K. 2000 Analysis of variants within the porous media
transport models.Journal of Heat Transfer 122 (2), 303{326.

Alazmi, B. & Vafai, K. 2002 Constant wall heat ux boundary conditions
in porous media under local thermal non-equilibrium conditiondnternational
Journal of Heat and Mass Transfer45 (15), 3071{3087.

Aldoss, T. K., Alkam, M. & Shatarah, M. 2004 Natural convection from
a horizontal annulus partially lled with porous medium. International Com-
munications in Heat and Mass Transfer31 (3), 441{452.

Amiri, A. & Vafai, K. 1994 Analysis of dispersion e ects and non-thermal
equilibrium, non-darcian, variable porosity incompressible ow throgh porous
media. International Journal of Heat and Mass Transfer37 (6), 939{954.

Amiri, A. & Vafai, K. 1998 Transient analysis of incompressible ow through
a packed bedInternational Journal of Heat and Mass Transfer4l (24), 4259{
4279.

Amiri, A., Vafai, K. & Kuzay, T. M. 1995 E ects of boundary conditions on
non-darcian heat transfer through porous media and experimeitcomparisons.
Numerical Heat Transfer; Part A 27 (6), 651{664.

113



Anderson, T. B. & Jackson, R. 1967 A uid mechanical description of u-
idized beds: Equations of motionindustrial and Engineering Chemistry Fun-
damentals6 (4), 527{539.

Badr, H. M. & Pop, I. 1988 Combined convection from an isothermal hori-
zontal rod buried in a porous mediumIinternational Journal of Heat and Mass
Transfer 31 (12), 2527{2541.

Badruddin, I. A., Zainal, Z. A., Narayana, P. A. A. & Seetharamu,
K. N. 2006 Thermal non-equilibrium modeling of heat transfer through vical
annulus embedded with porous mediuminternational Journal of Heat and
Mass Transfer 49 (25-26), 4955{4965.

Banu, N. & Rees, D. A. S. 2002 Onset of darcy-benard convection using a
thermal non-equilibrium model.International Journal of Heat and Mass Trans-
fer 45 (11), 2221{2228.

Barbosa Mota, J. P. & Saatdjian, E. 1995 Natural convection in porous
cylindrical annuli. International Journal of Numerical Methods for Heat and
Fluid Flow 5 (1), 3{12.

Barbosa Mota, J. P. & Saatdjian, E. 1997 On the reduction of natural
convection heat transfer in horizontal eccentric annuli containop saturated
porous media.International Journal of Numerical Methods for Heat and Flid
Flow 7 (4), 401{416.

Bartlett, R. F. & Viskanta, R. 1996 Enhancement of forced convection in
an asymmetrically heated duct lled with high thermal conductivity porous
media. Journal of Enhhanced Heat Transfer3 (4), 291{299.

Bau, H. H. 1984a Convective heat losses from a pipe buried in a semi-in nite
porous medium.International Journal of Heat and Mass Transfer27 (11),
2047{2056.

Bau, H. H. 1984b Thermal convection in a horizontal, eccentric annulus con-
taining a saturated porous medium - an extended perturbation egnsion. In-
ternational Journal of Heat and Mass Transfer27 (12), 2277{2287.

Baytas, A. C. 2003 Thermal non-equilibrium natural convection in a square
enclosure lled with a heat-generating solid phase, non-darcy pare medium.
International Journal of Energy Research27 (10), 975{988.

114



Baytas, A. C. & Pop, |. 2002 Free convection in a square porous cavity using
a thermal nonequilibrium model. International Journal of Thermal Sciences
41 (9), 861{870.

Bear, J. 1972Dynamics of uids in porous media American Elsevier, New York.

Bejan, A. 1995 The optimal spacing for cylinders in cross ow forced convemh.
Transaction of the ASME, Journal of Heat Transfer117, 767{770.

Bejan, A. & Kraus, A. D. 2003Heat Transfer Handbook. Wiley, New York.

Benenati, R. F. & Brosilow, C. B. 1962 Void fraction distribution in beds
of spheresA.l.Ch.E. Journal 8 (3), 359{361.

Bhattacharyya, S. & Singh, A. K. 2009 Augmentation of heat transfer from
a solid cylinder wrapped with a porous layernternational Journal of Heat and
Mass Transfer 52 (7-8), 1991{2001.

Brinkmann, H. C. 1949 A calculation of the viscous force exerted by a owing
uid on a dense swarm of particlesApplied Scienti c Researchl (1), 27{34.

Burns, P. J. & Tien, C. L. 1979 Natural convection in porous media bounded
by concentric spheres and horizontal cylindergnternational Journal of Heat
and Mass Transfer22 (6), 929{39.

Buyruk, E. 2002 Numerical study of heat transfer characteristics on tanoe
cylinders, inline and staggered tube banks in cross- ow of aiinternational
Communications in Heat and Mass Transfe29 (3), 355{366.

Caltagirone, J. P. 1976 Thermoconvective instabilities in a porous medium
bounded by two concentric horizontal cylindersJournal of Fluid Mechanics
76 (2), 337{362.

Canuto, C. 1988Spectral methods in uid dynamicsSpringer-Verlag, New York.

Carbonell, R. G. & Whitaker, S. 1984 Heat and mass transfer in porous
media. In Fundamentals of transport phenomena in porous med{ad. J. Bear
& M. Y. Corapcioglu), pp. 121{198. Martinus Nijho , Dordrecht (B oston).

Celli, M. & Rees, D. A. S.; Barletta, A. 2010 The e ect of local thermal
non-equilibrium on forced convection boundary layer ow from a head surface
in porous media.International Journal of Heat and Mass Transfer53, 3533{
3539, in press.

115



Charrier-Mojtabi, M. C., Mojtabi, A., Azaiez, M. & Labrosse, G
1991 Numerical and experimental study of multicellular free convean ows
in an annular porous layer.International Journal of Heat and Mass Transfer
34 (12), 3061{3074.

Chen, G. & Hadim, H. A. 1998 Numerical study of non-darcy forced convection
in a packed bed saturated with a power-law uid.Journal of Porous Media
1 (2), 147{157.

Chen, G. & Hadim, H. A. 1999 Numerical study of three-dimensional non-
darcy forced convection in a square porous dudnternational Journal of Nu-
merical Methods for Heat and Fluid Flow9 (2), 151{1609.

Cheng, C. Y. 2007a A boundary layer analysis of heat transfer by free convieat
from permeable horizontal cylinders of elliptic cross-section in pars media
using a thermal non-equilibrium modellnternational Communications in Heat
and Mass Transfer34 (5), 613{622.

Cheng, C. Y. 2007b Nonsimilar solutions for free convection from horizontal
cylinders of elliptic cross section embedded in porous media using arthel
non-equilibrium model. WSEAS Transactions on Mathematics$ (5), 633 { 638.

Cheng, P. 1977 Combined free and forced convection ow about inclined sucks
in porous media.International Journal of Heat and Mass Transfer20 (8), 807{
814.

Cheng, P. 1981 Thermal dispersion e ects in nhon-darcian convective ows in a
saturated porous mediumlLetters in Heat and Mass Transfer8 (4), 267{270.

Cheng, P. 1982 Mixed convection about a horizontal cylinder and a sphere in
a uid-saturated porous medium.International Journal of Heat Mass Transfer
25 (8), 1245{1247.

Cheng, P. 1985 Natural convection in a porous medium: External ows. In
Natural convection: Fundamentals and applicationged. S. Kakac, W. Aung &
R. Viskanta), pp. 453{475. Martinus Nijho, The Hague, The Netlerlands.

Cheng, P. & Vortmeyer, D. 1988 Transverse thermal dispersion and wall
channelling in a packed bed with forced convective owChemical Engineering
Science43 (9), 2523{2532.

116



Cho, H. W. & Hyun, J. M. 1990 Numerical solutions of pulsating ow and
heat transfer characteristics in a pipelnternational Journal of Heat and Fluid
Flow 11 (4), 321{330.

Chorin, A. J. 1968 Numerical solution of the navier-stokes equationslathe-
matics of Computation22 (104), 745{762.

Chou, F. C. & Chung, P. Y. 1995 E ect of stagnhant conductivity on non-
darcian mixed convection in horizontal square packed channeldumerical Heat
Transfer; Part A: Applications 27 (2), 195{209.

Chrysler, G. M. & Simons, R. E. 1990 Experimental investigation of the
forced convection heat transfer characteristics of uorocadm liquid owing
through a packed-bed for immersion cooling of microelectronic hesaurces. In
Parallel and Vector Computation in Heat Transfer - Presenié at AIAA/ASME
Thermophysics and Heat Transfer Conferencep. 21{27. Seattle, WA, USA.

Cooper, W. L., Nee, V. W. & Yang, K. T. 1994 An experimental investiga-
tion of convective heat transfer from the heated oor of a rectagular duct to a
low frequency, large tidal displacement oscillatory owlnternational Journal
of Heat and Mass Transfer37 (4), 581{592.

Darcy, H. 1856Les Fontaines Publiques de la Ville de DijarDalmont, Paris.

David, G. L. & Cheng, P. 1991 A numerical solution of variable porosity e ects
on natural convection in a packed -sphere cavityournal of Heat Transfer 113,
391{399.

Dixon, A. G. & Cresswell, D. L. 1979 Theoretical prediction of e ective
heat transfer parameters in packed bed#®IChE Journal 25 (4), 663{676.

Dullien, F. A.  1979Media uid transport and pore structure. Academic Press,
New York.

Eckert, E. R. G. & Drake, R. M. 1972Analysis of Heat and Mass Transfer
McGraw-Hill, New York.

Ehyaei, D., Honari, H. & Rahimian, M. 2009 Prediction of forced convection
ow in a parallel plate channel lled with porous media. In Proceedings of the
7th International Conference on Nanochannels, Microcharmts, and Minichan-
nels 2009, ICNMM2009 , vol. 1, pp. 631{635. Pohang, South Korea.

117



Ergun, S. 1952 Fluid ow through packed columns.Chemical Engineering
Progress48 (2), 89{94.

Facas, G. N. 1994 Reducing the heat transfer from a hot pipe buried in a semi-
in nite, saturated, porous medium.Journal of Heat Transfer 116 (2), 473{476.

Facas, G. N. 1995a Natural convection from a buried elliptic heat sourcén-
ternational Journal of Heat and Fluid Flow16 (6), 519{526.

Facas, G. N. 1995b Natural convection from a buried pipe with external ba es.
Numerical Heat Transfer, Part A 27, 595{609.

Faghri, M., Javdani, K. & Faghri, A. 1979 Heat transfer with laminar
pulsating ow in a pipe. Letters in Heat and Mass Transfer6 (4), 259{270.

Fand, R. M. & Phan, R. T. =~ 1987 Combined forced and natural convection heat
transfer from a horizontal cylinder embedded in a porous mediurmternational
Journal of Heat and Mass Transfer30 (7), 1351 { 1358.

Fand, R. M., Steinberger, T. E. & Cheng, P. 1986 Natural convection heat
transfer from a horizontal cylinder embedded in a porous mediurmternational
Journal of Heat and Mass Transfer29 (1), 119133.

Fernandez, R. T. & Schrock, V. E. 1982 Natural convection from cylinders
buried in a liquid-saturated porous medium. IrProceedings of the International
Heat Transfer Conference, vol. 2, pp. 335{340. Munich, Germany.

Fletcher, C. A. J. 1984 Computational Galerkin methods Springer-Verlag,
New York.

Fletcher, C. A. J. 1991 Computational techniques for uid dynamics, vol. 1
Springer-Verlag, New York.

Forchheimer, P. H. 1901 Wasserbewegung durch bodezeitschrift Vereines
Deutscher Ingenieure45 (50), 1782{1788.

Forooghi, P., Abkar, M. & Saffar-Avval, M. 2011 Steady and unsteady
heat transfer in a channel partially lled with porous media under themal
non-equilibrium condition. Transport in Porous Media 86 (1), 177{198.

Fu, K. C., Huang, X. Y. & Liu, C. Y. 2001 An experimental study of
heat transfer of a porous channel subjected to oscillating owlournal of Heat
Transfer 123 (1), 162{170.

118



Gamson, B. W., Thodos, G. & Hougen, O. A. 1943 Heat, mass and mo-
mentum transfer in the ow of gases through granular solidsTrans. AIChE
39, 1{35.

Guo, Z. & Sung, H. J. 1997 Analysis of the nusselt number in pulsating pipe
ow. International Journal of Heat and Mass Transfer40 (10), 2486{2489.

Haddad, O. M., Al-Nimr, M. A. & Al-Khateeb, A. N. 2004 Validation of
the local thermal equilibrium assumption in natural convection frona vertical
plate embedded in porous medium: Non-darcian modéhternational Journal
of Heat and Mass Transfer47 (8-9), 2037{2042.

Hadim, H. & Vafai, K. 2000 Overview of current computational studies of
heat transfer in porous media and their applications-forced corstoon and
multiphase heat transfer.Advances in Numerical Heat Transfer2, 291{329.

He, Y. L., Yang, W. W., Zhao, C. F. & Tao, W. Q. 2005 Numerical
study of enhancing heat transfer by pulsating ow.Journal of Engineering
Thermophysics26 (3), 495{497.

Himasekhar, K. & Bau, H. H. 1986 Large rayleigh number convection in a
horizontal, eccentric annulus containing saturated porous medilmternational
Journal of Heat and Mass Transfer29 (5), 703{712.

Himasekhar, K. & Bau, H. H. 1987 Thermal convection associated with
hot/cold pipes buried in a semi-in nite, saturated, porous medium.lnterna-
tional Journal of Heat and Mass Transfer30 (2), 263{273.

Himasekhar, K. & Bau, H. H. 1988a Thermal convection around a heated
source embedded in a box containing a saturated porous mediudournal of
Heat Transfer 110 (3), 649{654.

Himasekhar, K. & Bau, H. H. 1988b Two-dimensional bifurcation phenom-
ena in thermal convection in horizontal, concentric annuli containig saturated
porous media.Journal of Fluid Mechanics187, 267{300.

Horton, C. W. & Rogers, F. T. 1945 Convection currents in a porous
medium. Journal of Applied Physics16, 367{370.

Hsiao, S. W., Cheng, P. & Chen, C. K. 1992 Non-uniform porosity and ther-
mal dispersion e ects on natural convection about a heated hodntal cylinder

119



in an enclosed porous mediumnternational Journal of Heat and Mass Trans-
fer 35 (12), 3407{3418.

Hsu, C. T. & Cheng, P. 1990 Thermal dispersion in a porous mediunhnter-
national Journal of Heat and Mass Transfer33 (8), 1587{1597.

Huang, M. J., Yih, K. A., Chou, Y. L. & Chen, C. K. 1986 Mixed convec-
tion ow over a horizontal cylinder or a sphere embedded in a satuted porous
medium. Journal of Heat Transfer 108 (2), 469{471.

Huang, P. C. & Yang, C. F. 2008 Analysis of pulsating convection from two
heat sources mounted with porous blockgnternational Journal of Heat and
Mass Transfer 51 (25-26), 6294{6311.

Huang, Z. F., Nakayama, A., Yang, K., Yang, C. & Liu, W. 2010 En-
hancing heat transfer in the core ow by using porous medium insen a tube.
International Journal of Heat and Mass Transfer53 (5-6), 1164{1174.

Hwang, G. J. & Chao, C. H. 1994 Heat transfer measurement and analysis for
sintered porous channelslransactions of the ASME. Journal of Heat Transfer
116 (2), 456{464.

Ingham, D. B., Bejan, A. & Mamut, E. 2004 Emerging Technologies and
Techniques in Porous MediaKluwer Academic, Dordrecht.

Ingham, D. B. & Pop, I. 1987 Natural convection about a heated horizontal
cylinder in a porous medium.Journal of Fluid Mechanics184, 157{181.

Ingham, D. B. & Pop, I.  1998Transport phenomenon in porous media, vol. 1.
Pergamon, Oxford.

Ingham, D. B. & Pop, I.  2002Transport phenomenon in porous media, vol. 2.
Pergamon, Oxford.

Iwai, H., Mambo, T., Yamamoto, N. & Suzuki, K. 2004 Laminar con-
vective heat transfer from a circular cylinder exposed to a low fregncy zero-
mean velocity oscillating ow. International Journal of Heat and Mass Transfer
47 (21), 4659{4672.

Jeigarnik, U. A., Ivanov, F. P. & lkranikov, N. P. 1991 Experimental
data on heat transfer and hydraulic resistance in unregulated paus structures
(in russian). Teploenergetika21, 33{38.

120



Ji, T. H, Kim, S. Y. & Hyun, J. M. 2008 Experiments on heat transfer
enhancement from a heated square cylinder in a pulsating channew. Inter-
national Journal of Heat and Mass Transfer51 (5-6), 1130{1138.

Jiang, P. X,, Li, M., Ma, Y. C. & Ren, Z. P. 2004a Boundary conditions and
wall e ect for forced convection heat transfer in sintered poraiplate channels.
International Journal of Heat and Mass Transfer47 (10-11), 2073{2083.

Jiang, P. X. & Ren, Z. P. 2001 Numerical investigation of forced convection
heat transfer in porous media using a thermal non-equilibrium modédhterna-
tional Journal of Heat and Fluid Flow 22 (1), 102{110.

Jiang, P. X., Ren, Z. P., Wang, B. X. & Wang, Z. 1996a Forced convective
heat transfer in a plate channel lled with solid particles.Journal of Thermal
Science5 (1), 43{53.

Jiang, P. X., Si, G. S., Li, M. & Ren, Z. P. 2004b Experimental and
numerical investigation of forced convection heat transfer of ain non-sintered
porous media.Experimental Thermal and Fluid Science8 (6), 545{555.

Jiang, P. X., Wang, B. X, Luo, D. A. & Ren, Z. P. 1996b Fluid ow and
convective heat transfer in a vertical porous annulu®lumerical Heat Transfer;
Part A: Applications 30 (3), 305{320.

Jiang, P. X., Wang, B. X. & Ren, Z. P. 1994 A numerical investigation
of mixed convection in a vertical porous annulus. IfProceedings of the 10th
International Heat Transfer Conference pp. 303{308. Brighton, UK.

Jiang, P. X., Wang, Z., Ren, Z. P. & Wang, B. X. 1999 Experimental
research of uid ow and convection heat transfer in plate chanrle lled with
glass or metallic particles.Experimental Thermal and Fluid Science20 (1),
45{54.

Jubran, B. A., Hamdan, M. A. & Abdualh, R. M. 1993 Enhanced heat
transfer, missing pin, and optimization for cylindrical pin n arrays. Transac-
tions of the ASME, Journal of Heat Transfer115, 576{583.

Jue, T. C. 2003 Analysis of thermal convection in a uid-saturated porous @iy
with internal heat generation.Heat and Mass Transfer40 (1-2), 83{89.

Jue, T. C., Wu, H. W. & Huang, S. Y. 2001 Heat transfer predictions around
three heated cylinders between two parallel platetéNumerical Heat Transfer,
Part A 40, 715{733.

121



Karniadakis, G. E., Israeli, M. & Orszag, S. A. 1991 High-order splitting
methods for the incompressible navier-stokes equationkurnal of Computa-
tional Physics 97 (2), 414{443.

Karniadakis, G. E. & Shemwin, S. J. 2005 Spectral/hp methods for compu-
tational uid dynamics. Oxford University Press, Oxford.

Kaviany, M. 1986 Non-darcian e ects on natural convection in porous media
con ned between horizontal cylindersinternational Journal of Heat and Mass
Transfer 29 (10), 1513{1519.

Kaviany, M. 1995Principles of heat transfer in porous mediaSpringer-Verlag,
New York.

Kaviany, M. 1999Principles of heat transfer in porous mediaSpringer-Verlag,
New York.

Khashan, S. A., Al-Amiri, A. M. & Al-Nimr, M. A. 2005 Assessment of the
local thermal non-equilibrium condition in developing forced conveicin ows
through uid-saturated porous tubes. Applied Thermal Engineering25 (10),
1429{1445.

Khashan, S. A., Al-Amiri, A. M. & Pop, |. 2006 Numerical simulation of
natural convection heat transfer in a porous cavity heated frorbelow using a
non-darcian and thermal non-equilibrium modellnternational Journal of Heat
and Mass Transfer49 (5-6), 1039{1049.

Khashan, S. A. & Al-Nimr, M. A. 2005 Validation of the local thermal
equilibrium assumption in forced convection of non-newtonian uidshrough
porous channelsTransport in Porous Media 61 (3), 291{305.

Khodadadi, J. M. 1991 Oscillatory uid ow through a porous medium channel
bounded by two impermeable parallel platesJournal of Fluids Engineering,
Transactions of the ASME 113 (3), 509{511.

Kim, S. J. & Jang, S. P. 2002 E ects of the darcy number, the prandtl num-
ber, and the reynolds number on local thermal non-equilibriuminternational
Journal of Heat and Mass Transfer45 (19), 3885{3896.

Kim, S. J., Kim, D. & Lee, D. Y. 2000 On the local thermal equilibrium
in microchannel heat sinksInternational Journal of Heat and Mass Transfer
43 (10), 1735{1748.

122



Kim, S. Y., Kang, B. H. & Hyun, J. M. 1993 Heat transfer in the thermally
developing region of a pulsating channel owinternational Journal of Heat
and Mass Transfer36 (17), 4257{4266.

Kim, S. Y., Kang, B. H. & Hyun, J. M. 1994 Heat transfer from pulsating
ow in a channel lled with porous media. International Journal of Heat and
Mass Transfer 14 (37), 2025{2033.

Kimura, S. 1988 Forced convection heat transfer about an elliptic cylinder in
a saturated porous mediuminternational Journal of Heat and Mass Transfer
31 (1), 197{199.

Kimura, S. 1989 Transient forced convection heat transfer from a circulayin-
der in a saturated porous mediumlnternational Journal of Heat and Mass
Transfer 32 (1), 192{195.

Kimura, S. & Pop, I. 1991 Non-darcian e ects on conjugate natural convection
between horizontal concentric cylinders lled with a porous mediumFluid
Dynamics Research7 (5-6), 241{253.

Kumari, M. & Nath, G. 2009 Unsteady natural convection ow over a heated
cylinder buried in a uid saturated porous medium.Journal of Porous Media
12 (12), 1225{1235.

Kuo, S. M. & Tien, C. L.  1988a Heat transfer augmentation in a foam-material
lled duct with discrete heat sources. InIinterSociety Conference on Thermal
Phenomena in the Fabrication and Operation of Electronic Goponents pp.
87{91. Los Angeles, CA, USA.

Kuo, S. M. & Tien, C. L.  1988b Transverse dispersion in packed-sphere beds.
In American Society of Mechanical Engineers (ASME), vol. 96, pp. 629{634.
New York, NY, USA.

Kuwahara, F., Shirota, M. & Nakayama, A. 2001 A numerical study of
interfacial convective heat transfer coe cient in two-energy egation model for
convection in porous medialnternational Journal of Heat and Mass Transfer
44 (6), 1153{1159.

Kuznetsov, A. V. 1997a A perturbation solution for heating a rectangular
sensible heat storage packed bed with a constant temperature te walls.
International Journal of Heat and Mass Transfer40 (5), 1001{1006.

123



Kuznetsov, A. V. 1997b Thermal nonequilibrium, non-darcian forced convec-
tion in a channel lled with a uid saturated porous medium - a perturbation
solution. Applied Scienti c Research57 (2), 119{131.

Kuznetsov, A. V. 1997c Thermal nonequilibrium, non-darcian forced convec-
tion in a channel lled with a uid saturated porous medium - a perturbation
solution. Applied Scienti ¢ Research57 (2), 119{131.

Kuznetsov, A. V. 1998 Thermal non-equilibrium forced convection in porous
media. In Transport Phenomena in Porous Media, Ch. Jed. D. B. Ingham &
l. Pop), pp. 103{129. Elsevier Science, Oxford.

Kuznetsov, A. V. & Nield, D. A. 2006 Forced convection with laminar
pulsating ow in a saturated porous channel or tube.Transport in Porous
Media 65 (3), 505{523.

Kwendakwema, N. J. & Boehm, R. F. 1991 Parametric study of mixed
convection in a porous medium between vertical concentric cylinderJournal
of Heat Transfer 113 (1), 128{134.

Lai, F. C., Choi, C. Y. & Kulacki, F. A. 1990 Free and mixed convection in
horizontal porous layers with multiple heat sourceslournal of Thermophysics
and Heat Transfer 4 (2), 221{227.

Lai, F. C. & Kulacki, F. A. 1988 Transient mixed convection in horizontal
porous layers locally heated from below. IfProceedings of the National Heat
Transfer Conference , vol. 96, pp. 353{364. American Society of Mechanical
Engineers, Heat Transfer Division, (Publication) HTD.

Lai, F. C. & Kulacki, F. A. 1991 Oscillatory mixed convection in horizontal
porous layers locally heated from belowinternational Journal of Heat and
Mass Transfer 34 (3), 887{890.

Lapwood, E. R. 1948 Convection of a uid in a porous medium. IrProceedings
of the Cambridge Philosophical Society vol. 44, pp. 508{521. UK.

Layeghi, M. 2008 Numerical analysis of wooden porous media e ects on heat
transfer from a staggered tube bundlelTransactions of the ASME, Journal of
Heat Transfer 130, 014501.1{014501.6.

Layeghi, M. & Nouri-Borujerdi, A. 2004 Fluid ow and heat transfer
around circular cylinders in the presence and no-presence of pmamedia.
Journal of Porous Media7 (3), 239{247.

124



Layeghi, M. & Nouri-Borujerdi, A. 2006 Darcy model for the study of
the uid ow and heat transfer around a cylinder embedded in poros media.
International Journal of Computational Methods in Engineeng Science and
Mechanics7 (5), 323{329.

Lee, D. Y. & Vafai, K. 1999 Analytical characterization and conceptual assess-
ment of solid and uid temperature di erentials in porous media.International
Journal of Heat and Mass Transfer42 (3), 423{435.

Leong, K. C. & Jin, L. W, 2004 Heat transfer of oscillating and steady ows
in a channel lled with porous media.International Communications in Heat
and Mass Transfer31 (1), 63{72.

Leong, K. C. & Jin, L. W. 2005 An experimental study of heat transfer in
oscillating ow through a channel lled with an aluminum foam. International
Journal of Heat and Mass Transfer48 (2), 243{253.

Levec, J. & Carbonell, R. G. 1985 Longitudinal and lateral thermal dis-
persion in packed beds. part ii. Comparison between theory and epment.
AIChE Journal 31 (4), 591{602.

Marafie, A. & Vafai, K. 2001 Analysis of non-darcian e ects on temperature
di erentials in porous media. International Journal of Heat and Mass Transfer
44 (23), 4401{4411.

Merkin, J. H. 1979 Free convection boundary layers on axi-symmetric and
two-dimensional bodies of arbitrary shape in a saturated porousedium. In-
ternational Journal of Heat and Mass Transfer22 (10), 14611462.

Minkowycz, W. J., Cheng, P. & Chang, C. H. 1985 Mixed convection
about a nonisothermal cylinder and sphere in a porous mediurflumerical
Heat Transfer 8 (3), 349{359.

Minkowycz, W. J., Haji-Sheikh, A. & Vafai, K. 1999 On departure from lo-
cal thermal equilibrium in porous media due to a rapidly changing heabsrce:
The sparrow number International Journal of Heat and Mass Transfer42 (18),
3373{3385.

Moghari, M. 2008 A numerical study of non-equilibrium convective heat trans-
fer in porous media.Journal of Enhanced Heat Transferl5 (1), 81{99.

125



Mohamad, A. A. 2000 Nonequilibrium natural convection in a di erentially
heated cavity lled with a saturated porous matrix. Journal of Heat Transfer
122 (2), 380{384.

Mohamad, A. A. 2001 Natural convection from a vertical plate in a saturated
porous medium: Nonequilibrium theoryJournal of Porous Media4 (2), 181{
186.

Murty, V. D., Camden, M. P., Clay, C. L. & Paul, D. B. 1990 A study
of non-darcian e ects on forced convection heat transfer ovex cylinder em-
bedded in a porous medium. IrProceedings of the International Heat Transfer
Conference pp. 201{206. New York, USA.

Muskat, M. 1937 The ow of homogeneous uids through porous media
McGraw-Hill, New York.

Nasr, K., Ramadhyani, S. & Viskanta, R. 1994 Experimental investigation
on forced convection heat transfer from a cylinder embedded in agked bed.
Journal of Heat Transfer 116 (1), 73{80.

Nield, D. A. 1998 E ects of local thermal non-equilibrium in steady convec-
tive processes in a saturated porous medium: Forced convectionairthannel.
Journal of Porous Medial (2), 181{186.

Nield, D. A. & Bejan, A. 2006 Convection in porous media Third edition,
Springer Science+Business Media, New York, NY, USA.

Nield, D. A. & Kuznetsov, A. V. 1999 Local thermal non-equilibrium ef-
fects in forced convection in a porous medium channel: A conjuggteoblem.
International Journal of Heat and Mass Transfer42 (17), 3245{3252.

Oosthuizen, P. H. 1987 Mixed convection heat transfer from a cylinder in a
porous medium near an impermeable surface. Mixed convection heat transfer
, vol. 84, pp. 75{82. American Society of Mechanical Engineers, &telransfer
Division, (Publication) HTD.

Oosthuizen, P. H. & Naylor, D. 1996 Natural convective heat transfer from
a cylinder in an enclosure partly lled with a porous medium.International
Journal of Numerical Methods for Heat and Fluid Flow6 (6), 51{63.

Paek, J. W., Kang, B. H. & Hyun, J. M. 1999 Transient cool-down of
a porous medium in pulsating ow. International Journal of Heat and Mass
transfer 42 (18), 3523{3527.

126



Pavel, B. I. & Mohamad, A. A. 2004a An experimental and numerical study
on heat transfer enhancement for gas heat exchangers ttedtiwporous media.
International Journal of Heat and Mass Transfer47 (23), 4939{4952.

Pavel, B. I. & Mohamad, A. A. 2004b Experimental investigation of the
potential of metallic porous inserts in enhancing forced convectiveat transfer.
Journal of Heat Transfer 126 (4), 540{545.

Phanikumar, M. S. & Mahajan, R. L. 2002 Non-darcy natural convection
in high porosity metal foams.International Journal of Heat and Mass Transfer
45 (18), 3781{3793.

Pop, I. & Cheng, P. 1992 Flow past a circular cylinder embedded in a porous
medium based on the brinkman modellnternational Journal of Engineering
Science30 (2), 257{262.

Pop, I. & Ingham, D. B. 2001 Convective heat transfer: Mathematical and
computational modeling of viscous uids and porous medid2ergamon, Oxford.

Pop, I, Kumari, M. & Nath, G. 1992 Free convection about cylinders of
elliptic cross section embedded in a porous mediurmternational Journal of
Engineering Science30 (1), 35{45.

Pop, I. & Yan, B. 1998 Forced convection ow past a circular cylinder and a
sphere in a darcian uid at large peclet numberdnternational Communications
in Heat and Mass Transfer25 (2), 261{267.

Quintard, M. 1998 Modeling local non-equilibrium heat transfer in porous me-
dia. In Proceedings of the 11th International Heat Transfer Confence, , vol. 1,
pp. 279{285. Kyongju, South Korea.

Quintard, M., Kaviany, M. & Whitaker, S. 1997 Two-medium treatment
of heat transfer in porous media: numerical results for e ective rpperties.
Advances in Water Resource0 (2-3 SPEC. ISS.), 77{94.

Quintard, M. & Whitaker, S. 1993 One- and two-equation models for
transient di usion processes in two-phase system#dvances in Heat Trans-
fer 23 (C), 369{464.

Quintard, M. & Whitaker, S. 1995 Local thermal equilibrium for transient
heat conduction: theory and comparison with numerical experimen Interna-
tional Journal of Heat and Mass Transfer38 (15), 2779{2796.

127



Quintard, M. & Whitaker, S. 2000 Theoretical analysis of transport in
porous media. InHandbook of heat transfer in porous Medided. K. Vafai),
pp. 1{50. Marcel Dekker, New York.

Rao, Y. F., Fukuda, K. & Hasegawa, S. 1988 A numerical study of three-
dimensional natural convection in a horizontal porous annulus witlgalerkin
method. International Journal of Heat and Mass Transfer31 (4), 695{707.

Rees, D. A., Bassom, A. P. & Pop, | 2003 Forced convection past a heated
cylinder in a porous medium using a thermal nonequilibrium model: bouady
layer analysis.European Journal of Mechanics, B/Fluids22 (5), 473{486.

Rees, D. A. S. & Pop, I. 2000 Vertical free convective boundary-layer ow
in a porous medium using a thermal nonequilibrium modelournal of Porous
Media 3 (1), 31{44.

Roblee, L. H. S., Baird, R. M. & Tierney, J. W. 1958 Radial porosity
variations in packed bedsA.l.Ch.E. Journal 4 (4), 460{464.

Roychowdhury, D. G., Das, S. K. & Sundararajan, T. 2002 Numerical
simulation of laminar ow and heat transfer over banks of staggedecylinders.
International Journal for Numerical Methods in Fluids 39, 23{40.

Saada, M. A., Chikh, S. & Campo, A. 2007 Natural convection around a
horizontal solid cylinder wrapped with a layer of brous or porous migrial.
International Journal of Heat and Fluid Flow 28 (3), 483495.

Saeid, N. H. 2006 Analysis of free convection about a horizontal cylinder in a
porous media using a thermal non-equilibrium modelnternational Commu-
nications in Heat and Mass Transfer33 (2), 158{165.

Saeid, N. H. 2007 Maximum density e ects on natural convection in a porous
cavity under thermal non-equilibrium conditions.Acta Mechanica 188 (1-2),
55{68.

Saeid, N. H. & Pop, I. 2004 Transient free convection in a square cavity
lled with a porous medium. International Journal of Heat and Mass Transfer
47 (8-9), 1917{1924.

Saito, M. B. & Lemos, M. J. S. 2009 Laminar heat transfer in a porous
channel simulated with a two-energy equation modelnternational Communi-
cations in Heat and Mass Transfer36 (10), 1002{1007.

128



Sano, T. 1980 Unsteady heat transfer from a circular cylinder immersed in a
darcy ow. Journal of Engineering Mathematicsl4 (3), 177{190.

Scheidegger, A. E.  1960The physics of ow through porous medi&2nd edition,
University of Toronto Press, Toronto.

Scheidegger, A. E. 1974 The physics of ow through porous mediaThird
Edition, University of Toronto, Toronto.

Schumann, T. E. W. 1929 Heat transfer: A liquid owing through a porous
prism. Journal of the Franklin Institute 208 (3), 405{416.

Sert, C. & Beskok, A. 2003 Numerical simulation of reciprocating ow forced
convection in two-dimensional channelsJournal of Heat Transfer 125 (3),
403{412.

Siegel, R. & Perlmutter, M. 1962 Heat transfer for pulsating laminar duct
ow. Transaction of the ASME, Journal of Heat Transferpp. 111{123.

Slattery, J. C. 1967 Flow of viscoelastic uids through porous media.
A.l.Ch.E. Journal 13 (6), 1066{1071.

Sezen, M. & Vafai, K. 1991 Analysis of oscillating compressible ow through
a packed bedInternational Journal of Heat and Fluid Flow 130-136 (2), 12.

Thevenin, J. 1995 Transient forced convection heat transfer from a circular
cylinder embedded in a porous mediuninternational Communications in Heat
and Mass Transfer22 (4), 507{516.

Thevenin, J. & Sadaoui, D. 1995 About enhancement of heat transfer over a
circular cylinder embedded in a porous mediuninternational Communications
in Heat and Mass Transfer22 (2), 295{304.

Thiyagarajan, R. & Yovanovich, M. M. 1974 Thermal resistance of a
buried cylinder with constant ux boundary condition. Journal of Heat Trans-
fer 96, 249{250.

Thom, A. & Apelt, C. J. 1961Field computations in engineering and physics
Van Nostrand, London.

Thompson, M. C., Hourigan, K., Cheung, A. & Leweke, T. 2006 Hy-
drodynamics of a particle impact on a wall Applied Mathematical Modelling
30 (11), 1356{1369.

129



Uchida, S. 1956 The pulsating viscous ow superposed on the steady laminar
motion of incompressible uid in a circular pipe.Zeitschrift fr Angewandte
Mathematik und Physik (ZAMP) 7 (5), 403{422.

Vafai, K. 1984 Convective ow and heat transfer in variable-porosity media.
Journal of Fluid Mechanics147, 233{259.

Vafai, K. 2000Handbook of Porous Media.Marcel dekker, New York.

Vafai, K. & Hadim, H. 2000 Overview of current computational studies of heat
transfer in porous media and their applications-natural and mixedanvection
and multiphase heat transfer Advances in Numerical Heat Transfer2, 331{3609.

Vafai, K. & S ezen, M. 1990a Analysis of energy and momentum transport for
uid ow through a porous bed. Transactions of the ASME. Journal of Heat
Transfer 112 (3), 390{399.

Vafai, K. & S ®zen, M. 1990b An investigation of a latent heat storage porous
bed and condensing ow through it. Transactions of the ASME. Journal of
Heat Transfer 112 (4), 1014{1022.

Vafai, K. & Tien, C. L. 1981 Boundary and inertia e ects on ow and heat
transfer in porous media.International Journal of Heat and Mass Transfer
195-203 (24), 2.

Wakao, N. & Kaguei, S.  1982Heat and Mass Transfer in Packed Bed$sordon
and Breach, New York.

Wakao, N., Kaguei, S. & Funazkri, T. 1979 E ect of uid dispersion coef-
cients on particle-to- uid heat transfer coe cients in packed beds- correlation
of nusselt numbersChemical Engineering Scienc&4 (3), 325{336.

Wang, B. X. & Du, J. H. 1993 Forced convective heat transfer in a verti-
cal annulus lled with porous media.International Journal of Heat and Mass
Transfer 36 (17), 4207{4213.

Wang, J. H. & Wang, H. N. 2006 A discussion of transpiration cooling prob-
lems through an analytical solution of local thermal nonequilibrium mael.
Journal of Heat Transfer 128 (10), 1093{1098.

Wang, Y. Q., Penner, L. A. & Ormiston, S. J. 2000 Analysis of laminar
forced convection of air for cross ow in banks of staggered tubeNumerical
Heat Transfer, Part A 38, 819{845.

130



Whitaker, S. 1967 Di usion and dispersion in porous media.|.Ch.E. Journal
13 (3), 420{427.

Whitaker, S. 1991 Improved constraints for the principle of local thermal equi-
librium. Industrial and Engineering Chemistry Researcl30 (5), 983{997.

Wong, K. C. & Saeid, N. H. 2009 Numerical study of mixed convection
on jet impingement cooling in a horizontal porous layer under local @mmal
non-equilibrium conditions. International Journal of Thermal Sciences48 (5),
860{870.

Wong, W. S., Rees, D. A. & Pop, . 2004 Forced convection past a heated
cylinder in a porous medium using a thermal nonequilibrium model: Finite
peclet number e ects.International Journal of Thermal Sciences43 (3), 213{
220.

Wooding, R. A. 1960 Rayleigh instability of a thermal boundary layer in ow
through a porous medium.Journal of Fluid Mechanics9, 183{192.

Wooding, R. A. 1963 Convection in a saturated porous medium at large
rayleigh number of peclet number.Journal of Fluid Mechanics15, 527{544.

Yagi, S. & Kunii, D. 1957 Studies on e ective thermal conductivities in packed
beds.Chemical Engineering Progress$ (3), 373{381.

Yagi, S., Kunii, D. & Wakao, N. 1960 Studies on axial e ective thermal
conductivities in packed bedsAIChE Journal 6 (4), 543{546.

Yagi, S. & Wakao, N. 1959 Heat and mass transfer from wall to uid in packed
beds.AIChE Journal 5 (1), 79{85.

Yang, C., Ando, K. & Nakayama, A. 2011 A local thermal non-equilibrium
analysis of fully developed forced convective ow in a tube lled with a prous
medium. Transport in Porous Media pp. 1{13, in press.

Younis, L. B. 2010 Cross owheat exchanger embedded within a porous
medium. Journal of Porous Medial3 (11), 981{988.

Zdravkovic, M. M. 1994 Flow around circular cylinders Volume 1, Oxford
University Press.

Zehner, P. & Schluender, E. U. 1970 Thermal conductivity of granular
materials at moderate temperaturesChemie-Ingenieur-Technik42 (14), 933{
941.

131



Zhang, X. & Liu, W. 2008 New criterion for local thermal equilibrium in porous
media. Journal of Thermophysics and Heat Transfe22 (4), 649{653.

Zhao, T. S. & Cheng, P. 1995 A numerical solution of laminar forced convec-
tion in a heated pipe subjected to a reciprocating owInternational Journal
of Heat and Mass Transfer38 (16), 3011{3022.

Zhao, T. S. & Cheng, P. 1996 Oscillatory heat transfer in a pipe subjected
to a laminar reciprocating ow. Journal of Heat Transfer 118 (3), 592{597.

Zhou, M. J. & Lai, R. C. 2002 Aiding and opposing mixed convection from a
cylinder in a saturated porous mediumJournal of Porous Media5 (2), 103{
111.

Zhou, Y. & Yiu, M. W. 2006 Flow structure, momentum and heat transport
in a two-tandem-cylinder wake.Journal of Fluid Mechanics548, 17{48.

Zhukauskas, A. 1972 Heat transfer from tubes in cross owAdvances in Heat
Transfer 8, 93{160.

132



