‘ﬂ
. Ll G EEEET RS _-

b MadET s =
s et -:ﬁ;
CACE3IO1-16 ‘—"-=;'~:!EL; _,l ¢

8 P. Rantaradecho, S. Wongwises / Computers and Chemical Engineering xxx (2006} uox~xxx
0.0115
0.0110 —— 805 (Calj
0.0105} —uees 90 (Cal)
0.0300} e 1208 {Cel.)
1 e 1608 {Cal.)

00095 —— 1505 (Cal)
0.0090} A 605 {Exp.)
0.0085} ¥ 890s {Exp.)

E 0.0080¢ ®  120s (Exp)

=2 i B 1505 (Exp |

Nowrs i
0.0065F
0.00801
0.0055F
000501
0.0045———
0.0040} a , . )

0.00 0.02 0.04 0.06 0.ce 0.10

X [m]

Fig. 5. Comparison of experimental data and simulated freezing front from present numerical study.
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Fig. 6. Grid simulating the deformation of an interface (subjecied to multiple constant temperature heat sources): freezing time of (a) 60s, (b} 1205, and (c) 180s.

s Transient heat equation for frozen layer:
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time of (a} 60, (b) 1205, and (c) 180s.
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Stefan condition:
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The details of computational schemes and strategy for solving the combined transfinite interpolation functions (Eqs. (6)—(%)) and
PDE (Eqgs. (13)~(15)) are illustrated in Fig. 3.

5. Experiment

)

(15)

The freezing experiments are performed in a rectangular test cell filled with a porous medium (porosity, ¢ =0.38) with inside
dimensions of 10¢m in length (x), 5cm in height (z) and 2.5cm in depth (y). The partial horizontal top wall and bottom wall and

o] 0.05 0.1

0.04

0.05 &
(€ °

0.05 01

Fig. 8. Grid simulating the deformation of an interface (subjecied to mulliple heat sources with differem emperature): freezing time of (a) 60s, (b) 1205, and (¢}

180s.
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the vertical front and back walls are made of acrylic resin. The entire test cell is covered with 8 cm thick Styrofoam on all sides
to minimize the effect of heat losses and condensation of moisture at the walls. The partial top wall, which serves as a constant
temperature heat source, is rulti-pass heat exchanger. Heat exchanger is connected through a valve sysiem {o constant temperature
bath where the liquid nitrogen is used as the cooling medium. Thirty thermocouples with diameter of 0.15 mm are placed at interval
of 10 mm throughout the axis of a sample (x and z planes). These thermocouples are connected to data-logger and computer through
which the temperatures could be measured and store at preselected time intervals. The positions of freezing front in the sample are
determined by interpolating the fusion lemperature from the thermocouple reading.

The uncertainty in the results might come from the variations in humidity, room temperature and human error. The calculated
uncertzinty associated with temperature is less than 2.75%. The calculated uncertainties in all tests are less than 2.85%.

6. Resulis and discussion

Numerical results are obtained for phase change in a rectangular cavity filled with a porous medium. The calculation are performed
under the following conditions:

(1} The time step of dr=90.1 [s] is used for the computation of temperature field and location of freezing front.

(2) The number of cells is N =120 (width} x 100 (depth}.
(3) Iterations are carried out until relative exrror of 10~¢ are reached.

In order to verify the accuracy of the present numerical algorithm, it is validated by performing simulations for a planar freezing
front in a water-saturated porous media in a rectangular cavity with a dimension of 10cm (x) x 5 cm (z). Initially, the temperature of

0.01

0.05 o1

Fig. 9. Grid simulating the deformation of an interface {subjected tc multiple heat sources with different temperature): freezing time of (a) 60s. (b) 1205, and (¢)
i80s.
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0°C is assigned throughout each layer. Thereafter, one constant temperature heat source (77 = —40 °C) with strip length of 10mm
is imposed on the top wall. The calculated front Jocation is based on the thermal properties of ice and water. The resulis are then
compared with analytical solution for the freezing of water-saturated porous media In a rectangular cavity at the same condition.
Fig. 4 clearly shows a good agreement between simulated and analytical solutions. Therefore, the present method can yield accurate
solutions.

Fig. 5 shows the measured and simulated results of the freezing front during freezing of water-saturated porous media in a
rectangular cavity with a dimension of 10¢m (x) x 5 cm (z). In this comparison, one constant temperature heat source, 7 = —40°C,
is applied. The observation of the freezing front depicted from the figure reveals that the simulated results and experimental results
are qualilatively consistent. However, the experimental data is significantly lower than that simufated results. Discrepancy may be
attributed to heat loss and non-uniform heating effect along the surface of supplied load. Numerically, the discrepancy may be
attributed to uncentainties in the thermal and physical properties data. In addition, the source of the d:screpancy may be annbuled

to natural convection effect 1n hquid.
6.1. Freezing process with multiple consiant temperature heat sources

The purpose of this subsection is to illustrate the efficiency of the grid generation syslem during the freezing of water-saturated
porous media in a rectangular cavity with a dimension of 12 cm (x) x 5cm (z) (porosity, ¢ =0.38) subjected to multiple constant
temperature heat sources (three heat sources with strip length of 10 mm in each region). Fig. 6(a) through (¢) show grids that fit curves
that are typical of shapes seen during deformation of an interface with respect 10 elapsed times. The grid generation corresponds io
the inittal temperature of 0°C and applied boundary condition (7 = —40°C) given by Eq. (3). It can be seen how freezing fronts
progress with respect to elapsed tmes. During the initial stages of freezing the shape of the interface in each region becomes flatter
as the freezing front moves further away from the fixed boundaries indicating principally one-dimensional hieat flow. As later times,
the curve on the interface gradually flattens indicating the two-dimensional effect. In all figures, it is found that the grid is able o
maintain a significant amount of orthogonality and smoothness both within the interior and along the boundary as the grid points

0
g,
0.01 -
-
0.02 e
=
0.02 =1
11
o
0.04 it
mn
0.0
% 0.05 0.1
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Fig. 10. The simuiations of temperature distribulion (°C) (subjected 1o muitipte heat sources with different temperature): freezing time of (8) 605, (b) 1205, and (c)
18G5,
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redistribute themselves to follow the interface. These results show the efficiency of the present method for the moving boundary
problem,

The simulations of temperature distribution within rectangular cavity filled with porous media in the vertical plane (x—z) corre-
sponding to grid simulating the deformation of an interface (Fig. 6(a}(c)), are shown in Fig. 7(a)~(c). Since the present work is to
coupie the gnd generation algorithm with the transport equations, the thermal analysis during freezing process will be discussed
as follows. When multiple constant temperature heai sources are applied during localized freezing process, heat is conducted from
the hotter region in unfrozen layer to the cooler region in frozen layer. At the initial stages of freezing, ,cﬁe freezing fronts exhibit
to be a smali semi-circular shape indicating principally two-dimensional heat conduction as shown in £7 @a). Later, the shape of
interface becomes larger semi-circular shape as the freezing front moves further away from the fixed boun as shown in Frg /G(b)
and (c). However, as the freezing process persists, the freezing rate progresses slowly. This is because most of heat conductiondakes
place the Jeadmg edge-of-frozen layer (freeze layer), which is located further from unfrozen layer. Consequently, small amount of
heat can condict to the frozen layer due to the freeze region acting as an insulator and causing a freezing front to slowly move
with respect to elapsed times. Considering the shapes of the freezing front with respect to elapsed times, each freezing region
of the rectangular cavity shows signs of freezing, while the outer edge displays no obvious sign of freezing indicating that the
temperature does not fall below 0 °C. Nevertheless, at the long stages of freezing, the leading edge of applied boundary condition
displays sign of freezing continuously and the spreading of the freeze in the both x—z directions (semi-circular shape) is clearly

shown,

6.2. Freezing process with multiple heat sources with different iemperature -

The following discussion refers to case that the freezing of water-saturated porous media in a rectangular cavity with a dimension

of 12em (x) x 5¢m (z) (porosity, ¢ =0.38) subjected 10 multiple heat sources with different temperature. Fig..#{a) through (c) show
grids thai fit curves that are typical of shapes seen during deformaticn of an interface with respect to efapsed times. The grid generation

e

IEEALNERES:T

B

T

0.05 (e

BEESRAMNEGEY

FIREEEARRERN ST

L.05 c.1

Fig. 1 I. The simulations of \emperature distribution (°C) (subjected 1o muitiple heat sources with different lemperature): freezing lime of (a) 605, (b) 1205, and (c)
180s.
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7z for the applied boundary condition with different lemperature in two cases, namely, 7] | = —80°C, T = -40°C, T = - 807C and

TLa=—40°C, T, =—-60°C, T_;=—80°C, are shown in Figs. 8 and 9-Figs. 8(a)-(c) and 9(a)-(c), respectively. The simulations
of temperature distribution corresponding these grid generations (Figs. 8 and 9), are also shown in Figs. 10(a)—(c) and 11{a)}-(c},
o3 respectively. As similarly mentioned in previous subsection, the simulated results show the reasonable trends of freezing phenomena
=s  at specified freezing conditions.

This study shows the capability of the present method to correctly handle the phase change problem with highly complex mO\"ing
a2 boundaries condition. With further quantitative validation of the present method, this method can be used as a tcicﬂ for mvesuﬂaung

=w in detail this particular freezing of phase change slab at a fundamental level.

o3

74

an

=z 7. Counclusions

‘Mesh quality has the largest impact on solution qualuy. A high quality inesh increases die accuracy of the computational flow

Fi:)
solution and improves convergence. Therefore, it is impertant to provide tools for obtaining and improving a mesh.

282

23 In this study, the freezing of water-saturated porous media in a rectangular cavity subjected to multiple heat sources with
w  different temperature has been investigated numerically. A generalized mathematical model and an effective calculation procedure is
= proposed. A preliminary case study indicates the successful implementation of the numerical procedure. A two-dimensional freezing
= mode] is then validated against available analytical solutions and experimental results and subsequently used as a tool for efficient
22 computational prototyping. Simulated results are in good agreement with available analytical solution and experimental results. The
as  successful comparison with analytical solution and experiments should give confidence in the proposed mathematical treatment,

=9 and ercourage the acceptance of this method as useful tool for exploning practical problems.
The nexi phase, which has already begun, is to couple the grid generaton algorithm with the completing transport equations that
determine the moving boundary front and buoyancy-driven convection in the unfrozen layer (liquid). Moreover, some experimental

=e studies will be performed to validate numerical results.
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295  Appendix A

In this secton, we will derive a transformation mode! of the governing differential equations for using in the numericat calculation.
2z The details are shown as below:

we Al General transformation of the first and second derivatives

200 Considering the first derivative of any parameters can be written as:

3_1(3 a) a_l(a d (A1)
R e 3&' Zgan 6‘2_] IEan Xna‘f _ _ .

aas  where.J is Jacobian, it can be written as:

302 J = XEZ)] - I;—,-ZE (Az)
d
- xyp = 3—; (A.3)

Considering the second derivative of any parameters, we will establish the second derivative of Laplace equation of parameter A
as where Egs. (A.1)-(A.3) are related:

2 2
206 V2A=(3_2+E2_)A=i(aﬁ_2ﬂ3_£+y%>

ax? 372 JT o ag? akdn
1 dA dA 34 dA
o7 + ﬁ [(axFE - 2}311;':] + )’Iwm) (zfér_',l -~ Iy Eg) -+ (Uzgf - 2}3251; + )/Z,m) (XWEE — Xga'-)j! (A4
xs  where
8 o= xﬁ -+ z?‘,, B = xpxg + 2y, y = x? + z? (A.5)
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so  Xp, X¢, 2 and z;, denote partial derivatives, 8, &, y are the geomeltric factors and », £ are the transformed coordinates. The related
sn  parameter can be defined as:

x=x(§n), z=zE, ) or E=£x,2), n=7n(x2)

1
o x=x(£), z=zu&n) or E=&x), n="nx1z) (A.6)
ax ak
- 1q=§£=0 or Exza—x‘:'o
a2 Corresponding to the Eq. (A.6), the first derivative of any parameters (Eq. (A.1}) can be rewritten as:
a _1 a3 8\ a ] (x ] a )
_—= _—= - —_—— Xy —
ax Y% Y% a s T\ Mg T
are 1 (A7)
2] ( o _, 8y a_1( 3
ax T \%e %) w7\ My
s Wwhere
J = xgzq — Xnzg
a8 4 (A.8)
= xgzy
ar  The second derivative of any parameters (Eqs, (A.4)(A.6)) can be also rewritten as:
1/ 34 #a ¥ a
VA== [a—0 - 28— +y—
7 (“ o5 " oo 3772)
aA oA dA 2A
o ) [(‘”&E — 2Bxg + yany) (Zea - Zna_g) +(azge — 2Bz + vigg) (Ina_é: - XEZTn)J (A9)
4
1/ &4 A 34 1 A 34 A
24 0 2 f A L oA Ga o _wa
VA = 7 (a P Z‘Bagan +¥ qz) + 7 ,:(Q'J.'gg) (z; o Zy 6’§) +{azg — 2Bzen + ¥2ny) ( Xg Bn)}
as  where
a=x,21+z,21. B =xpxy + ey, y=r§+z§
RS {4 (A.10)
a=z$. i =Zszq. y=x§+z§

w  A.2. The iransformaiion aof thermal model

After some mathematical manipulations (Eq. (A.7), (A.9), (1), (2) and (5)), a ransformation mode] of the governing differential

a2
= equations become:
T a 3n T aZT, aj #x ) an a7 7z 9tz #z an)]
= W T ( P trar )+ (v (w5 o) reg Mg trag (g
1 on\ dz
— — | = 1
225 =+ 7 (Xg ar]) o ( 0)
320
aT, T, FT, 827, as #x a7, 9T, 8z 3z 8%z T\ 1
: = -2 — S+ =2 | (e= Ak R et 28—t y— [ —xe == |
“ a 12( W Pt )T (“652) (ZE o ae)“ae? ﬁ353n+y3n2( 8 377)1
] AT\ d .
526 + 7 (x;a—;) EZ (1
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Abstract

Numerical investigations of transient natural convection flow through a fluid-saturated porous medium in a rectangular cavity with
a convection surface condition were conducted. 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 exposed surface allows convective transport
through the porous medium, generating a thermal stratification and flow circulations. The fermulation of differential equations is
non-dimensionalized and then solved numerically under appropriate initial and boundary conditions using the finite difference method.
The finite different equation handling the boundary condition of the open top surface is derived. The 1wo-dimensional flow is charac-
tenized mainly by two symmetrical vortices driven by the effect of buoyancy. A lateral temperature gradient in the region close 1o the
top wall induces the buoyancy force under an unstable condition. Unsteady effects of associated parameters were examined. It was found
thai the heat transfer coefficient, Rayleigh number and Darcy number considerably influenced characteristics of flow and heat transfer
mechanisms. Furthermore, the flow pattern is found to have a local effect on the heat convection rate.

© 2006 Elsevier Lid. All rights reserved.

Keywaords: Natural convection; Saluraled porous media; Convection boundary condition

systems. Qosthuizen and Patrick [7] performed numerical
studies of natural convection in an inclined square enclo-
The heat and fiuid flows in cavity that expesionces con-  sure with part of ene wall heated to a uniform {emperature
vective heating or cooling at the surface are found in a2 wide  and with the opposite wall uniformly cooled to a lower
variety of applications including Jakes and geothermal res-  temperature and with the remaining wall portions. The
ervoirs, underground water flow, solar collector etc. [1].  enclosure is partially filled with a fluid and partly filled with
Associated industrial applications include secondary and a porous medium, which is saturated with the same flud.
tertiary oil recovery, growth of crystals [2], heating and The main results considered were the mean heat transfer
drying process [3-5], solidification of casting, sterilization  rate across the enclosure.
etc. Nithiarasu et al. [B] examined effects of variable porosity
Natural or free convection in a porous medium has on convective flow patterns inside a porous cavity. The
been studied extensively. Cheng [6) provides a compre-  flow is triggered by sustaining a temperature gradient
hensive review of the literature on free convection in fluid-  between isothermal lateral walls. The variation in porosity
saturated porous media with a focus on geothermal significantly affects natural flow convective pattern.
Khanafer and Chankha [9) performed nwmerical study of
mixed convection flow in a lid-driven cavity filled with
a fluid-saturated porous media. In this study, the influ-
ences of the Richardson number, Darcy number and the

1. Introduction
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Nomenclature

Cp specific heat capacity (J/kg K)

Da Darcy number (=)

£ gravitational constant (m/s)

H cavity length (m)

h convective heat transfer coefficient (W/m? K)

k effective thermal conductivity of the porous
medium (W/m K)

% pressure (Pa)
Pr Prandt] number (-) ¥ stream function
Ra Rayleigh number (-) < dimensionless vorticity
T temperature {°C) ¥ dimensionless stream function
! time (s)
u, v velocity component (m/s) Subscripts
X,y Cartesian coordinates 00 ambient condition
X, ¥ dimensionless Cartesian coordinates i inital condition and index for a2 number of
W cavity width {m) points in x direction
Fi index for a number of points y-direction
Greele letters
K permeability of porous medium (m?)
u thermal diffusivity (m?/s)

coefficient of thermal expansion {1/K)
porosity (-)
dynamic viscosity (Pa/s)
kinematics viscosity (m?/s)
r fluid density (kg/m?)
1T dimensionless time
) dimensionless temperature
@ vorticity (m?/s)
Vi

I

o

Rayleigh number play an important role on mixed convec-
tion flow inside a square cavity filled with a fluid-~saturated
porous media. Nithiarasu et al. [10] examined effects of
applied heat transfer coefficient on the cold wall of the cav-
ity upon flow and heat transfer inside a porous medium.
The differences between the Darcy and non-Darcy How
regime are clearly investigated for different Darcy, Ray-
jeigh and Biot numbers and aspect ratio. Varations in
Darcy, Rayleigh and Biot numbers and aspect ratio signif-
icantly affect natural flow convective pattern. Recently, Al-
Amiri [11] performed numerical studies of momentum and
energy transfer in a lid-dnven 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 Vafai [12)
extended the investigation to mass transport in the med-
rum. 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 [13-15]

Previous investigations have merely focused on momen-
tum 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 sat-

urated porous medium subjected to heat transfer coefficient
boundary condition at the exposed portion of the top wall
has been reported. The case, in which the top wall is par-
tially exposed, ts considered in our study. In this case, the
heating pattern is similar to the heating phenomenon
occwming in a microwave heating of water layer in which
the microwave energy transfers only partially through the
top surface for a particular mode of microwave field [16].
It is found in the present study that the two symmetrical
vortices are developed during the early stages of heating
process. This suggests the presence of heat conmvection
mechanism due to fluid motion in the transient condition.
This distinct pbenomenon is different from the case of fully
heated top wall to which constant temperature was pre-
scribed in that in this case the heat transfer from the top
to bottom surface is exclusively by conduction.

In the present study, the detailed parametric study has
been carried out for transient natural convective flow in a
fluid-saturated porous medium filled in a square cavity.
The top swface is partially open to the ambient, allowing
the surface temperature to vary, depending on the influence
of convection heat transfer mechanism. The influences of
associated parameters such as heat transfer coefficient,
Rayleigh number and Darcy number on the flow and ther-
mal configurations were examined.

2. Problem description

The computational domain, depicted in Fig. | is a rect-
angular cavity of size W x i filled with a fluid-saturated
porous medium. Aspect ratio of unity (4 = 1) is used in
the present study. The domain boundary is insulated except
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Fig 1. Schemalic representation of the computational domam.

the top wall, which is partially exposed to an ambient air.
The initial and boundary conditions corresponding to the
problem are of the following forms:

u=v=90 T=T; forr=0, (1
u=v=0 atx=0W 0<gy<gH, 2)
u=v=0 aty=0H O0gxgW

1

—6;=0 atx=0W 0<gy<H,

-aI: aty=0 0<xg W,

By

or

6_= aty=H 0<£x<L and W-Lgxs W
iy

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

or
k= kT~
5, = HT =Tl

aty=H Lg<x<W-1L, (4)
where k and k£ are effective thermal conductivity and con-
vection heat transfer coefficient. ¢ and v denotes porosity
of porous medium and fluid viscosity, respectively. This
type of condition corresponds to the existence of convec-
tive heat transfer at the surface and is obtained from the
surface energy balance.

The porous medium is assumed to be homogeneous and
thermally isotropic and saturated with a fluid that is local
thermodynamic equilibrium with the solid matrix. The
fluid flow is unsteady, laminar and incompressible. The
pressure work and viscous dissipation are all assumed neg-
ligible. The thermophysical properties of the porous med-
tum 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 sym-
bols, the governing equations describing the heat transfer
phenomenon are given by

ou oo

I “I?'
| :.l“h

il
I N-

i

Fig. 2. Test results for validation purpose: (a) previously published results [19] and (b) presenl numerical simulation.
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where x is medium permeability, § is thermal expansion
coefficient, « is eflective therma) diffusivity of the porous

Table 1
Comparison of Lhe resulls oblained in the preseni study with those of

Aydin [14]

medium, g and v are viscosity and kinematic viscosity of
the fluid respectively. In the present study, the heat capac-
ity ratio ¢ is taken to be unity since the thermal properties
of the solid matrix and the fluid are assumed identical. The
momentum equation consists of the Brinkmann term,
which accounts for viscous effects due to the presence of
solid body [I7]. This form of momentum equation is
known as Brinkmann-extended Darcy model. Lauriat
and Prasad [18] employed the Brinkmann-extended Darcy
formulation to investigate the buoyancy effects on natural
conveciion 11 4 verueal 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 [11]. However, the inertial ef-
fect was neglected, as the flow was relatively low.

The variables are transformed into the dimensionless
quantities defined as,

Table 2
Comparison of the resulls obtlained in the present study with (hose of

Nithiarasu et al. [8]

Present work Published work {14] Difference {%%) Present work Published work 8] Difference (%}
(17— 5.079 5.087 0.33 Yeax 2.53 2.56 117
Vs 16.300 16.225 0.46 Vinax 9.49 9.34 1.60
Vo, 19730 19.645 0.43 (Da=0.01, Ra = 10, porosity = 0.6).

Uﬂr

(XN
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a 023 [X] 0.7 1
b 4

{a)
1
T
b -N g ’
~ |
04f |
o2l i
o oas m s J
) X

Fig. 3. Tesl reselts for validation purpose: (a) Nithiarasu el al. [87: Non-Darcian model {including inertial and boundary eflect) and (b} present simulation:
Brinkman-extended Darcy model, which accounts for viscous eflfects due 1o the solid boundary.



2320 . W. Pakdee, P. Rattanadecho | Applied Thermal Engineering 26 (2006} 2316-2326

L

N2 S U

EN oﬁf = 080
[ e
v S e
3 ™ © ot crevhe, b
e B
' i«:‘,':;'__ _A..'f;( 1 e -

—-0.38
B, 05F 032
—0 425
DE
Q.19
ol L o e bt
[ 02s as 0.7 1 [ bas 0.5 0.7 !

x (d) x

» - .
Fig. 4. Sequential files for contours of lemperature and streamlines at times 1 = 0.0125, 0.09, 0.1675, and 0.2475. (Ra = 10*, Da =001, Pr= 10,e=0.8,
and & = 100 W/m® K). o )



W, Pakdce, P. Raitanadecho | Applied Thermal Engineering 26 (2006) 2316-2326

co=1=0
4 ‘Too - Ti
where w and ¥ represent dimensional vorticity and stream
function, respectively. Symbol « denotes thermal diffusiv-
ity. The initial temperature and ambient temperature are
given by T; and T, Thus the dimensionless form of the
governing equations can be written as

(10)

Siukers- ()
ZRaB'(:)f,) - %?g, (12)
02—9+U§§ V%: (2;%5627@), (13)

where the Darcy number, Do is defined as x/H? and
Pr=y/u is a prandtl number. The Rayleigh number Ra,
which gives the relative magnitude of buoyancy and vis-
cous forces is defined as Ra = gf(T; — Too}H /(a).

o0rs ———— 4 )2
19
a 0f L" 0.3
[ -1

e @ 035 95 ').75"‘ -1
x
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Pr = vfa is the Prantl number, where a = k,/(pc,)r is the
thermal diffusivity. '

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 con-
sidered is 10 W/m K.

In the present study, the iterative finite chﬂ'erence

‘Hiethon is used to solve the transient dimensionless govern-
ing equations (Eqgs. (11)(13)) subject to their correspond-
ing initial and boundary conditions given in 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 res-
olution of 61 x 61 was found to be sufficient for all smooth
computations and computational time required in achiev-
ing steady-state conditions. Finer grids did not provide a
noticeable change in the computed results. The finite differ-
ence form of boundary condition at the open part of the
top surface is systematically derived, based on energy con-
servation principle. The boundary values of dimensionless
temperature of a node §, j §;; are expressed as

X 05

0.2%

% 023 05 073 P -
(a} x T
1
0.35
Py
0.25
%
{b)

Fig. 5. Contours of temperature and streamlines: {a) A = 60 W/m> K and (b} s = 300 W/m* K. (Ra = 10°, Da = 0.1, Pr= 1.0, and £ = 0.8).
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It can be noticed that Eq. (14) is independent of T, as it
has been eliminated during the derivation. Thus the solu-
tions can be obtained regardless of a value of T.

4. Results and discussion

In order to verify the accuracy of the present numerical
study;..the present numerical model was validated: against

" . 'the resuits obtained by Aydin [19] for a free conveciion flow

in a cavity, with side-heated isothermal wall, filed with pure
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g
air (Pr = 0.7) for Rayleigh number of 10°. It was found that
the solutions have good agreement with the previously pub-
lished work. The results of the selected test case are iilus-
trated in Fig. 2 for streamlines and temperature contour
lines. Table 1 clearly shows a good agreement of the maxi-
mum 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. [8] in the presence of porous

mediym for additional squrce of confidence, as shown in, -

Fig. 3. The values'of Ra = 10°, Da = 0.0] and ¢ = 0.6 were
chosen. Table 2 clearly shows a good agreement of the

L3 R
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Fig. 6. Contours of lemperalure and sireamlines: (a) Do = infinity, (5) Da = 0.1, () Da = 0.001. {Ra = 10°, 4 = 60 W/m* K, Pr = 1.0, and 5= 0.8).
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maximum values of the stream function and vertical veloc-
ity component between the present solution and that of
Nithiarasu et al [8]. All of these favorable comparisons lend
confidence in the accuracy of the present numerical model.

The following discussions include the numerical results
from the present study. Initial values of @ for an entire
domain are set 1, based on Eq. (14) since the ambient tem-
perature is higher than temperature of the medium in cav-
ity. The investigations were conducted for a range of
controlling parameters, which are Darcy number (Da)

2323

Fig. 5illustrates how the convective heat transfer coeffi-
cient influences thermal and flow behaviors, while other
parameters Da= 0.1, Pr=1.0, and &= 0.8 are fixed. The
variable values of 4 chosen are 60 and 300 W/m? K, which
may represent a typical free and forced convection, respec-
tively. In all the figures henceforth, directions and magni-
tudes of the arrows indicate the direction as well as
strength of the flows respectively. It is seen on the left col-
umn in Fig. 5 that the temperature gradients are steep at
the top area near the exposed convective surface and grad-

Rayietgh‘ number:(Ra} and convective heat transfer coeffi-.....eually, decreases toward, the.bottom_of . the domain. In the

cienit (h). The" ‘porosity £ of 0.8 and unity aspect ratio
(A4 = 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 cav-
ity are presented. All the figures have the same range of
contour levels to facilitate direct comparisons.

The resulting computational fields were extracted at the
time adequately long to ensure sufficient energy transferred
throughout the domain. Fig. 4 displays instantanecus
images of the contour plots during the thermal and flow
evolution. The Darcy number of 0.01, Pr=1.0, k=
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
results taken at the dimensionless times t = 0.0125, 0.09,

- 0.1675, and 0.2475 with the time interval. The vertical tem-
perature 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 fiuid is heated through the par-
tially open area. This indicates the non-uniform tempera-
ture at the top surface, leading to an unstable condition.
Thus the buoyancy effect is associated with the lateral tem-
perature gradient at locations near the top surface. Heated
portions of the fluid become lighter than the rest of fluid,

. ¥'Tand dreexpanded 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 over-
come the retarding influence of viscous forces. An increase
in strength of the vortices develops fast during early simula-
tion times, and its maximum magnitude reaches 0.1 at
t=0.0475. After this time, the vortices are slowly weak-
ened. Similarly, temperature distribution progressively
evolves relatively fast in the early times. After the time
7= 0.07, slow evolution is observed. This result corre-
sponds to the decrease in strength of flow circulations. In
the remaining area, the fluid is nearly stagnant suggesting
that conduction is dominant due to minimal flow activities.
This is because the viscous effects are large.

This distinct phenomenen is different from the case of
fully heated top wall to which constant temperature was
prescribed in that in this case the heat transfer from the
top to bottom surface is exclusively by pure conduction.

reinaining area of ‘the cav:ty, ihe temperature gradients
are small and this implies that the temperature differences
are very small in the bottom 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 & does not contribute a significant modification
to the temperature contours. However, an increase in A

-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
value of A increases maximum temperature resulting in
wider temperature range in the domain.

Effects of the Darcy number on the fluid flow and tem-
perature inside the rectangular cavity are depicted in Fig. 6.
The contour of isotherms and streamlines are plotted for
different Darcy numbers while ¢, Pr and # 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 fo 0.00] and 0.1. The case in which the
porous medium is absent correspends to infinite Darcy
number. The presence of a porous medium within rectan-
gular enclosure results in a force opposite to the flow direc-
tion 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

0.78

0, 16—o-=nq -

¥4

1 1. e
0s 075’ 1
X

1
o 625

Fig. 7. Temperature distribution contours within a medium in the absent
of porous (solid lint) overlaid by the temperature distribution contours in
a porous medium with Da of 0.001 (dash line). Data is taken from that of
Fig. 6.
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intensitics thereby assisting downward flow penetration,
which causes the streamline lines, i.e., two symmetrical vor-
tices 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 weil as thermal penetration are pro-
gressively 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
“W"' feFafively strong. Furthertmore;uFig: 6c indicates that as
) Darcy nuriber approaches zero, the convective heat trans-
fer mechanistn is almost suppressed, while the heat transfer
by means of conduction plays an important role in heat
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transfer. The left column of Fig. 6 shows comparison of
temperature in which the contours of different Darcy num-
bers appear roughly similar.

To gain further insight into the effects of the Darcy num-
ber 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 Fig. 7. It is noticed
that temperature stratification layers, near the vertical sym-
metry line in the case of Da 0.001, move further downward
relative to those for pure fluid. This observed incident
results fromva-stronger flew in thea«upwardwdirection Ty
the central region for the pure mediumi.’ The upward flows
inhibit the thermal propagation. In contrast, in the areas
away from the vertical center line, the downward flows

1
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Fig. 8. Contours of temperature and streamlines: {a) R = 10°, (b} Ra = 10* and (¢} Ra = 10°. (Da=0.1, h=460 W/m?K, Pr=10, and £ = 0.5).
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Fig. 9. Temperature distribution contours wilhin a porous medium with
Ra = i0? (dash line) overlaid by the iemperature distribution contours ina
porous medium with Ra = 10° {solid Jing). Data is taken from that of

Fig. 8.

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

Fig. 8 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 £
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 circu-
lations 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 guali-
tative simifar, Fig. 9 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 pene-
trates faster relative to the low Ra case at the central loca-
tions around vertical symrnetric Ene: bt they move slower
in the regions near the vertical walls, The results are consis-
tent with the thermal behaviors observed in Fig. 7 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 locally
affects the heat convection process.

5. Conclusions

Numerical simulations of natural convection flow
through a fluid-saturated porous medium in a rectangular
cavity due to top surface convection were performed. Tran-
sient effects of associated controlling parameters were
examined. The two-dimensional flow is characterized
mainly by two symmetrical eddies that are initiated by
the presence of buoyancy effect. The buoyancy effect is
associated with the lateral temperature gradient at loca-

tions near the top surface. As the convection heat transfer
coefficient increases, the temperature stratification pene-
trates deeper toward the bottom wall, and temperature
range within the domain is extended. Small values of Darcy
number hinder the flow circulations. Therefore the heat
transfer by convection is considerably suppressed. Large
values of Rayleigh number increase streamline intensities,
thus enhancing the downward flow penetration. Therefore
enlarges the region where convection mode is significant.
Moreover, the flow in the direction of heat transfer is found

to enhance the rate.of.convection whereas the flow.in. the . P

opposed direction retards the heat rate. In our future study,
efiects of internal heat generation due to microwave energy
on heat transfer processes in fluid-saturated porous med-
ium will be considered.
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Abstract

Microwave heating—drying of wood using a wave guide is a relatively new area of research. In order to gain insight into the phenomena that.
occur within the wave guide together with the temperature distribution in the wood, a detailed knowledge of absorbed power distribution is
necessary. In this paper, a two dimensional numerical model is developed to predicted the distribution of electromagncuc fields (TE10-mode},
power and temperatures distributions within wood located in rectangular wave guide. A three dimensional finite differenice time domain (FDTD)
scheme is vsed 1o determine electromagnetic fields and absorbed power by solving the transient Maxwell’'s equations, and finite difference
method is used to obtain unsteady temperature profiles. Temperature dependence of wood dielectric properties is simulated through an iterative
process. The simulations are performed illustrating the influence of irradiation times, working frequencies and sample size. The presented

R LT A

modeling is used to identify the fundamental parameters and provides guidance for microwave drying of wood.

@ 2006 Elsevier Ltd. All rights reserved.

Keywords: Microwave heating; Rectangular wave puide; Numerical; Wood

1. Introduction

In the past decade, there are many successful examples of mi-
crowave application including; the heating and drying of foods,

" heating and drying of ceramics, heating and drying of woods
"‘and vulcanizations of rubber. A number of other analyses of the

microwave heating process have appeared in the recent litera-
ture (Ayappa et al., 1991, 1992; Saltiel and Datta, 1997; Tada et
al., 1998; Ratanadecho et al., 2001, 2002; Rattanadecho, 2004,
Basak, 2003, 2004).

Although most of previous investigations considered simu-
lations of microwave heating in solid sample, a little effort has
been reported on study of microwave heating of wood in a
rectangular wave guide particularly full comparison between
mathematical simulations and experimental data.

Generally, the microwave power absorbed was assumed to
decay exponentially into the sample following the Lambert's
law. However, this assumption is valid for the large dimension

E-mail address: ratphadu@engr.wu ac.th.

0009-2509/5 - see front matier © 2006 Elsevier Ltd. All rights reserved.
dai:10,1016/).05.2006.03.001

samples where the depth of sample is much larger than the
penetration depth (all microwave energy, except the reflected
wave from the upper surface of the sample, is dissipated within
the sample). For the thin samples where the depth of sample

~isanuch smaller.than the penetration depth, heat transfer rate

by microwave ‘is’ faster. The reason is that the reflection and

transmission comiponents at cach interface. will contribute 10
the resonance of standing wave configuration inside the sam-
ple whereas resonance is completely absent for greater length
scales (Ayappa et al., 1991).

In perspective, Lambert’s exponential decay law cannot
predict resonance. Therefore, the spatial variations of the elec-
tromagnetic field within thin samples must be obtained by solu-
tion of the Maxwell's equations. The two-dimensional models
of the interactions between electromagnetic field and dielectric
materials have been used previously to study numerous heating
processes of wood in a variety of microwave applicator con-
figurations such as rectangular wave guide and cavities (Perre
and Tumer, 1997; Zhao and Turner, 2000). Readers may refer
to Metaxas and Meridith (1983) and Mujumdar (1995) for an
introduction to heat and mass transfer in microwave processing.
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Due to the limited amount of theoretical and experimental
work on microwave heating of hygroscopic porous media such
as wood reported to date, the various effects are not fully under-

stood and numbers of critical issues remain unresolved, These

effects of the irradiation time, working frequencies and sam-
ple size on heating pattern have not been systematically stud-
ied. This work, the formulation of mathematical model for the
microwave heating of wood inside a rectangular wave guide,
in which the microwave of 7E)g mode operating at the spec-
ified frequencies, is employed. The mathematical models are

sotved- numierically avd corpared with experimental datardn~"

the present analysis, the effects of the irradiation time, working
frequencies and sample size on heating pattern are investigated

in details.
The result presented bere provides a basis for fundamental

understanding of microwave drying of wood.

2. Experimental configuration.

Fig. 1 shows the experimental apparatus for microwave heat-
ing system. It was developed for the heating tests to validate
the model simulation. This system (Fig. 1(a)) consisted of a mi-
crowave supply system and a hot air system. In the microwave
supply system a magnetron generated the monochromatic
wave of TE)y mode operating at a frequency of 2.45GHz, a
wave-guide transmitted the wave to the heating cavity, a direc-
tional coupler with power meters measured power components.

‘& cirenjator with a air coolingdoad wasdnstalled in the system to
absorb the reflected wave, a three-stub tuner was used to adjust

the matching impedance into the heating cavity. In experiments,
the microwave was transmitted aiong the z-direction of the rect-
angular wave guide with inside dimensions of 11 cm % 5.461 cm
toward a water load that was sitvated at the end of the wave
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Fig. 1. Experimental apparatus: (8} microwave heating system; (b) wood sample.
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Table 1

Dielectric properties of wood (T = 25°C)

Frequency 245 GHz 5GHz
Dielectric constant, £ 1.591] 1.591
Loss factor, £” 0.033 0.033
Penctration depth (m) 0.0357 0.0175

guide. The water load ensured that only a minimal anmount of
microwave was reflected back to the sample. A cooling tower

o iswith:an air cocled load: was. Ansiaited ig.the sysiem to-reduce

the temperature in the water Joad system.

The wood sample with dimensions of 11em x 5¢m x 5.5cm
(Fig. I(b)) filled in container is arranged in perpendicular to
direction of irradiation via a rectangular wave guide. A sample
container was made from polypropylene with a thickness of
0.075 c¢m, it did not absorb microwave energy.

During the’ experiment, output of magnetron was adjusted
at the specified power (1000W). The temperature distribu-
tions within the wood sample were measured using fiberoptic
(LUXTRON Fluroptic Thermometer, Model 790, accurate to
+0.5°C). An infrared camera was used to detect the tempera-
ture distribution in the sample. All dielectric properties of wood
are measured by using network analyzer which performs all of
the necessary control functions, treatment of microwave sig-
nals, calculation, data processing and the results presentations.
The dielectric properties of wood are listed in Table 1.

3. Analysis of microwave heating using a rectangular
wave guide physical model

Fig. 2 shows the physical model of the microwave heating
of wood using rectanguiar wave guide, Since the microwave
field in the TE;p mode has no variation of field in the direction
between the broad faces of rectangular wave guide, this means
that the microwave is uniform in the y-direction. Consequently,
it is assumed that two dimensional heat transfer model in the x
and z directions would be sufficient to identify the microwave
- heating phenomena'in'a fectarigular-wave guide (Ratanadecho
et al., 2001, 2002). The wood samples are assumed to be ho-
mogeneous and isotropic. Since the average moisture content
of wood sample is low and the overall heating time is fast, the
moisture ioss is neglected. The other assumptions are as fol-
lows:

1. The absorption of microwave by air in rectangular wave
puide is negligible.

. The walls of rectangular wave guide are perfect conducters.

. All materials are non-magnetic.

. The effect of the sample container (made of poly propy-
lene) on the electromagnetic and temperature fiekds can be
neglected.

a2

3.1. Maxwell's equation

Assuming the microwave is 7Ejyp mode, the governing egua-
tions for the electromagnetic field can be written in term of the

P Ronanadecho / Chemical Engineering Science 61 (2b06) 47984817
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Fig. 2. Physical model.

component notations of electric and magnetic field intensities
(Ratanadecho et al., 2002)
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where £ and H' dcnote elecmc ﬁeld intensity and niagnetic
field intensity, respectively. Subscripis x, y and z represent x, ¥
and z components of vectors, respectively. Further, permittivity
or dielectric constant ¢, magnetic permeability u and electric
conductivity ¢ are given by

e=&gEr. M=y, O=2nfetand. 4)

In addition, if magnetic effects are negligible, which is proven
to be 2 valid assumption for most dielectric materials used in
microwave heating applications, the magnetic permeability (u)
1s well approximated by its value g in the free space.

Corresponding to the physical model shown in Fig. 2, bound-
ary conditions are given as follows:

(a) Perfectly conducting boundaries; boundary conditions on
the inner wall surface of a rectangular waveguide are given by
using Faraday's law and Gauss’ theorem:

E, =0, H,=0. . ' )

T
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The subscripts f and n denote the components of tangential and
normal directions, respectively. (b) Continuity boundary con-
ditien; boundary conditions along the interface between differ-
ent materials, for example between air and dielectric material
surfaces, are given by using Ampere’s Jaw and Gauss theorem:

Ej = E;, H{ = H;, Dﬂ ES D:i" BJ, = B'; (6)

The superscript * denotes one of the different materials.

{c) Absorbing boundary condition; at both ends of the rect-

angular wave, guide, the first order absgrbipg conditions are
. o EEGEOTOVR D A CoR PSRRIy T e
applied: e ) e

aE, 3E,
o -

Here, the symbo) =+ represents forward or backward waves and
v is phase velocity of the microwave.

{d) Oscillation of the electric and magnetic flied intensities
by magnetron; incident wave due to magnetron is given by the
following equations:

{7

Ey = Eyip sin (z"i) sin(2n f1),

Py
E_vr'n

H.r = Zn (8)

sin (E-) sin(27 f1),

where E,;, is the input value of electric field intensity, L, is
the length of rectangular wave goide in x-direction. Zg is the
wave impedance defined as

_ ieZ}

A f
Zy = — __._‘_g EQ
Al A0V &o

3.2. Heat transport equation

)

The temperature of wood exposed to incident wave is ob-
tained by seolving the heat conduction equation with the mi-
erowave power absorbed included as a local electromagnetic
heat generation term:

or [T
o \a?

where, T is temperature, g is thermal diffusivity, p is density
and ¢, is heat capacity at constant pressure. The local electro-
magnelic heat generation term  is directly depended upon the
electric field distribution defined as:

ra - .'\.-nm.wk.u-.,“.;u@_ .

T '
A,
0z p-Cp

(10

Q=2n-f 5 &lanHES. an

The initial condition of wood sample defined as: 7="Ty at  =0.
The boundary conditions for solving heat transport equation are
shown in Fig. 2.

4. Numerical technigue

In order to predict the electromagnetic field, a finite dif-
ference time domain (FDTD) method is applied. In this
study, the leapfrog scheme is applied to the set of Maxwell's
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Fig. 3. Grid system configuration.

equations. The electric field vector components are offset one
half cell in the direction of their corresponding components,
while the magnetic field vector components are offset one half
cell in each direction orthogonal to their corresponding com-
ponents. The electric field and magnetic field are evaluated at
alternative half time steps. For TE mode, the electric and mag-
netic field components are expressed by the 1otal field FDTD
equations as : -

ENG, k)
_ V- (ati, K)Ar)/ (220, k))E{'."(i, X

T4 (o, KA /(2e(i, k))
] Ar

+ 1+ (o (i, YA}/ (26(i, k) &(i, k)

§ —(HVG 12,8 - BTG - 172,09
Ax
n=1/2 .. _ n—]"z Co
L ("'HW)A MR 1/2))], a2
Z

PG e 1/2) = HET Gk o+ 172)
At
uli, k+3/2) )
!,E"E(i.k+ 1)~ EXG. k)
&
Az -

o

H;+1/2(i + ]/2,k)= H;l“!/?.(i + ]/2‘ k)
-
u(i +1/2,k)
[E;(; + 1,k = ENG. k)
x Ax

}. (14)

Furthermore, the heat transport equation {Eq. (10)) is solved by
the method of finite differences. The spatial and the temporal
terms are approximated spatiaily using finite difference equa-
tions for electromagnetic field and temperature field, as shown
in Fig. 3. Eqs. (12}{14} and discretized heat transport equation

rer



Iy

4802 P Rawtanadecho / Chemical Engineering Science 61 (2006) 4798-4811

are solved on this grid system. The choice of spatial and tempo-
ra] resolution is motivated by reasons of stability and accuracy.

To insure stability of the time-stepping algorithm, Ar must
be chosen to satisfy the covrant stability condition:

Arg Vv (Ax)j + (Az)z (1%)

v

and the spatial resolution of each cell is defined as:

-
Flara TR cr

s (16)

~ Corresponding to Egs. (15) and (16), the calculation conditions

are as follows [4]:

(1) To ensure that each wavelength of the microwave in the
computational domain for each frequency has more than 10
subdivisions in the numerical calculation, thus, the compu-
tational domain is conservatively set such that the spatial

resolution of each cell is Ax=Az € 4,,/10./& =~ 1.0mm. .

{2) It should be noted that the time step length for the
heat transfer As is of the order of one second, which is
very large compared with the time step required for the
FDTD scheme, which is of order of several picoseconds
(Ratanadecho et al., 2002). Consequently, the different
time steps of Ar = 1[s] and Ar = 1[ps] are used for the
computation of temperature field and the electromagnetic
field, respectively,

(3) Relative errors in the iteration procedure of 10-8 were
chosen.

5. The iterative computational schemes

Since the dielectric properties of wood are temperature de-
pendent, to understand the influence of elcctromagngtic field

on microwave heating realistically, it'is necessary to-¢onsider =

the coupling between electric field and temperature field. For
this reason, the iterative computational schemes are required to
resolve the coupled non-linear Mexwell’s equations and heat
transport equations.

The computational scheme is to compute a local heat gen-
eration temm by running an electromagnetic caiculation with
vniform properties, determined from initial temperature data.
The electromagnetic calculation is performed until a suffi-
cient period is reached in which a representative average rms
{root-mean-square) of the electric field at each spatial point is
obtained, typically 30000 time steps. The microwave power
absorption at each point is computed and used to solve the
tisne dependent temperature field. Using these temperatures
new values of the dielectric properties are calculated and used
to te-calculate the electromagnetic fields and then microwave
power absorption. The all steps are repeated until the required
heating time is reached. The details of computanonal schemes
and strategy are illustrated in Fig. 4,

- urm-nn,hﬂ .

START -~

Thermml Properties |-

itz Ay

Calculation of
ectromagnetic Flelds

Fig. 4. Computational schemes.

6. gesults and discussion

The experimental results for the microwave heating of wood
were compared with predictions from mathematical model. The
wood sample with a dry basis density of 721kg/m?, mois-
ture content of 12.5% and initial temperature of 25 °C are used

" for the present analysis. Since the average moisture content of .., -

wood sample is very low and the overall heatmg time is fast,
the moisture content was treated to be constant throughout the
numerical calculation of microwave heating process. In the mi-
crowave industries, only a few frequencies are available. Cor-
rently, two frequencies, 2.45 and 5 GHz are wtilized for testing
the model.

The dielectric properties of wood were directly taken from
present experiment. Some numerical values for dieleciric con-
stant and loss factor are listed in Table 1. The penetration depth
Dy, of wood at-25°C is approximately Dp = 0.0357m {fre-
guency of 2.45 GHz) and D, =0.0175m (frequency of 5GHz)
according to the theoretical value

i : | !
Dp = = , (17)
z_nf/v c’t\/ |+(E;£/5:-) -1 g-%i\ i ]+(;-nn5)”"

the penetration depth values are listed in Table 1.

n:«g;‘i_w} P T %

------
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From the definition of the penetration depth D), the electric
field intensity is the dielectric falls to approximately 1/e of its
strength with distance D, from the dielectric surface.

In this study, the effects of microwave frequencies and sam-
ple sizes on heating process are discussed in details.

6.1. The electric field distribution

To understand the electrical field distribution inside the rect-
angular wave guide and wood sample during microwave heat-
ing, the simulation analysis is required. The simulations of the
typical electnc field of T£g mode along the center axis (x=55)
of rectangular wave guide for specified heating conditions;
P=1000W, r=30sand size=1lcm (x : width) x Scm (z :
depth) are presented as follows:

(1) Rectangular wave guide is empty, its dielectric constant is
unity (which corresponds to that of air).

{2) Reciangular wave guide is filled with wood sample, oper-
ating at the microwave frequency of 2.45 GHz (30s).

{3) Rectangular wave guide is filled with wood sample, oper-
ating at the microwave frequency of 5 GHz (305¢).

Fig. 5 shows the stationary wave inside the rectangular wave
guide with completely absorbed power at the end of the wave
guide (Case 1). It is observed that the electric field distribu-
tion displays a wavy behavior with an almost uniform ampli-
tude along 5 rectangular wave guide without the sample. Fig. 6
shows the electric field distribution inside a rectangular wave
guide when a sample of wood is inserted in the rectangular
wave guide during microwave heating with the frequency of
2.45GHz (Case 2). Since the typical depth of wood is close
to the penetration depth of microwave (see Table 1), thus a
large part of microwaves are able to penetrate through the sam-
ple. The reflected wave will occur on each interface, from air
(cavity) to upper surface and from Jower surface of sample
10 air (cavity). The reflecion and transmission components at
each interface will contribute to the resonance of standing wave
configuration inside the sample and give rise 10 a microwave
absorption peak further from the surface exposed tg incident
microwaves. Furthermore, focusing attention of electric field
partern inside the cavity (left hand side), a stronger standing
wave with a large ampilitude is formed by mnterference between
the incident and reflected wave from the surface of sample
due 1o the difference of dielectric properties of materials (air
and sample) at this interface. Owing 10 energy absorption, it is
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evident from the resufts that the electric field within the sample Fig. 7 shows the clectric field distibution when a sample
attenuates, and thereafier the absorbed energy is convented 10 of wood is inserted in the rectangular wave guide during mi-
the thermal energy, which increases the sample temperature. crowave heating with a frequency of 5 GHz (Case 3). In contrast
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10 the electric field configuration in case 2, which is a result
of a ransmitted wave at the incident face and a reflected wave
from the Jower surface of the sample. This is due to the fact that
microwave operates at a high frequency has a short wavelength
which corresponds to a smaller penetration depth of microwave
(see Table 1) when compared with the depth of sample. Con-
sequenty, all microwaves, except the reflected wave from the
upper surface of the sample, is absorbed by the sample. It is
found that the wave amplitude diminishes after z=2 cm, which
results in a low microwave power absorbed. This phenomenon
explains why the electric field and therefore the microwave
power absorbed are the greatest at the surface exposed to inci-
dent microwaves and decay exponentiaily along the aiong the
propagating direction with a very small wavelength.

6.2. Effect of frequency on temperature distribution

The predictions of temperature distribution for microwave
heating of wood are shown in Figs. § and 9, which corresponds

to the initial temperature of 25 °C and microwave power leve] of
1000 W. Here, microwaves are transmuited along the z-direction
of the rectangular wave guide toward the top surface of a wood
sample with a dimension of 1lcm (x @ width) x Scm (z
depth) in the xz-plane. Most importantly, the effects of the
variation of frequency on temperature distribution are discussed
by considering the two microwave frequencies { f =2.45CGHz
and 5 GHz).

For microwave heating of wood with the microwave fre-
quency of 2.45 GHz, the temperature profile within the sample
(Fig. 9) displays a wavy behavior corresponding to the reso-
nance of electric field (Fig. 6). This is because the electric field
within the sample attenuates owing to energy absorption, and
thereafter the absorbed energy is converted to the thermal en-
ergy, which increases the sample temperature. It is found that
the temperatures decay slowly along the propagation direction
following the absorption of microwave (Fig. 8). The tempera-
ture distributions are shown for r =10, 20 and 30 s, respectively.
The maximum temperature within the sample is around 147 °C
at = 30s.
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Fig. 10. Microwave power absorbed (MW/m3) al various heating imes: (a) 10y (b) 20s: (c) 30s (f =35GHz, size=1lcm (x) x Scm (2)).

For microwave .heating of wood. with the microwave fre-
quency aof 5 GHz, the predictions of microwave power absorbed
and temperature disuibutions are shown in Figs. 10 and 11,
respectively. Since the higher microwave frequency leads to a
much smaller penetration depth, and the electric field decays
much faster as compared to that in the case of microwave fre-
quency of 2.45GHz. In contrast to that case of microwave fre-
quency of 2.45GHz, which results in a transmitted wave at
the incident face and a reflected wave from the lower surface
of the sample. In this case, the microwave that operates at a
high frequency has a short wavelength which coresponds 1o
a smaller penetration depth of microwave (see Table 1} com-
pared with the depth of sample. Consequently, all microwaves,
except the reflected wave from the upper surface of the sample,
is absorbed by the sample. It is found that the wave amplitude
diminishes after z = 2¢m, which results in a low microwave
power absorbed. This phenomenon explains why the electric
field (Fig. 7) and therefore the microwave power absorbed are
the greatest at the surface exposed to the incident microwaves,

and decay exponentally along the propagating direction with |
a very small wavelength. resulting in a thinner thermally strat-
tfied layer (Fig. 11). It is observed that the wavy behavior of
the temperature distribution within the sample disappears and
it is totally different from the previous case (as referred to
Fig. 9). This is because the penetration depth of microwave
drops dramaticzally and the wavelength is very small for this
case. Since the reflected wave from the lower surface of the
sample is almost negligible, no standing wave or resonance is
formed within the sample (Fig. 7). Therefore, the microwave
power absorbed decreases sharply to small value along the prop-
agatung direction {z > 2cm). Similar to the microwave power
absorbed (Fig. 10), the temperature distribution signaificantly
varies from the maximum temperature to the rrinimunmnt temper-
ature in a short distance and decays quickly. It is evident from
the Fig. 11 that, in this case, there is only one peak appearing
on the temperature distribution. The temperature distributions
are shown for v = 10, 20 and 30 s, respectively. The maximum
temperature within the sample is around 145°C at r = 30s.
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Fig. 11. Temperatre distribution (°C) at varous heating times: () 10s; (b) 20s; {c) 30s {f = 5GHz. size = 1l cm (x) x Scm (1))

Considering the region along the propagation direction, the rem- -

perature distribution drops dramatically, and after z > 2 em, the
temperature distribution 1s almost unchanged within the heat-
ing ume of 10s.

6.3. Effect of sample size on lemperature distribution

The predictions of emperature distribution for microwave
heating of wood are discussed, which corresponds to the
initial temperature of 25°C and microwave power level of
1000W. The effects of the variation of sample sizes on
temperature distribution are discussed by considenng the
two sample sizes (thin sample; size = 1lcm (widih) x
Scm (depth) and thicker sample; size=11cm (width) x 8cm
{depth)).

In Fig. 13, which corresponds to the microwave heating of
thicker sampile (size = 1l cm (width) x 8cm (depth)) in the
xz-plane, it can be seen that the temperature distributions along
the propagaiing wave does not show a clear evidence of wavy

behavior, which is inconsistent with what was, exhibited in
Fig. 9 for the thin sample. This figure highlights that the thicker
sample has a different heating characteristics compared with
the thin sample. This is because the standing wave or resonance
has a substantial effect on the shape of the transient microwave
power absorbed.

Furthermore, the maximum power absorbed (Fig. 12)
and maximum temperature (Fig. 13) are lower for this case
compared with those shown in Figs. 8 and 9. The teroper-
ature distributions are shown for r = 10, 20 and 30s. The
maximum lemperature within the sample is around [46°C
atr =30s.

Fig. 14 shows the predicted and experimental results of tem-
perature distribution within the wood sample along with the
horizontal axis of rectangular wave guide (z = 0.5cm), which
corresponds to the initial temperature of 25°C, microwave
power level of 1000W and frequency of 2.45 GHz. The result
shows the greatest temperature displays in the center of wood
sample with the temperature decreasing towards the side walls
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Fig. 12. Microwave power absorbed (MW/m?) ar various heating times: (a) 10s: (b) 20s: (c) 30s (/ =2.45GHz, size = 11cm (x) x §om (2)).

of sample. This phenomenon occurs because the TE)g field
pattern displays 2 maximum E-field at the cemter of wave
guide. It is shown that the predicted results agree well with the
experimental result for the microwave heating of wood. The
predicrion of temperature from the mathematical model is also
compared with the experimental data measured by infrared
camera for microwave heating of wood as shown in Fig. 15
(1=3035). It can be seen thai the agreement between two heating
panterns is qualitatively consistent, particularly in the hot spot
region.

Therefore, the capability of the mathematical mode) to cor-
rectly handle the field variations is shown. With further quanti-
tative validation of the mathematical model, it is clear that the
maodel can be used as a real tool for the detail investigation in
this partcular microwave heating of wood samples at a funda-
mental level.

7. Conclusion

The numerical analysis presented in this paper descnbes
many important interactions within wood samples during mi-
crowave heating using a rectangular wave guide. The following
paragraph summarizes the conclusions of this study:

(1} A generalized mathematical model for microwave heating
of wood is proposed. It is used successfully to describe the
heating phenomena under various conditions.

(2) The influence of irradiation times, working freguencies
and sample size on the microwave power absorbed and heating
pattern that develop within wood samples is clarified in details.
The simulated results for the temperature distnbution within
the wood samples rate are in agreement with experimental re-
sufts. The main finding of the simulations are summarized again
in Table 2. A1l a microwave frequency of 2.45 GHz the power
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Fig. 13. Temperature distribution (°C) at various heating times: (a) 10s: (b) 20s: (¢} 30 (f = 2.45GHz, size = 1) cm (x) x Bem (2)).
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Fig. 14, Temperature dislhbution in wood sample along harizontal axis
(z=05cm) (f =245GHz. size = 11cm (x) x Scm (22).

distribution as well as tempersiure distribution within the sam-
ple display a wavy behavior due to the thickness of sample
is close to the penetration depth. This causes a resultant of a
transmitted wave at the incident face and a reflected wave from
the end surface. Most of heating occurs at the center of the test
sample where the electric field is maximum for this standing
wave configuration. The thicker sample leads to lower intensity
of the reflected wave, the contribution from reflected wave is
weak and the power distribution as well as temperature distri-
bution display a2 weak wavy behavior similar to that an atten-
uated transmitied wave. For the higher frequency (frequency
of 5GHz) the power absorbed at the surface increases and the
decay 1n to the sample is more rapid. In this case, the conri-
bution from reflected wave is negligible and power distribution
behaves similar to that an auenuated transmitted wave, as in
the case of the Lambert law solution.

The presemied modeling is used 1o identify the fundamental
parameters, and provides guidance for the study of microwave
drying of wood in the future.
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Fig. 15. The comparison of temperature distribution (°C) in wood sample: (a) simulated result: () experimental result (f =2.45GHz, size=i1em (4)xSem {2)).

Table 2
The heiing charucteristics for various heating conditions due o micrewave energy. The darker shaded region represents the hot spot
f=245GHz S =5GHz f =245GHz
gize =1lcm {x) x Scm (7) size = llem (x) x Sem {2} size =11cem (x) x 8¢em {2)

A 4

Temperature Distribution

Microwave Power Absorbed

Conclusions Most of heating occurs al Most of heating cccurs at she Most of heating occurs at
the center of the test sample. center of the test sample. the center of the test sample.
Heating pattern is influenced by Heating pattern is not influenced Heating pattern is influenced
resonance. The sirong wavy by resonance. The wavy behavior by resonance. A wenk
behavior within the within the sample is wavy behavior within the
sample is formed. totally absent. sample 15 formed.

Notation P power, W

B magnetic flux density, Wb/m? Q local electromagnetic heat generation term, W /m?®

Cp specific heat capacity, J/kgK r temperature, C

D electric flux density, C/m? ! time,

£ electric field intensiry, V/m lan ¢ loss tangent, dimensionless

b frequency of incident wave, Hz Zy wave impedance, 2

H magnetic field intensity, A/fm Zy intrinstc impedance,
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Greek leters

£ permittivity, F/m

A wavelength, m

u magnetic permeability, H/m

v velocity of propagation, m/s

o density, kg/m3

G electric conductivity, S/m

o angular frequency, rad/s
Subseripts e

g wave guide

n component of normal direction
r relative

! compenent of tangent direction
I, v coordinates

0 free space, initial condition
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