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ABSTRACT
The main objective of this work is to examine tffe@ of both
the solid heat generation ratio, the Biot numbet e thermal
conductivities ratio on the temperature distribotioof both
fluid and solid phases and also on the local thernua
equilibrium condition as function of the transvepsssition and
for different section of a porous channel by movingm the
inlet to the outlet. The dynamic field in the chehns
calculated using the Darcy-Brinkman model and tmermal
field is described by the two temperature equatiorsdel,
which takes into account the local thermal non ldayiiim
between the two phases by including the interktitiaat
transfer between the fluid and solid phases.
The results which emerged from this study mainiyeeded that
the temperature difference profiles of the two gisashange
along the channel except for high values of Biombhar and
conductivity ratio, where they remain almost constar from
the inlet. Moreover, the local thermal equilibriuis fully
achieved in the entire channel when the Biot nunibdrigh
and the conductivity ratio is low, while, conversehe local
thermal non equilibrium is strongly pronounced be tvhole
field for small values of interstitial Biot numbeand
conductivity ratio.
INTRODUCTION

The heat transfer inside porous media has attrattted
attention of scientists and engineers due to itsynesmgineering
applications. Such applications can be found itration,

geothermal systemssolar energy receiver devices, compact

heat exchangers (metal foams), etc. Some configneat
involve the heat generation, and include, for thigpose,
chemical or nuclear reactors, agricultural and stdal waste
storage and electronic components cooling.

When treating a heat transfer problem in porousiajed
there are basically two different methods commdoliynd in
the literature. One is based on the local thernaaiilibrium
model, or one equation model, and the other on |dcal
thermal non equilibrium model,
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also known as two-

temperatures equations model. The majority of studidopt
the one equation model which considers that theésature is
the same in both fluid and solid phases, in anyntpof the

porous medium. Plenty of work has been carried out

considering the thermal equilibrium model, [1,2kgented a
study of transient natural convection in a vertisiéd, open at
both ends, filled with a porous medium, using theeo
temperature equation model. These analytical and

NOMENCLATURE
ag [m?m®  specific surface area
dy [m] pore diameter
hg [W/m?K] interstitial heat transfer coefficient
k [W/mK]  Thermal conductivity
K [m?] permeability
L [ dimensionless channel length
p [Pa] Presseure
P [ Dimensionless pressure
Q [W/m?| volumetric heat generation fl
T K] intrinsic average fluid or solid temperature
X [m] Longitudinal axis direction
y [m] Transverse axis directic

Special characte

or [kg/m®]  fluid density

u [kg/m.s]  dynamic viscosity

v [m?s] fluid kinematics viscosity
[ dimensionless temperature

& [ porosity

Subscript

f Fluid

p particle

ref Reference valt

w wall

s solid

0 inlet

numerical studies helped to highlight exit condisdo master
the dynamic and thermal fields. [3] examined nuoaly the



optimization of heat transfer of forced convectioh non-
Newtonian fluid in a parallel plates channel comitag porous
blocks, using the one equation model. This hypdashissalso
adopted by [4] which analyzed the thermal fieldhe case of
forced convection in a plane channel filled withparous
medium in the presence of heat generation, for types of
boundary conditions at the walls (adiabatic walid &eat flux
imposed). This model greatly simplifies theoreticahd
numerical research but the assumption of local ntlér
equilibrium between the fluid and the solid is irqdate for a
number of practical problems. As a result, in régears more
attention has been paid to the local thermal nanlibgum
model, both theoretically and numerically.

The validity of the local thermal equilibrium assption
depends on the value of some thermo-physical paeamef
the porous medium and flow conditions. Several agsers
have studied the case of local thermal non eqiilibusing the
two-temperature equations model to assess thesittensf the
heat transfer, without taking in consideration toaditions of
applicability. Other studies were conducted in orteknow in
what conditions the thermal non equilibrium modah cbe
applied or not. Thus, [5, 6] studied the conditiamsl areas of
validity of the thermal non equilibrium in the caet forced
convection in a horizontal cylindrical pipe. [7] ayzed the
phenomenon of the temperature gradient bifurcafwanich is
defined as the change of sign of the temperatuadignt near
the wall) between the fluid and solid phases féiedint types
of boundary conditions in the case of the forcedveation in
the absence of thermal equilibrium and in the presef local
heat generation in the fluid and solid phaseshduil be noted
that there are no more studies which take accdthermal
non equilibrium model with the presence of heategation in
the porous media.

The main objective of this work is to examine tHifea of
heat generation rate in the solid phase and norerdifanal
parameters such as Biot number and thermal comityatatio
on the temperature profile evolution of fluid are tsolid
phases, as function of the transverse position different
section of the channel by moving from the inlethe outlet. It
will also address the local thermal non equilibrigondition
behavior based on these parameters.

MATHEMATICAL FORMULATION

The study is carried out for a two-dimensional, iteem and
permanent flow of an incompressible fluid througlehannel,

between two parallel plates, of length and width H. The
fluid at the channel inlet is assumed to be ataunif velocity
U, and at a constant temperature The walls are maintained
at a constant temperaturg Aigher than the fluid temperature
inlet (Figurel).

The channel is filled by a homogeneous isotropicope
medium with constant porosity and the flow is assdnwo-
dimensional Cartesian coordinates. The fluid impressible
and the flow regime is laminar and permanent. ttassidered
that the thermophysical properties of the fluid it change
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with temperature and that that the effects of r@toaonvection
and viscous dissipation are negligible.

Constant Wall Temperature

Porous medium with solid
volumetric heat generati

Y é 7

Figure 1 The physical configuration and
Coordinate system

The dynamic field is calculated using the DarcyrRBman
model and the thermal field is described by the two
temperatures equations model, which takes into wadcthe
local thermal non equilibrium between the two plsassy
including the term describing the transfer in batterstitial
energy equations. Taking into account the simpldyi
assumptions above, the steady state governing iegsatre
presented as:

Continuity equation:

7=0 (1)
Momentum equation :
p{(ﬁvﬁ: —Vp +Levip — Ly )
Fluid phase energy equation:
aT, aT, 0%T, 9°T
e(pcp)f [ua—;+ va—f = skf<ax§ + ay{)
+hgpas (T — Tr) 3)

Solid phase energy equation:

92T n 92T
ax2 ay?

0=(1-e)k, )+ (1= 9Q ~hya (T~ T7) (4)

In the present work the expressionagftaken is for a packed
bed of spherical particles. It is given by WakaalgB8] as:

(1-¢)
Qg = 6= (5)

The study was conducted in order to examine thecefof
several dimensionless parameters such as the Biober and
the thermal conductivities ratio, they are highteghfrom a set
of equations in dimensionless form, which is perfed by
using the following scaling

x=2 y=¥ y==2 v=2 p=-" L—£
T T T Uy T Uy = oppUd T H
T-To
= 6
(6)

The resulting dimensionless continuity, momenturd anergy
equations are:

ou av

x T o )
ouU ou 1 1 (3%U  d%U oP

2y = (2 +5)-2 8
ax+ ay ReDa Re \3x2  9v2 X ( )
v ov 1 1 (0%v 9%V i)

vy = (G + -2 9
ax+ ay ReDa Re \0Xx2 = 9v2 ay ()



% 2% _
X ay , ,
1 a 9f a 9f (1-¢) Bi _
PrRe<aX2 + ay? ) +6 & PrRep (95 Gf) (10)
0%0; = 9%6s 6 Bi Re 1
0=+ o ~orere, (05— 67) + 5 RQ (11)

It can be seen through the above equations thegemes of a
several dimensionless groups such as the Reynaldsher

(Rez@), the Darcy numberD(angLZ), the thermal

conductivities ratio szz—s), the interstitial Biot number
thH !

(Bi==F

), Prandtl numberRr = Z—f) and the dimensionless
£

heat flux ratioRQ = QL) which is defined as the ratio between
ref

the heat generation flux reported in the solid digsienal

energy equation (4) and the reference heat fluwergiby

(Qref = (TWH#)

In carrying out this investigation, no slip velgcitondition is

imposed at the solid walls. Also, both fluid andidphases are
assumed in local thermal equilibrium at the inled at the
channel walls. What is more, the Neumann boundangition

is used here to solve the equations for the upp#rdi the

channel only in order to reduce the computationacation

time and storage requirements. Accordingly, theedisionless
boundary conditions can be mathematically expresasd
follows:

U0,Y) =1, V(0,Y) = 6,(0,Y) = 6,(0,Y) = 0 (12)
U(X,0.5) = V(X,0.5) = 0, 6,(X,05) = 6;(X,05) =1 (13)
BUX0) _ V(X0 _ 00¢(X,0) _ 96s(x,0) _

ay ay 20 a(y ) ay 0 (14)
dU(LY) _ av(LY) _ 067(LY) _ 08s(LY) _
ax  ax ax ax (15)

NUMERICAL METHOD

The governing dimensionless equations are disetizsing
the control volume formulation developed [9}. The upwind
scheme was used to calculate the convective flagesss the
boundaries of each control volume. Taking into aotathe
structure of the domain, and after tests on thsiseity to the
grid, we chose a grid of 251x121 nodes which igaumi in the
both directions (axial and radial). The staggered ¢ also
used in the current study. Thus, the componentmdJV of the
velocity are evaluated on meshes shifted downstrgartie
longitudinal and transverse directions respectivetynpared to
the principal meshes where the other scalar vasaldre
evaluated. The momentum equations are coupled batitem
by the intermediary of the pressure field. Thisficifity of
coupling velocity and pressure comes from the atEseof
explicit equations which control the pressure fiel&or this
reason, one uses non direct methods as that basaigarithm
SIMPLE. The algebraic equations obtained are ttodwved by
using a numerical algorithm based on an iterativ®e (Strongly
Implicit Procedure) The relaxation technique isadticed in
order to accelerate the convergence of iteratidhe. dynamic
field equations (continuity and movements), whiche a
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decoupled from the thermal ones, are solved finstil

convergence is declared when the relative valuéheferror
between two successive iterations is less thah Tbe thermal
field (temperature equations of fluid and solid g will then
be solved until the relative error between two ssstve
iterations is less than 10

RESULTS

The study is performed for the case of a porousiuned
with constant porositye = 0.9. The fluid is Newtonian
incompressible with a Prandtl number value equd.® The
non dimensional length of the channel for which the
calculations were made is lk#H=10. Since the dynamic
model chosen is the Darcy-Brinkman model, the vaitighe
Reynolds number based on the particle diameteisssiraed
equal to unityRe,, = 1.

Several criteria have been admitted in the litemtto
define the local thermal non equilibrium conditiofihe
criterion adopted in this study is that reportedSa. Khashan
et al [5], which is based on the absolute diffeesit local
temperatures of the fluid and solid phases at @adht of the
computational domain, which is traduced mathemidyiea:

16,; = |6, — 6, | (16)

ij =

It has been well accepted that the condition odlldlcermal
equilibrium holds ifAg;; < 0.05 and inversely, the local thermal
non equilibrium is so pronouncedAb;;> 0.05. The objective
of this criterion is to show the spatial distrilmutiof the local
thermal non equilibrium (or equilibrium) over théannel
length. So from this test we can delineate the safathe
channel where there is local thermal equilibriund #me areas
where there is local thermal non equilibrium. Theximum
value of the absolute local temperature differenesveen the
fluid and solid phases in the entire channel camesas another
criterion for examining the effect of such dimemdess
parameters on the LTNE condition defined as [6]:
LTNE = max (A6, ) a7
The results are presented and discussed in terthe dfiid and
solid temperatures difference and LTNE conditioofipgs. In
the first part of the results, the plots show tHéeat of
governing parameters such as the Biot number ard
conductivity ratio on the LTNE condition. The sedopart of
the results reported in this work concerns the wian of the
temperature difference profiles between the fluitd aolid
phases over the channel length from the inletéottlet.

Biot number and thermal conductivity ratio effects on the
TLNE condition

Figs. 2 & 3 display the impact of Biot number oMNE
condition which represents, as mentioned by equdtid@), the
maximum value of absolute difference between thgtrature
of solid and fluid phases at all point in the chelniThe results
are presented for different values of solid-todluihermal
conductivity ratio R. The curves show that the increase in the
interstitial Biot number led to a reduction in thragnitude of
the maximum LTNE values for the both cases (withld an
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without heat generation). This due to the increéadke internal When the heat generation is important, Figure 3vshthat
heat transfer between the two phases. the LTNE decreases with increase in interstitiabtBiumber
for all values of the thermal conductivity ratiohi$ reduction

in the LTNE is due to the increase in internal heganhsfer
between the two phases, evacuating thereby thegeeatrated
in the solid phase to the fluid phase. For low galof R and
Bi, the LTNE reached very high values, which is the
consequence of the high thermal resistance in ¢lid phase
(low values of R) and high internal thermal resistance (low
Bi), thus preventing the evacuation of the high animf heat
generated in the solid phase over both sides. Beasing the
thermal conductivity ratio, it was found that th€NE tends to
decrease up until a certain value of Biot numbennfwhich
the trend starts to reverse (increasing LTNE wh#hihcrease in
Ry). The low values of Bi prevent the evacuation @fath
generated in the solid phase, hence the significar¢ase in its
temperature and hence the high value of LTNE c@mifThe
increase in the conductivity ratio leads to an éase in the
ability of the solid to evacuate some of the geregl@nergy, by
conduction through the solid wall with a possil#garsal in the

Figure 2 Impact of solid-to-fluid thermal conductivity raton heat transfer direction. When Bi increases, therndl heat
LTNE condition at different Biot number, Re=100,-£18* exchange becomes important and the heat generated i
and RQ=0 ' ’ evacuated more from the solid phase to fluid phaisieh is

discharged to the outside. In this case, any iseréa R causes
the increase of thermal resistance in the fluithiror of that of
the solid phase, leading to reduce the transfezdoygluction in
the fluid and thus to increase the LTNE.

Figures 4 & 5 show the effect of the thermal conigity
ratio on the LTNE for various values of Biot numbeér the
case of the absence of heat generation, Fig. 4dtefi that the
LTNE increases with the increase in the condugtixéttio for

o)y —

Re=100 ~*~R=01
Da=10° —4—R=1 A
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00l
001 01 1 10
Bi
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w 8 all values of the Biot number. The intensity of LEN
g 7 diminishes significantly the Biot number augmerdsie the
- S increase of internal heat transfer between theptases.
4
3 0.7 ————rr—— .
2 —e—Bi=001 Re=100
1 06 | —A— B?ZO.l De=10"
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05} .
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. : . - i 0.4
Figure 3 Impact of solid-to-fluid thermal conductivity ratbn w
LTNE condition at different Biot number, Re=100, 18" E 03
and RQ=100
The effect of the thermal conductivity ratio on theal thermal 02
non equilibrium condition depends on whether thisrdeat
generation or not. In the case of the absence aif deneration 01
(Figure 2), the increase in the conductivity rdtioreases the
LTNE while keeping the look decreasing with inciagsBiot 00
o . 01
number. As a low value of the conductivity ratigresponds to
a high value of the fluid conductivity, the heaarsfer is R

clearly dominated by conduction in the fluid therebducing

the LTNE between the two phases. Gradually, as the
conductivity ratio increases, the fluid conductmvitecreases in
favor of that of the solid phase, which causeshibat transfer

to be achieved mainly by conduction in the soliddan
consequently increase the local thermal non eqjiuititn.

Figure 4 Impact of interstitial Biot Number on LTNE
condition at different conductivity ratio, Re=1@a=10* and
RQ=0
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Figure 5 Impact of interstitial Biot Number on LTNE conditi
at different conductivity ratio, Re=100, Da=1and RQ=100

The presence of heat generation in the solid pbharges
the effect of the conductivity ratio on the LTNE shown in
Figure 5. Thus, for low values of the Biot numbBi £ 0.01,
0.1), the LTNE decreases along the lines of inéngagalues of
the thermal conductivity ratio. When increasing tBéot
number (Bi = 1 & 10), one can see that the effecthe
conductivity ratio on the LTNE is reversed so ttia increase
in R increases the LTNE. The energy generated in the iso
removed, in large part by internal heat exchanga thie fluid
phase (high values of Bi), thus any increase jmeRults in an
increase in the conductivity of the solid and tfame an
augmentation in the conductive heat transfer reckeiby the
solid from the wall.

Biot number and thermal conductivity ratio effects on the
temperature difference distribution

Figs. 6 & 7 displays the absolute temperaturesedifice
distribution between the solid and fluid phasesrestioned
by equation (16), as function of transverse coatginfor
different axial positions over the channel lengihd low value
of Biot number (Bi=0.01) for different values ofligbto-fluid
thermal conductivity ratio R As shown in Figure 6, the
difference between the temperatures of the twogsheshighly
enhanced from zero value, due to the imposed dondiif
local thermal equilibrium at the wall, towards tichannel
centre value. It appears, also, that the temperatifference
between the two phases is the largest in the irdgton,
decreasing gradually with the evolution downstredmfact,
one can easily notice that, in the considered ¢higg heat
generation in the solid phase) the local thermal equilibrium
is strongly pronounced in any point with maximunmues on
the central axis of the channel.

For a high value of thermal conductivity ratio (&ig 7), one
can notice that the value of the temperature diffee between
the two phases presents a high increase in the¢ hdee
particularly in the vicinity of the wall. This dédfence decreases
substantially thereafter due to the solithase cooling, and
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when moving towards the exit of the channel. Théhadvior
can be attributed to the increase in the tempegaitithe fluid
which receives the heat from the wall graduallyoags move
downstream and can be explained by the fact tiggt Véalue of
the thermal conductivity ration allows heat genedain the
solid to be conducted over the solid phase to th# even
going in the opposite direction of the initial hdak.

Y

Figure 6 Temperature difference profile as a function of
transverse distance at different axial positioress 00,
Da=10*, RQ=100, Bi= 0.01 and,R1

07 ,
Bi=0.01
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Figure 7 Temperature difference profile as a function of
transverse distance at different axial positiores; R0,
Da=10*, RQ=100, Bi= 0.01 and,R100

When Biot number takes a high value (Bi=10), anddo
low value of conductivities ratio (Figure 8), theofile of the
temperature difference between the two phases esacéry
low values, what this is direct result of good intd thermal
communication between the two phases (high Bi).sThi
difference is smaller when we move over the chanoehe
outlet. So by examining the values of this tempeemt
difference between the two phases, we can easjiyhsd the



local thermal equilibrium condition is satisfiedy this case,
over the entire channel under study.

At this same high Biot number, when the of thermal
conductivities ratio also takes high values (FigQ)ewe find
that the representation of the temperature diffeeletween
the two phases shows a relative high value at tla@reel inlet
and decrease become constant and almost negligible
advancing downstream of the channel. Here agairseeethat
the condition of local thermal equilibrium is stgin checked
on the whole channel except the inlet region. Tigaiicant
increase in the conductivity of the solid allowgart of the
generated heat to be evacuated by conduction isdhé and
another part is evacuated by internal transfeh#ofiuid (high
Bi) and then by convection to outside.

004 T T T T

Bi=10

00

01 0.2

Y

03 04 05

Figure 8 Temperature difference profile as a function of
transverse distance at different axial positioress 00,
Da=10", RQ=100, Bi= 10 and R1

R g ' ' '
—e—X=0. Bi=10 1
018-—A—X=050 R=100 1
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Figure 9 Temperature difference profile as a function of
transverse distance at different axial positioress R0,
Da=10*, RQ=100, Bi= 100 and 8100
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CONCLUSION

The present study is a numerical analysis of forced

convection in a plane channel filled with a porenedium in

the presence of heat generation in the solid, thia mbjective
being to identify and treat conditions of applidiypiof local
thermal equilibrium condition within the porous med. The
effect of parameters such that the thermal condtictiatio and

the local Biot number, reflecting the interstitichange, on
the temperature difference profiles of these phaseson the
condition of local thermal equilibrium, was examineThe
main results emerged from this study revealed that:

« The value of the temperature difference which can
significantly increase in the inlet region of thkaanel will
diminish with distance downstream.

» The local thermal equilibrium is perfectly re@i over the
entire length of the channel when the interstigéiathange (Bi)
is high and the thermal conductivity ratioJRs low, while,
conversely, the local thermal non equilibrium igosgly
pronounced in the entire channel for small valdeBi@and R..

* When Bi and R are both ofhigh values, the local thermal
equilibrium is achieved over a major part of thamhel except
in the inlet region.
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