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Abstract
This research includes two main relevant parts. In the first part, the transient natural

convection flow through a fluid-saturated porous medium in a square enclosure with a
partial surface convection was investigated using Brinkmann-extended Darcy model.
Physical problem consists of a rectangular cavity filled with porous medium. The cavity is
insulated except the top wall that is partially exposed to an outside ambient. The
formulation of differential equations is solved numerically under appropriate initial and
boundary conditions using the finite difference method. The firute difference equations
handling the convection boundary condition of the open top surface are derived. In
addition to the negative density gradient in the direction of gravitation, a lateral
temperature gradient in the region close to the top wall induces the buoyancy force under
an unstable condition. The two-dimensional flow is characterized mainly by the clockwise
and anti-clockwise symmetrical vortices driven by the effect of buoyancy. The directions
of vortex rotation generated under the heating condition are in the opposite direction as
compared to the cooling condition. Unsteady effects of associated parameters were
examined. The modified Nusselt number (Nu) is systematically derived. This newly
developed form of Nu captures the heat transfer behaviors reasonably accurately. It was
found that the heat transfer coefficient, Rayleigh number, Darcy number as well as flow
direction strongly influenced characteristics of flow and heat transfer mechanisms. In the
second portion, the heating of liquid layer by microwave with rectangular wave guide has
been investigated. Two different materials which are water and porous packed bed are
examined. The porous bed is filled with uniform glass bead and water. In this work,
effects of the dielectric properties, dimension and location of the heated material and
microwave power level on the heating mechanism were examined. Based on a model
combining the Maxwell and heat transport as well as fluid flow equations, the resulting
solutions indicate that the heating kinetic strongly depends‘on the dielectric properties and

geometry of material.
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2.1 Analysis of Natural Convection in Porous Cavity with Partial Convection Boundary

Condition
1. Introduction

The convective heating or cooling that causes heat and fluid flows inside cavity is
found in various applications including lakes and geothermal reservoirs, underground
water flow, solar collector etc. (Bergman ¢t al., 1986). Associated industrial applications
include secondary and tertiary oil recovery, growth of crystals (Imberger and Hamblin,
1982), heating and drying process (Stanish et al., 1986; Rattanadecho et al., 2001, 2002),
soltdification of casting, sterilization etc. Natural or free convection in a porous medium
has been studied extensively. Cheng (1978) provides a comprehensive review of the
literature on free convection in fluid-saturated porous media with a focus on geothermal
_systems. In the framework of porous media models, Darcy proposed the

phenomenological relation between the pressure drop across a saturated porous medium



and the flow rate. The Darcy model has been employed in the recent investigations.
Bradean et al. (1997) assumed Darcy’s law and used Boussinesq approximation to
numerically simulate the free convection flow in a porous media adjacent to vertical or
horizontal flat surface. The surface is suddenly heated and cooled sinusoidally along its
length. The Darcy law with the Boussinesq approximation was also employed by Bilgen
and Mbaye (2001} to study the development of Be’n-ard cell in fluid-saturated porous
cavity whose lateral walls are cooied. It was found tha-t two convective solution branches
exist that are related to the Darcy-Rayleigh and Biot numbers. Recently, a numerical
study was conducted to solve the problem of thermosolutal convection within a
rectangular enclosure (Bera and Khalili, 2002). The results revealed that anisotropy
causes significant changes in Nusselt and Sherwood numbers. Many works of flow in
porous media, such as ones addressed above, have used the Darcy law. Although the
Darcy law is applicable to stow flows, it does not account for initial and boundary effects.
In the situation when the flow is strong, and solid boundary effect and viscous effect are
not negligible, these effects termed non-Darcy effects, become important (Khanafer and
Chamkha, 1998). Bera et al. (2002) considered double diffusive convection due to
constant heating and cooling on the two vertical walls, based on a non-Darcy model
inclined permeability tensor. Two distinguished modifications of Darcy’ law are the
Brinkmann’s and the Forchheimer’s extensions which treats the viscous stresses at the
bounding walls and the non-lincar drag effect due to the solid matrix respectively
(Nithiarasu et al., 1997). The Brinkman-extended Darcy model has been considered in a
literature (Tong and Subramanian, 1985; Laurat and Prasad, 1987). Darcy-Forchheimer
model has been used in a number of published works (Beckermann et al., 1985; Lauriat
and Prasad, 1989; Basak, 2006). In the study of effects of various thermal boundary
conditions applied to saturated@ porous cavity, the conduction dominant regime is
within Da <107, Nithiarasu et al. (1998) examined effects of applied heat transfer
coefficient on the cold wall of the cavity upon flow and heat transfer inside a porous
medium. The differences between the Darcy and non-Darcy flow regime are clearly
investigated for different Darcy,Rayleigh and Biot numbers and aspect ratio. Variations
in Darcy, Rayleigh and Biot numbers and aspect ratio significantly affect natural flow

convective pattem.

Natural convection flows with a variety of configurations were investigated for

different aspects. Qosthuizen and Patrick (1995) performed numerical studies of natural



convection in an inclined square enclosure with part of one wall heated to a uniform
temperature and with the opposite wall uniformly cooled to a fower temperature and with
the remaining wall portions. The enclosure is partially filled with a fluid and partly filled
with a porous medium, which is saturated with the same fluid. The main results
considered were the mean heat transfer rate across the enclosure. Nithiarasu et al. (1997)
examined effects of variable porosity on convective flow patgrns inside 2 porous cavity.
The flow is triggered by sustaining a temperature gradient between isothermal lateral
walls. The variation in porosity significantly affects natural flow convective pattern.
Khanafer and Chamkha (1998) performed numerical study of mixed convection flow in a
lid-driven cavity filled with a fluid-saturated porous media. In this study, the influences of

the Richardson number, Darcy number and the Rayleigh number play an important role

on mixed convection flow inside a square cavity filled with a fluid-saturated porous media.

Recently, Al-Amiri (2000) performed numerical studies of momentum and energy

transfer in a lid-driven cavity filled with a saturated porous medium. In this study, the

force convection is induced by sliding the top constant-temperature wall. It was found that
the increase in Darcy number induces flow activities causing an increase in the fraction of
energy transport by means of convection. With similar description of the domain
configuration, Khanafer and Vafa {2002) extended the investigation to mass {ransport in
the medium. The buoyancy effects that create the flow are induced by both temperature
and concentration gradients. It was concluded that the influences of the Darcy number,
Lewis number and buoyancy ratio on thermal and flow behaviors were significant.
Furthermore, the state of art regarding porous medium models has been summarized in
the recently published books (Basak et al., 2006; Nield and Bejan, 1999; Vafai, 2000; Pop
and Ingham, 2001).

Previous investigations have merely focused on momentum and energy transfer in
cavity filled with a saturated porous medium subjected to prescribed temperature and
prescribed wall heat flux conditions. However, only a very limited amount of numerical
and experimental work on momentum and energy transfer in a cavity filled with a
saturated porous medium subjected to heat transfer coefficient boundary condition at the
exposed portion of the top wall has been reported. Moreover, only very few published
work is pertinent to partially heated or cooled porous media although they are found in a
number of applications such as in flush mounted electrical heater or buildings (Al-Amiri,

2002; Oztop, 2007). The very recent work of Oztop (2007) investigated natural

10



convection in partially cooled and inclined porous enclosures. His study presented the
steady state results within the enclosure of isothermal heated and cooled walls. In our
study, the surface is partially cooled under the convective boundary condition, allowing
the surface temperature to change with time. The convective cooling condition or so-
called condition of the third kind is systematically derived. While the focus of the present
study s on the cooling effect, our recently published work (Pakdee and Rattanadecho,
2006) with similar schematic of the domain studied the influence of partially heated
surface on thermal/flow behaviors. The results were qualitatively discussed in detail.
However, no quantitative description of héat transfer in terms of Nusselt number (Nu)
was reported. To the best knowledge of the authors, no attention has been paid to transient
convection due to surface partial convection.

In the present study, the quantitative study in terms of Nu is taken into account.
The new formulation of Nu is developed to correctly capture heat transfer behaviors. The
study of heat transfer due to cooling condition has been carried out for transient natural
convective flow in a fluid-saturated porous medium filled in a square cavity. In contrast to
the heating condition, the cooling condition changes the direction of the induced flows.
The top surface is partially open to the ambient, allowing the surface temperature to vary,
depending on the influence of convection heat transfer mechanism. Computed results are
depicted using temperature, flow distributions and heat transfer rates in terms of local and
average Nusselt numbers. The influences of associated parameters such as heat transfer
coefficient, Rayleigh number and Darcy number on the flow and thermal configurations

were examined.

2. Problem Description

The computational domain, (’iepicted in figure. 1 is a rectangular cavity of size WxH
filled with a fluid-saturated porous medium. Aspect ratio T)f unity (A=1) i1s used in the
present study. The domain boundary is insulated except the top wall; which 1s partially
exposed to an ambient air. The initial and boundary conditions corresponding to the

problem are of the following fornfs.

u=v=0,T=7T; for =0 (1)

u=y=0 atx=0,W 0<y<H
e

u=v=0 aty=0H O0<x<W

o’
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2:!‘:=0 alx=0W 0<y<H .

ox

§=0 aty=0 O0sxsW v 3
oy

oT

—=0 aty=¥H OSxSLandW-LSxSWJ

The boundary condition at the exposed portion of the top wall s defined as

kL N7 -T] aty=H Lex<WL, 4
Oy
where & and h are effective thermal gonductivity and convection heat transfer coefficient.
Symbols € and v denotes porosity of porous medium and flgid viscosity, respectively.
This type of condition corresponds to the existence of convective heat transfer at the

surface and is obtained from the surface energy balance.

The porous medium is assumed to be homogeneous and thermally isotropic. The
saturated fluid within the medium is in a local thermodynamic equilibrium with the solid
matrix (El-Refaee et al., 1998; Al-Amiri, 2002). The porous porosity is uniform. The fluid
flow is unsteady, laminar and incompressible. The pressure work and viscous dissipation
are all assum.ed negligtble. The thermophysical properties of the porous medium are taken
to be constant. However, the Boussinesq approximation takes into account of the effect of
density variation on the buoyancy force. Furthermore, the solid matrix is made of
spherical particles, while the porosity and permeability of the medium are assumed to be
uniform throughout the rectangular cavity. Using standard symbels, the goveming

equations describing the heat transfer phenomenon are given by
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where k is medium permeability, £ is thermal expansion coefficient, « is effective
thermal diffusivity of the porous medium, g and ¥ are viscosity and kinematic viscosity
of the fluid respectively. In the present study, the heat capacity ratio ¢ is taken to be untty
since the thermal properties of the solid matrix and the fluid are assumed identical
(Bergman et al,, 1986; Khanafer and Vafai, 2002). The momentum equation consists of
the Brinkmann term, which describes viscous effects due to the presence of solid body
(Brinkmann, [947). This form of momentum equation is known as Brinkmann-extended
Darcy model. Lauriat and Prasad (1987) employed the Brinkmann-extended Darcy
formutation to investigate the buoyancy effects on natural convection in a vertical
enclosure. Although the viscous boundary layer in the porous medium is very thin for
most engineering applications, _inclusion of this term is essential for heat transfer
calculations (Al-Amiri, 2000). However, the inertial effect was neglected, as the flow

was relatively low,
-

The variables are transformed into the dimensionless quantities defined as,

t
Xe=l v=2, f:_.g.z_, UZ“_‘F,{’ y Y2
H H o a
i o7 , (10)
g.':a) W:z 9: —
a @ L7

where w and ¢ represent dimensional vorticity and stream function, respectively. Symbol
¢ denotes thermal diffusivity. Temperatures 7yand T, change their values according to the

problem type. In the heating case, 7 is initial temperature of a medium, and 7}, is an
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ambient temperature. In the other case of cooling, 7, is set to be an initial temperature of
the medium, while 7} is an ambient temperature instead. Thu$ the dimensionless form of

the govemning equations can be writien as

o'y Y

ax* o Tt - W
N 1 2 Z
525__,_(;95__,_1/5_‘5:51)1- 6g;+3_g; +£2RaPr[%}—g Prg(lz)
ot ax  ov ox> oy oY) Da
N 2 2
o20,y20 . y20_ 420, 90) (13)
or ax- oY |ax? aY

where the Darcy number, Da is defined as « /H?, and Pr= p/cx is Prandt]l number, where &

= ke/(pcp)r 1s the thermal diffusivity. The Rayleigh number Ra, which gives the relative

magnitude of buoyancy and viscous forces, is defined as Ra = g BT, ~TW)H3 Hvar).

3. Numerical Procedure

The thermal properties of the porous medium are taken to be constant. Specific heat
ratio of unity is assumed. The effective thermal conductivity of the porous medium

considered 1s 10 W/m-K.

In the present study, the iterative finite difference method is used to solve the
transtent dimensionless governing equations (Eqgs. (10)-(12)) subject to their
corresponding initial and boundary conditions given by Egs. (1)-(4). Approximation of
convective terms is based on an upwind finite differencing scheme, which correctly
represent the directional influence of a disturbance. A uniform grid resolution of 61 x 61
was found to be sufficient for all smooth computations and computational time required in
achieving steady-state conditions. Finer grids did not provide a noticeable change in the

computed results.
3.1 Convection boundary condition

The finite difference form of boundary condition at the open part of the top surface is
systematically derived, based on energy conservation principle. The boundary values of

dimensionless temperature of a node 1, j 8;; in the heating case are expressed as
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where AY 1s the mesh size in y-direction.

In the different case of cooling phenomenon, the expression is given by

_ 20, +6,_,+6,

9 i+l f (] 5)

i

h
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It can be noticed that both the equations (14) and (15} are independent of an ambient

temperature T as it has been eliminated during the denvation. This feature is attractive

since the solutions can be obtained regardless of a value of 7.

3.1 Corrected formulation of Nusselt number

The local Nusselt number (Nu) at the cooled hornizontal surface is used as a tool to
detenmine the ratio of convection heat transfer to conduction heat transfer within the
porous enclosure. The accurate derivation of Nu is extremely important from the
standpoint of determining the rate of heat transfer occurring at a surface. Based on the

concept of energy balance at the surface,

—kn—d =T, -1}, (16)
d
r=H

-~

where H is indicated in figure 1, and with the definition of Mu,

hH H dT
Nu = =- —
kG- d

(17)

Y=H

In terms of the dimensionless quantities #and Y defined in the preceding equation (10),

Nu will take the form,

1 d
Nu=———€

18
4 (18)

E]
rat*
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where &, is the dimensionless temperature at the top surface.

The new formulation of Nu in the present work has not yet been found in the literature.

This modified form of Nu takes into account of temperature variation at the cooled

surface. The average Nusselt Number, Nu is computed according to

Nu = f"‘Nu—(l")‘i—x, 49)

where / is the length of the gap at the top wall.

In order to verify the accuracy of the present numerical study, the results obtained
by the present numerical model were validated against the results obtained by Aydin
(2000) for a free convection flow in a cavity, with side-heate&' isothermal wall, filled with
pure air (Pr = 0.7) for Rayleigh number of 10*. It was found that the solutions have good
agreement wi—th the previously published work. The results of the selected test case are
illustrated in figures. 2 for streamlines and temperature contour lines. The results of
selected tests are given in table 1 that shows a good agreement of the maximum value of
the stream function and the maximum values of the horizontal and vertical velocity
components between the present solution and that of Aydin. Also, the results from the
present numerical model were compared with the solution of Nithiarasu et al. (1997) in
the presence of porous medium for additional source of confidence, as shown in figures.
3. The values of Ra = 10*, Da = 0.01 and ¢ = 0.6 were chosen. Table 2 clearly shows a
good agreement of the maximum values of the stream function and vertical velocity
component between the present solution and that of Nithiarasu et al (1997). All of these

favorable comparisons lend confidence in the accuracy of the present numerical model.

4. Results and Discussion

The following discussions include the numerical results from the present study.
Initial values of & for an entire domain are set 0, based on equation (10) since the ambient
temperature is higher than temperature of the medium in cavity. The investigations were
conducted for a range of controlling parameters, which are Darcy number (Da) Rayleigh
number (Ra) and convective heat transfer coefficient (h). The porosity € of 0.8 and unity
aspect ratio (A=1) were considered throughout in the present study. In order to assess
global effects of these parameters, the streamlines and isotherm distributions inside the

entire cavity are presented. All the figures have the same range of contour levels to
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facilitate direct comparisons. The resulting computational fields were extracted at the time
adequately long to ensure sufficient energy transferred throughout the domain. Figure 3
displays instantaneous images of the contour plots during the thermal and flow evolution.
The Darcy number of 0.01, Pr= 1.0, h =60 w/m’K, and ¢ =0.8 are considered. The two
columns represent temperature and stream function. With the same contour levels,
comparisons can be observed directly. The four snapshots from top to bottom in each
column are resulis taken at the dimensionless times t = 0.0125, 0.09, 0.1675, and 0.2475
with the time interval. The vertical temperature stratification 1s observed. The streamline
contours exhibit circulation patterns, which are characterized by the two symmetrical
vortices. The fluid flows as it 1s dniven by the effect of buoyancy. This effect is distributed
from the top wall of cavity where the fluid 1s heated through the partially open area. This
indicates the non-uniform temperature at the top surface, leading to an unstable condition.
Thus the buoyancy effect is associated with the lateral temperature gradient at locations
near the top surface. Heated portions of the fluid become lighter than the rest of fluid, and
are expanded laterally away from the center to the sides then flow down along the two
vertical walls, leading to the clockwise and counter-clockwise flow circulations. These
results suggest that the buoyancy forces are able to overcome the retarding influence of
viscous forces. An increase in strength of the vortices develops fast during early
simulation times, and its maximum magnitude reaches 0.1 at t =0.0475. After this time,
the vortices are slowly weakened. Similarly, temperature distribution progressively
evolves relatively fast in the early times. After the time t = 0.07, slow evolution is
observed. This result corresponds to the decrease in strength of flow circulations. In the
remaining area, the flvid is nearly stagnant suggesting that conduction is dominant due to

minimal flow activities. This is because the viscous effects are large.

Figures 4 illustrates holw the convective heat transfer coefficient influences
thermal and flow behaviors, while other parameters Da =~O.l, Pr=1.0, and £ = 0.8 are
fixed. The variable values of h chosen are 60 and 300 W/m>K, which may represent a
typical free and forced convection, respectively. In all the figures henceforth, directions
and magnitudes of the arrows ifidicate the direction as well as strength of the flows
respectively. It is seen on Ehe left column in figure 4 that the temperature gradients are
steep at the top area near the exposed convective surface and gradually decreases toward
the bottom of the domain. In the remaining area of the cavity, the temperature gradients

are small and this implies that the temperature differences are very small in the bottom
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region of the cavity where viscous effects are strong. It can be observed on the right-
column plots, which presents streamline contours that the chance in h does not contribute
a significant modification to the temperature contours. However, an increase in h expands
temperature distribution area due to the more energy that is carried away from the
location of convection surface condition toward the bottom. Moreover, higher vatue of h

increases maximum temperature resulting in wider temperature range in the domain.
L]

Effects of the Darcy number on the fluid flow and temperature inside the rectangular
cavity are depicted in figure 5. The contour of isotherms and streamlines are plotted for
different Darcy numbers while &, Pr fnd h are kept at 0.8, 1.0 and 60 w/m’K respectively.
The Darcy number, which is directly proportional to the permeability of the porous
medium, was set to 0.001 and 0.1. The case in which the porous medium is absent
corresponds to infinite Darcy number. The presence of a porous medium within
rectangular enclosure results in a force opposite to the flow direction which tends to resist
the flow which corresponds to suppress in the thermal currents of the flow as compared to
a medium with no porous (infinite Darcy number). It 15 evident that the increase in Da
enhances the streamline intensities thereby assisting downward flow penetration, which
causes the streamline lines, 1.e., two symunetrical vortices to stretch further away from the
top surface. This results in expanding the region for which the convection significantly
influences an overall heat transfer process. On the other hand, as the Darcy number
decreases, the flow circulations as well as thermal penetration are progressively inhibited
due to the reduced permeability of the medium except at the region close to the location
of convection surface condition where the flow motions are relatively strong.
Furthermore, figure Sc indicates that as Darcy number approaches zero, the convective
heat transfer mechanism is almost suppressed, while the heat transfer by means of
conduction plays an important role in heat transfer. The left column of figure 5 shows
comparison of temperature in which the contours of different Darcy numbers appear

roughly similar.

To gain further insight into the effects of the Darcy number on the thermally stratified
layer, temperature contours for pure fluid are overlaid with that for porous fluid with Da
of 0.001. The results are given in figure 6. It is noticed that temperature stratification
layers, near the vertical symmetry line in the case of Da 0.001, move further downward
relative to those for pure fluid. This observed incident results from a stronger flow in the

upward direction in the central region for the pure medium. The upward flows inhibit the
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thermal propagation. In contrast, in the areas away from the vertical center line, the

downward flows assist heat to be transferred towards the bottom of the enclosure.

Figure 7 shows the isotherms and streamlines obtained for various Rayleigh numbers
(Ra = 10°, 10* and 10%) whereas the Darcy number of 0.1, porosity of 0.8, and h of 60
w/m’K are fixed. The Rayleigh number provides the ratio of buoyancy forces to change in
viscous forces. As Rayleigh number increases, the buoyancy-driven circulations inside the
enclosure become stronger as seen from greater magnitudes of stream function. For the
large value of Ra (Ra = 10°), there appears a pair of secondary weak circulations in the
bottom region of the enclosure. The two vigorous vortices are confined to the upper

domain, where convection is a dominant mode of heat transfer.

Although the profiles of temperature contour are qualitative similar, figure
8 displays overlaid contours for the two cases which are of Ra = 10° and Ra = 10°. It is
evident in the case of Ra = 10° that temperature contour lines penetrates faster relative to
the low Ra case at the central locations around vertical symmetric line, but they move
slower in the regions near the vertical walls. The results are consistent with the thermal
behaviors observed in figure 6 for the same reasoning, which confirm how a flow
direction impacts the convection heat transfer. Therefore it can be concluded to an
interesting note that not only an intensity of a flow, but also the direction of the fluid flow

jocally affects the heat convection process.

In what follow, the numerical results for the cooling scenano are discussed. Initial
values of & for an entire domain are set to 1, based on equation (10) as the ambient
temperature is lower than temperature of the medium in cavity. The investigations were
conducted for a range of controlling parameters, which are Darcy number (Da) Rayleigh
number (Ra} and convective hedt transfer coefficient (h). The uniform porosity ¢ of 0.8
and unity aspect ratio {A=1) were considered throughout iff the present study. In order to
assess global effects of these parameters, the streamlines and isothernt distributions inside
the entire cavity are presented. All the figures have the same range of contour levels to

facilitate direct comparisons. o

The resulting computz;tional fields were extracted at the time adequately long to
ensure sufficient energy transferred throughout the domain. Figure 9 displays
instantaneous images of the contour plots during the thermal and flow evolution. The
Rayleigh number of 5x10%, Da= 0.1, Pr= 1.0, h =60 w/m’K, and ¢ =0.8 are considered.

The two columns represent contours of temperature and stream function respectively from
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left to right. With the same conteur levels, comparisons can be made directly. The four
snapshots from top to bottom in each column are results taken at the dimensionless times
7=0.013, 0.088, 0.168, and 0.245. The vertical temperature stratification is observed. The
streamline contours exhibit circulation patterns, which are characterized by the two
symmetrical vortices. The fluid flows as it is driven by the effect of buoyancy. This effect
is distributed from the top wall of cavity where the fluid is goole(f through the partially
open surface, causing lower temperature near the top boundary. The existence of the non-
uniform temperature along the top surface, and a decrease of density in the direction of
gravitational force lead to an unstable condition. Thus the buoyancy effect is associated
with the lateral temperature gradien?s at locations near the top surface. High temperature
portions of fluid become lighter than the lower temperature poirtions at the middle where
the wall is open. Theses light portions from two sides then expand laterally towards the
center, COmpre:ssing the lower temperature portions, which are heavier. As a result, the
downward flows along the vertical centerline are originated, while the lighter fluid will
rise, cooling as it moves. Consequently, the circulation flow pattern is generated. The
clockwise and counter-clockwise circulations are located respectively on the left side and
right side within the enclosure. The circulations get larger and expand downward with
time. An increase in strength of the vortices develops fast during early simulation times,
and its maximum magnitude reaches 6.0. Subsequently the vortices are weakened.
Similarly, temperature distribution progressively evolves relatively fast in the early times.
Slow evolution is observed after that. This result corresponds well with the decrease in
strength of flow circulations. Unlike the cooling case, in which a presence of negative
density mainly causes an unstable condition, in the heating case the lateral density
gradient near the top surface 1s the only cause to the unstable condition that actually leads
to the buoyancy force. This reason explains why the heated circulations are weaker than
the cooled circulations presented earlier. This is because of large/strong viscous effects. It
is evident from figures 3 and 9 that the cooling case reveals a considerably faster thermal
evolution thereby greater convection rate. Furthermore, heat transfer in the vertical

direction is much greater than that in the span wise direction.

Figure 10 shows the roles of Rayleigh number on heat fransfer
mechanism/behavior. Various Rayleigh numbers (Ra = 5x10°, 10°, 5x10* and 10°) are
examined whereas the Darcy number of 0.1, porosity of 0.8, and h of 60 w/m’K are fixed.

The Rayleigh number provides the ratio of buoyancy forces to change in viscous forces.
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As Rayleigh number increases, the buoyancy-driven circulations inside the enclosure
become stronger as seen from greater magnitudes of stream function. For large Ra (Ra =
5x10% and 10°), contour lines of temperature penetrate faster relative to the low Ra case
especially near the central locations. The result is more pronounced for larger Ra. This
incident results from strong flow in the downward direction around the central domain.
The downward flows assist heat to transfer towards the bottom of the enclosure. In
contrast, near the vertical walls where the upward flows are present, the thermal

propagation is hindered.

Effects of the Darcy number on the fluid flow and temperature inside the rectangular
cavity are depicted in figure 11. The contour of isotherms and streamlines are plotted for
different Darcy numbers while &, Pr and h are kept at 0.8, 1.0 and 60 w/m°K respectively.
Relatively high Ra of 5x10* is chosen. The Darcy number, which is directly proportional
to the permeability of the porous medium, was set to 0.001, 0.01 and 0.1. The case in
which the porous medium is absent corresponds to infinite Darcy number. The presence
of a porous medium within rectangular enclosure results in a force opposite to the flow
direction which tends to resist the flow which corresponds to suppress in the thermal
currents of the flow as compared to a medium with no porous (infinite Darcy number). It
is evident that the increase in Da enhances the streamline intensities thereby assisting
downward flow penetration, which causes the streamline lines, i.e., two symmetrical
vortices to siretch further away from the top surface. This results in expanding the region
for which the convection significantly influences an overall heat transfer process. Further,
the evolution results reveal faster rate of vertical temperature distribution than lateral rate.
The results are consistent with the thermal behaviors observed in figure 10 for the same
reasoning, which confirms how 'a flow direction impacts the convection heat transfer. On
the other hand, as the Darcy nu’mber decreases, the flow circulations as well as thermal
penetration are progressively suppressed due to the reduc;d permeability of the medium.
Figure 11d (Da = 0.001) indicates that as Darcy number approaches zero, the two
circulations confined within the top domain appear very weak. In the remaining area, the
fluid is nearly stagnant with verySmall temperature gradient suggesting that conduction is

dominant due to minimal flow activities.

Figure 12 presents how the average Nusselt number changes with time for a vanety

of Rayleigh numbers. The local Nu at the open portion on the top boundary is computed

according to equation (16). The.average Nusselt number Nu is then obtained, based on
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equation (17). Initially, the value of Nu decreases rapidly for all cases of Rayleigh
numbers, clearly due to the fast reduction of temperature g;adients. In the case of low
Rayleigh number of 2x10°, Nu progressively decreases with time. While for higher Ra
(5x10%, 8x10%, Nu values become greater and reach peak values after some time. Further
increasing Ra (8x10%), higher maximum Nu is reached more quickly due to greater flow
intensities. At late simulation times when stable state is approached, the values of Nu

continually decrease and essentially level off at late times, thereby diminishing heat

transfer by means of heat convection. It can be expected that Nu will continue to

decrease with time as the steady state is reached.

To gain insights into the observation made, the local values of the corresponding
thermal and flow behaviors were traced for Ra of 8x10°. The data are extracted and
depicted in figure 13 at 7 of 0.02, 0.1 and 0.16. The streamlines and isotherms are

illustrated in figure 13a-c at z=0.02, 0.1 and 0.16 respectively. At 7= 0.02, the averaged

Nu is small due to minimal flow activities. Then Nu gets higher as the flows gets
stronger, which can be seen in figure 13(b) at 7= 0.1. The effect of the rigorous flows

overcomes the continual reduction of temperature gradient, resulting in the increase

inNu. At the subsequent times, the viscous effect increasingly weakens the flows as

shown in figure 13(c). As a result, the reduction of temperature gradient prevails, causing

Nu to decrease. These results correspond well with the variation with time of the
averaged Nu, depicted in figure 12. The results confirm the validation of the proposed
formulation of Nu.

To better understand the effects of Darcy number on the heat transfer behavior,
variations of Nu with time for different Darcy number are shown in figure 14. The

resulting plots show an interesting evidence of similar variations of Nuon Da and those

on Ra, which was observed previously in figure 12. Average Nu correlates with Ra in a
way similar to correlation of Nu with Da. Further increasing values of Da (0.05 and 0.1)
cause larger Nu variations. Locations of the peak values are altered relative to Da value.

A peak of profile is reached more quickly for higher Da. Greater Da gives higherm,

suggesting that the higher overall heat transfer rate is due to more energetic vortices.

However, Nu substantially reduces at late times.
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8. Conclusions

Numernical simulations of natural convection flow through a fluid-saturated porous
medium in a rectangular cavity due to convection at top surface were performed.
Transient effects of associated controlling parameters were examined. The two-
dimensionaf flow is characterized mainly by two symmetrical eddies that are initiated by
the presence of buoyancy effect. In the cooling case, the buoyancy effect is associated not
only with the lateral temperature gradient at locations near the top surface, but also with
the condition that the density gradient is negative in the direction of gravitational force.
On the other hand, the buoyancy force is induced solely by the lateral temperature
gradient in the heating case. The cooling and heating flow directions are opposite.
Cooling flows are much stronger due to greater buoyancy effects, indicating higher
overall convection rate. The heat transfer mechanism is analyzed using the newly denived
formulation of Nu which captures the heat transfer behaviors reasonably. Heat transfer
rate is faster around vertical symmetric line relative to the near-wall regions. Large values
of Rayleigh number increase streamling intensities, thus enhancing the downward flow
penetration. The temperature stratification penetrates deeper toward the bottom wall, and
temperature range within the domain ts extended. Therefore it enlarges the region where
convection mode is significant. Small values of Darcy number hinder the flow
circulations. Therefore the heat transfer by convection is considerably suppressed.

Moreover, the dependences of Nu on Da and on Ra are found to have the same trends.
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TABLES AND FIGURES |

TABLES

Table 1. Comparison of the results obtained in the present study with those of Aydin [3].

-

Present Published Difference
work work [31 7 (%)
Yo 5.070 5.087 033
U aax 16.300 16.225 0.46
Vinax 19.730 19.645 0.43

Table 2. Cornparison of the results obtained in the present study with those of Nithiarasu

et al. (1997). (Da=0.01, Ra = 10, porosity = 0.6)

Present Published Difference

work work [§] (%)
W o 2.53 2.56 1.17
Vinax 9.49 9.34 1.60
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LIST of FIGURE CAPTIONS

Fig 1. Schematic representation of the computational domain.

Fig 2. Test results for validation purpose: {(a} previously published results [19] (b) present

numerical simulation.

Fig 3. Sequential files for contours of temperature and streamlines at times 7= 0.0125,

0.09, 0.1675, and 0.2475. (Ra = 10*, Da=0.01, Pr=1.0, ¢ =0.8, and h = 100 W/m’K)

Fig 4. Contours of temperature and streamlines (a) h = 60 W/m’K {b) h=300 W/m’K.

(Ra=10*Da=0.1,Pr=1.0,and £ =0.8)

Fig 5. Contours of temperature and streamlines (a) Da = infinity (b) Da=0.1 (¢) Da =

.001. (Ra= 10", h = 60 W/m’K, Pr= 1.0, and & = 0.8)

Fig 6. Temperature distribution contours within a medium in the absent of porous (solid
line) overlaid by the temperature distribution contours in a porous medium with Da of

0.001 (dash line). Data is taken from that of Fig 5.

Fig 7. Contours of temperature and streamlines (a) Ra = 10° (b) Ra = 10* (c)Ra= 10°.

(Da=0.1, h =60 W/m’K, Pr=1.0, and ¢ =0.8)

Fig 8 Temperature distribution contours within a porous medium with Ra = 10*(dash
line) overlaid by the temperature distribution contours in a porous medium with Ra = 10°

(solid line). Data is taken from that of Fig 7. -

Fig 9. Sequential files with the cooling boundary for contours of temperature and
streamlines at times 7= (2) 0.013, (b) 0.088, (c) 0.168, and (d) 0.245. (Ra = 5x10°, Da =

0.1, Pr=1.0, ¢ =0.8, and h'= 60 W/m’K)

Fig 10. Contours of temperature and streamlines for the cooling case (a) Ra = 5x10° (b)

Ra= 10" (c) Ra=5x10*(d) Ra=10°>. (Da=0.1, h =60 W/m’K, Pr=1.0, and £ =0.8)

Ll
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Fig 11. Contours of temperature and streamlines for the cooling case (a) Da = infinity (b)

Da=0.1(c)Da=0.01 (d) Da=0.001. Ra=5x10", h =60 W/m’K, Pr=1.0, and ¢ =

0.8)

Fig 12. Variations of the average Nusselt number with time for different Rayleigh

numbers. (Da=0.01, h =60 W/m’K, Pr=1.0,and ¢ =0.8) ~

Fig 13. (a)-(c) temperature contours overlaid by velocity vectors at 7=10.02,0.] and 0.16

respectively. Data is taken from thatof figure 7 for Ra = 8x10°.

-

Fig 14. Variations of the average Nusselt number with time for different Darcy numbers.

(Ra = 5x10°, b= 60 W/m’K, Pr=1.0, and ¢ = 0.8)
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2.2 Analysis of Microwave Heating of Dielectric Materials Using a Rectangular Wave Guide

L. Introduction

Microwave heating is one of the most interesting methods for heating materials.
Unlike other heat sources such as conventional heating, where heat is applied
extemally to the surface of the material, microwave irradiation penetrates and
simultaneously heats the bulk of the material. Microwave technology has several
advantages over conventional mechanical methods, such as minimizing the heating
times, uniformt temperature distribution, high energy efficiency, and offers
improvements in product quality for various indusirial fields. Many successful
examples of this application, including the drying of foods, drying of textiles, freeze
drying process, and vulcanizations of rubber.

The reader is referred to Metaxas and Meredith [1] and Saltiel and Datta [2] for
an introduction to heat and mass transfers in microwave processing. Other tmportant
papers addressing modeling of microwave heating processes include Ayapa et al. 3],
Clemens et al. [4], Dibben et al. [5], Zhao et al. [6], Bows et al. [7], Zhao et al. [8],
Watanukt [9], Basak and Basak et al. [10] and Ratanadecho et al. [11-13].

Although most of previous investigations considered simulations of microwave
heating in solid sample, a little effort has been reported on study of multi-dimensional
heating process of liquid layer by microwave fields. Moreover, full comparison
between numerical results with experimental heating data is found very rare.

A study of microwave heating of liquid was investigated by many researchers. A
study of natural convection in'a liquid expose to microwave was studied by Datta et al.
[2] which the microwave power absorbed was assumed to decay exponentially into the
sample following the aid of Lambert’s law. However, ths assumption is valid only for
the large sample dimensions and high loss dielectric materials. The important paper
addressing modeling of microwave driven convection in square cavity exposed to
waves from different directions was made by Ayapa et al. [3]. A study of microwave
induced natural convection in 3D was made by Zhang, Jackson, and Ungan (2000).
The model solved the Maxwell’s equation in 3D using the FDTD method and solved
the flow field for distilled water and com oil. Ratanadecho et al. [13} were the first
who investigated, numerically and experimentally, for microwave heating of liquid

layer with different diclectric properties using a rectangular wave guide. The
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movement of liquid induced by microwave energy was taken into account. Coupled
electromagnetic, hydrodynamic and thermal field were simulated in two dimensions.
The spatial variation of electromagnetic field was obtained by solving Maxwell’s
equations with the FDTD method. Their work demonstrated the effects of microwave
power level and liquid dielectric properties on the degree of penetration and rate of
heat generation within the liquid layer. The simulated results were validated by
comparing with experimental results. Recently, microwave heating of liquid flowing in
a rectangular duct passing through the cubic cavity was study by Zhu et al. [14]. The
effects of the diameter of applicator tube and the shape of microwave cavity were
investigated. The microwave 'heating of liquid inside rotating container was
numerically study by Chatterjee et al. [10], in which, the effects of the various
parameters, namely the rotational forces, power source intensity and the gravitational
forces, on the microwave heating of containerized liquids in the presence of rotating
* turntables were investigated.

However, except in the studies by Ratanadecho et al. [11]-[13], a little effort has
been reported on experimental study of microwave heating of liquid layer or
microwave heating of a fluid-saturated porous packed bed in detail. Due to the limited
amount of theoretical and experimental work on microwave heating of dielectric
materials, i.e., liquid layer and fluid-saturated porous packed bed reported to date, the
various effects are not fully understood and numbers of critical issues remain
unresolved. These effects of reflection rate of microwave, the variation of microwave
power level, dimension and location of sample and dielectric properties during
microwave heating of dielectric materials have not been systematically studied.
Generally the variation of the microwave power level, dimension and location of
sample and change of dielectric properties during microwave heating of dielectric
materials could change the degree of penetration and rate of heat generation within the
heating layer. The reflection rate of microwave strongly depends on the dielectric
properties of the heating layer so that the effects of the variation of microwave power
level, dimension and location of sample and dielectric properties and must be
considered in this work.

This study reports an experimental data during microwave heating of dietectric

materials 1.e., liquid layer and saturated porous packed bed using a rectangular
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waveguide in which the microwave of TE,, mode operating at a frequency of 2.45GHz

is employed.

2. Related Theories
With the basic knowledge of heating by microwave energy, it concems heat
dissipation and typical microwaves propagation the basic equation to calculate the density
of microwave power absorbed by dielectric material () can be here below established
[22].
Q= we s B =2x.f 8,6 (tan 5)E’ eh
where E is eclectromagnetic field intensity; f is microwave frequency; @ 1s angular

velocity of microwave; 8: is relative dielectric constant; ¢, is dielectric constant of air

and tan¢ is dielectric loss tangent coefficient.

From equation (1), Q is directly proportional to the frequency of the applied electric field
and dielectric loss tangent coefficient and root-mean-square value of the electric field. It
means that increasing of tand of sample, absorption of microwave energy and generated
heat are also increased. While tan§ is small, microwave will penetrate into §ample
without heat generation. However the temperature increasing i1s probably depending on
other factors such as specific heat, size and characteristic of sample.

When the material 1s heated unilaterally, it 1s found that as the dielectric constant
and loss tangent coefficient vary, the penetration depth will be changed and the electric
field within the dielectric material is altered. The penetration depth is used to denote the
depth at which the power density has decreased to 37 % of its initial value at the surface
(14]. ‘

@)
where D, is penetration depth £, is relative djelectric loss factor and v is microwave

speed. The penetration depth of the microwave power is calculated according to equation

(2), which shows how it depends on the dielectric propertics of the material. It 1s noted



that products with huge dimensions and high loss factors, may occasionally overheat a considerably
thick layer on the outer layer. To prevent such phenomenon, the power density must be chosen so
that enough time is provided for the essential heat exchange between boundary and core. If the
thickness of the material is less than the penetration depth, only a fraction of the supplied energy
will become absorbed. In example, consider the dielectric propefties of water typically show
moderate lossiness depending on the temperature. The wate; layer at low temperature typically
shows slightly greater potential for absorbing microwaves. In the other words, an increase in the

temperature typically decreases £, accompanied by a slight increment in D,

>

3. Experimental apparatus

" In the.present study, the experimental analysis of heat transfer in dielectric material is
conducted. Fig. 1(a) shows the experimental apparatus. The microwave system is a monochromatic

wave of TE,;mode operating at a frequency of 2.45 GHz. Microwave is generated by magnetron, it

is transmitted along the z-direction of the rectangular wave guide with inside dimensions of [10
mmx 54.61 mm” toward a water load that is situated at the end of the wave guide (Fig. [(b)). The
water load (lower absorbing boundary) which ensures that only a minimal amount of microwave is
reflected back to the sample. The warm water load from microwave system is circulated through the
cooling tower in order to reject heat to ambient. On the upstream side of the sample, an isolator is
used to trap any microwave reflected from the sample to prevent the microwave from damaging the
magnetron. The powers of incident, reflected and transmitted waves are measured by a wattmeter
using a directional coupler (MICRO DENSHI., model DR-5000). Fiberoptic (LUXTRON Fluroptic
Thermometer., model 790, accurate to % 0.5 °C) is employed for temperature measurement. The
fiberoptic probes are inserted into the sample, and situated on the XZ plane at Y = 25 mm. Due to
the symmetrical condition, temperatures are measured for only one side of plane as illustrated in
Fig. 2(a). An initial temperature of sample is 28 °C for all cases. Samples considered are water layer
and saturated porous packed bed that composes of glass beads (diameter of 0.15 mm with a porosity
of 0.385.) filled with water. Different dimensions of samples in the x-z direction are detailed in Fig.
2(b). A summary of the experimental procedure is depicted by Fig. 3. A sample container with a
thickness of 0.75 mm is made from polypropylene which does not absorb microwaves. The samples
will be heated by the microwave system that produces a monochromatic wave of TE g mode having
a frequency of 2.45 GHz. The dielectric properties for samples were measured at 28°C using a
portable dielectric measurement (Network Analyzer) over a frequency band of 1.5GHz to 2.6GHz
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as shown in Fig. 4. The portable dielectric measurement kit allows for measurements of the
complex permittivity over a wide range of solid, semi-solid, granular and liquid matenials. It
performs all of the necessary control functions, treatment of the microwave signals, calcutation,
data processing, and results representation. The software controls the microwave reflectometer to
measure the complex reflection coefficient of the material under test (MUT). Then it detects the
cavity resonant frequency and quality factor and converts the information into the complex
permittivity of the MUT. Finally, the measurement results are displayed in a variety of graphical
formats, or saved to disk. The dielectric properties of saturated porous packed bed that composes of
glass beads filled with water which depends on temperature are depicted in Fig. 5 Table 1 and 2
summarize the dielectric properties of materials, i.e., glass beads and effective value of saturated
porous packed bed. The penetration depths (skin depth) following Eq. (2) for each sample (water

layer and saturated porous packed bed) at specified condition are summarized in table 1 and 2.

4, Results and Discussion

In this section, effects of various parameters on microwave-heating process are investigated.
Effects of controlled parameters include microwave power, dielectric properties of sample,

dimension and location of sample, on which the following subsections discuss.
4.1 Effects of power of microwave

Water which is the material examined is heated. The time evolution of temperature rise at
the center point inside the water is shown in figure 6 with different values of power input. It is
found that power significantly influences the rate of temperature rise. Greater power provides
greater heat generation rate inside the medium, thereby increasing the rate of temperafure rise. To
understand further the powes effects, table 3 and 4 include microwave power that goes towards
(fwd) and comes out of (rev) water. The microwave powars of 300 W and 800 W are shown in table
3 and 4 respectively. In the case of higher power (800 W}, more power energy is absorbed, and
thereafter the absorbed energy is converted to more thermal energy, which increases the water
temperature. The temperature profile along the x direction at the midlength in the y direction (Y =
25 mm) is shown in figure 7 .for the heating time of 120 seconds. The same temperature data in
figure 7 is also depicted in figure 8 as contour lines on the XZ plane in order to see the temperature
distribution more clearly. Temperature is highest at the center location since the density of the

electric field of the microwave field in the TE o mode is high around the center region in the wave
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guide. The temperature is higher closer to the surface of water since water is a lossy dielectric
material, which has a small penetration depth causing the field to decay rapidly. The penetration
depth of water shown in table 1 is computed using equation (5) based on the dielectric properties of
water [5]. The temperature profile at Z = [0 mm. in figure 7 is traced with respect to time and
plotted in figure 9. It is clear that temperature rises with time. At each selected time, there appears
the bulge shape along the centerline, suggesting that the late;al temperature gradient exists. The
unstable condition causes flow motions induced by buoyancy force resulting convection mode of
heat transfer. Temperature change along the z-direction at X = 55 mm and Y = 25 mm is measured
and illustrated in figures 9 and 10 fo¥ microwave power of 300 W and 800 W respectively. In both
cases, temperature is higher near surface. The case in which powér of 800 W is used has greater rate
of temperature rise, In addition the temperature is slightly more uniform than that for power 300 W

due to greater fate of energy transfer per volume. Results presented in figure 10 are consistent to

the results depicted in figure 7.
4.2 Effects of dimensions and location of material

The following discussions involve investigations of effects of dimensions of material and its
location inside the wave guide on heating processes. Water in a container with different dimensions
is heated by a microwave power of 300 W. Temperatures measured by fiberoptic are averaged and
recorded. The resulting data is then plotted and shown in figure 11. The dimension sizes of
container in the x, y and z directions are denoted by X, Y, Z respectively. It is found that the water
that has smaller volume has higher rate change of temperature due larger heat generation rate per
unit volume. However, the exception is observed. Although the water in a 110(X)*x3Q(Z)x50(Y)
mm?® container has larger volume than that in a 55x50x50 mm’ container, the water with the larger
volume has greater rate of temperature nise. The reason behind this result is that the penetration
depth of water that is greater than its thickness causes the interference of waves reflected from the
interface of water and air at the lower side due to the difference of dielectric properties of water and
air. Consequently, the reflection and transmission components at each interface contribute to the
resonance of standing wave inside the water sample. Therefore the field distribution does not posses
an exponential decay from the surface. In terms of location of sample, the sample which is water
with 55mm x 30mm x 50mm in dimensions is placed in the waveguide at different locations as
depicted in Fig, 12. After the heating time of 120 seconds, temperature is measured at X = 27.5 mm
Y = 25mm Z = 30mm, and plotted with time in figure 13. It can be seen in this figure that the rate

change of temperature is highest when location of the sample is shifted to 20 mm away of the
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center, whereas the rate is lowest when the sample is located at the center. This is caused by
stronger resonance effects that occur due to disorder wave reflections. Since sample has its length
smaller than the waveguide width, waves reflect disorderly corresponding to a multimode of field

pattern,
4.3 Effects of dielectric properties of material

Microwave-heating process within the saturated porous material is examined in this section.
The sample used as the saturated porous material is the porous packed bed filled with uniform glass
beads and water. Each glass bead is 0.15 mm in diameter. It can be observed in figures 14 and 15,
which respectively present the line plots and contours that temperature is high around the bottom
region in the packed bed. Due to differences in dielectric properties of the porous material and
water, the present result is different than that found in the case of water. The dielectric properties of
saturated packed bed are tabulated in table 2. It is clear that the porous packed bed has its
penetration depth much larger than that of water shown previously in table 2. This porous bed
which is considered a low lossy material in which the fields can penetrate much further, causing
high temperature region at the bottom of the bed. This is confirmed by some microwave power that
penetrates out of the bottom surface of the bed, as shown in table 4. In case of water shown in table
3, much less power goes through the bottom surface to air. Further, the temperatyre distribution of
porous bed (figure 14) and water (figure 8) are compared. It is found that temperature in the XZ
plane 18 more uniform in water than that in porous bed since more convection mechanism exists in
water, while conduction is dominant in the porous bed due to minimal flow activities. To better
understand the heat transfer mechanisms within the sample, the time evolution of temperature
profile at Z = 10 mm. is plofted in figure 16. It is found that the range of temperature is substantially
wider as compared to the case of water sample shown previously in figure 10. In this case, fluid
motion is suppressed due to reduced permeability of porous bed. Consequently, the fluid is nearly

stagnant indicating that conduction is a dominant mode ofheat transfer.

5. Conclusions

The experimental analysis is presented in this paper, which describes many of important
behaviors within dielectric materials during microwave heating. Based on the obtained results in the

present study, findings can be summarized as follows:

. Greater power provides greater heat generation rate inside the medium, according to the fact

-+
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that the electromagnetic heat generation is proportion;ﬂ to the electric intensity to the power
of two

2. The sample that has smaller volume has higher rate change of temperature due larger heat
generation rate per unit volume. Sample with smaller thickness in the direction of the wave
incident has higher rate of an increase in temperature. Within the smaller-thickness sample,
the reflection and transmission components at eac‘}; interface contribute to a stronger
resonance of standing wave inside the sample.

3. Since the porous packed bed has its penetration depth much larger than that of water, the
electromagnetic fields can penetrate much further, resulting in high temperature region at
the bottom of the bed. -

4, Convection due to buoyancy forced flows which is induced by lateral temperature gradient

'~ is considerable in water. However, in case of porous bed, conduction prevails due to

minimal flow activities caused by the retarding effect within the bed.
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