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1. Introduction

Much effort has been devoted recently to deter-
mine conditions which guarantee that the assumption of
local thermal equilibrium (LTE) is accurate when model-
ing of heat transfer in porous media. When it is accurate,
then the thermal field is well-approximated by a single
thermal energy equation. An excellent review of conduc-
tive effects in a stagnant porous medium may be found in
Cheng and Hsu [1]. In their chapter these authors consider
periodic media and their aim is to determine the effective
thermal conductivity of the combined medium in the terms
of the conductivities of the constituent phases. Therefore
Cheng and Hsu provide important information for those
wishing to use a single temperature field to model a two-
phase saturated porous medium, or equivalently a compo-
site solid consisting of two different constituents. In other
circumstances, local thermal nonequilibrium (LTNE) pre-
vails and it is necessary to employ two energy equations,
one for each phase. The first papers which used two differ-
ent temperature fields presented by Anzelius [2] and
Schumann [3], and they were both published about eighty
years ago. In their presented energy equations, we see that
diffusion and advective (u 07/0x) terms have been ne-
glected in the work of Anzelius. The numerical study by
Combarnous [4] predated by a couple of decades further
work on fully nonlinear convection using this model.
Nakayama et al. [5] have proposed the nonthermal equilib-
rium two-energy equations model for conduction and con-
vection, in which the two-energy equations for the individ-
ual phases at constant porosity are combined together and
solved analytically. Neild and Bejan [6] stated the simplest
equations which are generally regarded as modeling un-
steady heat transfer in a saturated porous medium where
LTE does not apply.

Great heat generation is one of the efficacious
reasons to create LTNE condition between phases, (e.g., in
the fluid phase this factor is appeared as chemical reac-
tion). In the absent of fluid flow, Rees [7] determines both
analytical and numerical formulae for interfacial heat
transfer coefficient % in the porous media, when a uniform
heat generation in fluid phase is produced and uphold
LTNE condition. Nonthermal equilibrium heat transfer in
the stagnant porous medium with variable porosity is ana-
lyzed by Nazari and Kowsari [8], where heat generation
takes place within the solid phase. They use from energy
equations of the solid and fluid phases with the assumption
of steady-state and one-dimensional heat conduction.

Temperature sudden change is another effective
factor for LTNE condition. When the temperature at the
bounding surface changes significantly with respect to time
in each phase, the local volumes of the solid and fluid
phase can not react quickly and thereupon two equations
are used to model the fluid and solid phases separately. In
the two-field model, the energy equations are coupled by
means of terms which account for the heat lost or gained
from the other phase. Nouri-Borujerdi et al. [9] inspect the
effect of LTNE on the evolution of the stagnant tempera-
ture field in a semiinfinite porous medium and then con-
duction takes place more rapidly in one phase than in the
other, although local thermal equilibrium is always ap-
proached as time increases and in continuance Kayhani et
al. [10] studied the effect of LTNE on a two-dimensional
porous media under a step temperature change on the
boundaries.

In summarize, special situations for LTNE to oc-
cur in the porous media are: 1) the great heat generation is
happened in each phases (Chemical Reactions), 2) boun-
dary temperature change suddenly along time, 3) hot fluid
is injected in the cold porous media and 4) phases have
different specific heat capacities and thermal conductivi-
ties.

In some of the LTNE applications such as fruit
drying technology [11], heat transfer in biological tissues
[12] and thermal analysis of the porous burner that is re-
viewed by Mujeebu et al. [13], temperature sudden change
is governed and in some others, such as chemical catalyst
[14] and nuclear reactors [15], heat generation affect on
heat transfer process as well as previous condition.

In the present paper, we assume a two-
temperature model for conduction in a stagnant porous
medium that is saturated with the incompressible fluid
which temperature change suddenly in boundary x =0 and
simultaneously uniform significant heat generation takes
place within the solid phase. Also we consider how the
heat generation in solid alters the behavior of temperature
gradients in the different values of conductivity and ther-
mal diffusivity ratio. The present paper is in continuance
performed research projects by Nouri-Borujerdi et al. [9]
and Kayhani et al. [10]. These projects followed from the
similarity solution with complicated calculations and with-
out presence of heat generation term. We simplify the solu-
tion method using direct numerical method and inspect the
effect of heat generation as well as temperature sudden
change in porous media.



2. Model development

As shown in Fig. 1, consider semiinfinite porous
media that is saturated with a stagnant incompressible
fluid. Using one-dimensional heat conduction in the porous
media, the nonthermal equilibrium energy equations of the
fluid and solid phases are as follows [6, 16]:
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The subscripts f and s denote fluid and solid
phases respectively. The quantities &, p and c¢ are the

porosity, density and specific heat capacity and ¢" is the

uniform heat generation per unit solid volume. The last
term in energy equations represent the coupled heat trans-
fer between the two phases because of the existing tem-
perature difference. Many of scientists attempted to deter-
mine suitable values of 4 have generally relied upon aver-
aging methods, and various assumptions then need to be
made about closure; (see Rees [17]). Some of these formu-
lations for determination of 4, yield a zero value for &
when Re = 0, which implies that there is no transfer of heat
between the separate phases when the porous medium is
stagnant. However, some of others yield nonzero values
for / in the absence of flow, but the resulting expressions
are independent of the conductivity of the solid phase.
Based on presented models for /#, we assume interfacial
heat transfer coefficient as follows:
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By introducing the following dimensionless pa-
rameters:
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The governing Egs. (1) and (2) can be nondimen-
sionalized as:

Fluid — 6, =0+ H(¢—0) (5)

Solid — ag, = ¢, + Hy (0—¢) +1 (6)
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Fig. 1 Semiinfinite media

Where that the nondimension parameters are:

o
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The above parameters are constant and do not
vary with temperature. This assumption helps us to verify
the changes of phases together as well as simplification.
Nouri-Borujerdi et al. [9] eliminate parameter H from en-
ergy equations by using natural coordinates provided by
Carslaw and Jaeger [18]. But in this paper, by using the
natural length scale in relation (3), parameter H will be
equal to unit.

Assuming a high temperature sudden change at
the boundary x =0, LTNE condition between fluid and
solid phases is possible and heat generation term amplify
it. According to the Fig. 1, initial and boundary conditions
can be simply defined as the following form:

=0 0(x=0)=¢(x=0)=1 (10a)
x=0-T, =T, =T, - 0(x)=¢(x) =1 (10b)
x=woT, =T =T —0(x)=¢(x)=0

Boundary conditions (10b) showed a sudden
change of temperature in the boundary of semiinfinite do-
main which induced LTNE between the phases.

3. Solution method

There are many numerical methods for solving
ordinary differential equations which each of these meth-
ods have certain accuracy. In order to solve Egs. (5) and
(6), two different numerical methods have been used. For
the calculation of second order derivatives, we use from
compact finite difference and about time from forth order
Runge-Kutta methods. Compact finite difference is the
useful method to discrete domain with high accuracy. Ba-
sic of this method is very simple and similar to finite dif-
ference method but with the less error. For example in
derivation, we use from backward, forward and central
operators but in the compact finite difference method we
mix them and use from an operator for derivation. This
method was completed by Hirsh [19] and Lele [20] gener-
alized it.

At early and late times we check the results using
perturbation method. We determine the power series solu-
tion of Egs. (5) and (6). At the suitable order it is possible
to proceed easily analytically. We have to use from the



other numerical solution (Shooting Method) at the end of
analytical procedure.

4. Solution at early and late times

In this section we are going to examine results of
numerical method in the special case at early and late
times. In this case we assume no heat generation occurred
in the solid phase. Fig. 2 shows the result of numerical
method without heat generation when just temperature
sudden change is the reason of heat transfer in porous me-
dia.
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Fig. 2 Temperature gradient for & =2 and y =1

In this figure, at early times when x — 0, we use
from power series solution as follow:

(11)
(12)

At 6(r) by derivation than time and place and

then situation in the Eqgs. (5) and (6), we obtain simplified
equations as below:

0,=(6-6,+¢,)+1(6/+4-6,)

9(;’_90"'% :91 (13)
0'+¢-6,=0
oy = (¢7+7 (6 —))+1(d7+7(6-4,))
(14)

{¢5'+y(90—¢0)=a¢1
_)
1"+7/(91 _¢1):0

So boundary equations (10b) change according to
the power series solution as below:

0(x=0.) =1 - 6, (0)+16,(0) =1
b, (0):1 (15)
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We solve Egs. (13) and (14) with boundary Egs.
(15) to (18) using from shooting method. Result of nu-
merical solution of Egs. (5) and (6) at the boundary x =0
and early time ¢=0.001 is equal result of analytical solu-
tion of Egs. (13) and (14). This result for Ax=0.15 is
1.1281.

We also repeat above progress for late time. In
Fig. 2, at late times when x —> o, we use from other
power series solution:

() =0, (x) +6,(x)+ 6, (x) - 19
¢(x,t)=¢0(x)+%¢l (x)+tiz¢2 (x)+... (20)

At G(t) by derivation than time and place and

then situation in the Egs. (5) and (6), we obtain simplified
equations as below:
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We solve Egs. (21) and (22) with previous bound-
ary equations using from shooting method. The result of
numerical solution of Egs. (5) and (6) at the boundary
x=0 and late time ¢#=1000 is equal result of analytical
solution of Eqgs. (21) and (22). This result for Ax=0.15 is
0.0333. Thereupon we can compare values of temperature
gradients using results of Compact numerical method and
perturbation method at early and late times. Compact nu-
merical method is reliable and expandable to different
cases.

5. Result and discussion

In this section we are going to present the com-
plete description about behaviour of temperature gradients
in the different conditions. Diffusivity ratio ¢ and poros-
ity-modified conductivity ratio y are two important pa-

rameters in this section. In the previous sections, we certi-
fied accuracy of results for temperature gradients using
Compact numerical method.

Due to the same initial conditions in both phases,
graphs in the Fig. 3 have the same start points. In the pres-
ence of heat generation, all of the graphs attain the steady
state in the negative value of temperature gradients. In the



through time domain, initial condition of phases is constant
in the first node and therefore temperature of second node
can get to higher temperature values than the first node.
Finally, temperature gradients of fluid and solid phases are
stabilized in the negative values. Temperature gradient
difference is created from the difference between the solid
and fluid thermal diffusivities. In the Fig. 3, a, with pro-
gress in time, this difference becomes greater. So, the rate
of difference quicken by the existence of generation term
in the solid phase. As we know, ¢ is the ratio of fluid dif-
fusivity to solid diffusivity and when o <1:

a—f<l—> i < 2
a, (pc),  (pe),

—(pc), < (,oc)f (23)

Unequal Eq. (23) states that specific heat of solid
phase is less than fluid phase. This means that solid phase
will be heated and cooled too early rather than fluid phase.
So when o <1, the solid curve is placed lower than the
fluid curve. According to the presence of heat generation
term in this case, the decrease rate of temperature gradient
of solid phase rather than fluid phase becomes greater and
there is no contact point between solid and fluid graphs.

According to the unequal Eq. (23), in the Fig. 3, b
when ¢ >1, specific heat capacity of solid phase is more
than fluid phase and solid phase will be heated and cooled
too late and the solid curve is placed higher than the fluid
curve, but warming late value of solid phase decrease. In
the Fig. 3, b, the difference between temperature gradients
is less than Fig. 3, a. For the influence of continuous
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Fig. 3 Temperature gradient: a - for ¢ =0.2 and y=1;
b-for a=2 and y =1
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heat generation, this difference dwindles and finally curves
obtain a coincidence point. At very late times, graph slope
decreases to zero and the temperature gradient in both
phases moves towards the infinite with a constant value.
Similar slops zero at the late times represent that heat gen-
eration effect is counteracted. When the graphs slope is
zero, heat transfer happens between phases yet, but it
should be noted that due to the lack of heat generation ef-
fect, the amount of heat transfer always remains constant.

As it was stated previously, solid specific heat for
a>1 and a <1, is larger and smaller than the fluid phase
specific heat capacity respectively. The important point in
Fig. 4 is that as the amount of ¢ increase, time to counter-
act heat generation effect increases. Fluid phase graphs are
stabilized in the negative value of temperature gradient
with the constant slop zero and different diffusivity ratios
a don’t affect on this value. Solid phase has the similar
status too.
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Fig. 4 Temperature gradient curves: a - for y =1 and dif-
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ferent values of o ; b - zooming of a

We find out that different diffusivity ratios o do
not affect on final values of temperature gradient in the
phases, but according to the Fig. 5, a and b, different con-
ductivity ratios change final values of temperature gradient
in the phases and final distance between two phases. Ac-
cording to the relation (9), (1—8)1@_ becomes greater than

¢k, with decreasing y or porosity decreases. With de-

creasing void volumes in the porous media, solid phase
contribution in the heat generating increases more than
before. This result is reverse with increasing y in the heat



transfer process.
Fig. 6 depicts temperature gradients for o =4
and different values of y . Heat generation effect is coun-

teracted in earlier times when y increases.
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Fig. 5 Temperature gradient curves: a-for a=4 and
y=0.6;b-fora=4 and y=6
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Fig. 6 Temperature gradient curves for & =4 and different

values of y

For y =1 and different values of « , differences
of temperature gradient between solid and fluid phases are
depicted in Fig. 7. As we see, for ¢ >1, as a increases,
the difference between solid and fluid phases will increase
and vice versa, for <1 it will decrease. Better to say, by
going away from the boundary o =1, the difference of the
solid and fluid phases becomes more. Moreover, with re-
duction of «, whether this coefficient is greater or less

than unity causes that the point of maximum differences
will tend to early times. Based on previous explanation,
validating such argument is quite easy. With reduction of
a and tending towards zero, fluid specific heat capacity
tends towards infinity, although solid specific heat capacity
will tend towards zero.
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Fig. 7 Difference of temperature gradients for y =1 and
different values of «

The differences of temperature gradient between
solid and fluid phases are depicted in Fig. 8 for & =4 and
different values of y. The graphs state that when y in-
creases, the value of the difference decreases and tempera-

ture gradient of the phases are more coinciding. Contact
point of the phases tend to earlier time when y increases.
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Fig. 8 Difference of temperature gradients for o =4 and
different values of ¥

6. Conclusion

In this note, we have considered the local thermal
nonequilibrium due to the temperature sudden change and
great heat generation in porous media. Energy equations
presented by Neild and Bejan [6] and Kaviany [16] were
used as governing equations. After nondimensionalising,
new parameters such as diffusivity ratio, scaled interfacial
heat transfer coefficient and porosity-modified conductiv-
ity ratio were defined. Governing equations are solved nu-
merically using Compact method and results valid using
perturbation method. The effect of defined parameters on
the behaviour of solid and fluid phases in porous media is
investigated and results are presented in the form of vari-
ous graphs. The results showed that after the passage of



time, temperature gradients in both phases reached to a
negative fixed amount and remain constant. The diffusivity
ratio affected the behaviour and positioning of temperature
gradient in the both phases. Also, the effect of porosity-
modified conductivity ratio was discussed to reach equilib-
rium conditions. In two final figures, the difference amount
of temperature gradient for all states between both phases
was presented.
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VIETINIO SILUMINIO NEPUSIAUSVIRUMO
PRIKLAUSOMYBES NUO STAIGIU
TEMPERATUROS POKYCIU IR SILUMOS
GENERAVIMO PORINGOJE APLINKOJE TYRIMAS

Reziumé

Straipsnyje tiriamas staigus temperatiiros pokycio
ribiniame sluoksnyje x = 0 efektas ir spartus Silumos gene-
ravimas sukuriant lokalia Siluming nepusiausvyra pusiau
begalinéje nekintancioje porétoje aplinkoje. Kiekvienoje
fazéje kaip pagrindinés naudojamos dvi Silumos gamybos
pereinamojo biivio energijos lygtys. Sios dalinés pagrindi-
nés lygtys iSsprgstos skaitiniu biidu. Dalinéms iSvestinéms
skaiCiuoti taikytas COMPACT metodas i§ RK4. Tai jpras-
tas, taupantis laika i$vestiniy skai¢iavimo metodas. Zadi-
nimo ir priart¢jimo metodu tirtas Silumos perdavimo grei-
tis pradinéje ir baigiamojoje fazése. Silumos zadinimo tarp
faziy greitis parodytas paveiksluose. Rezultatai rodo, kad
Silumos generavimo efektas ir vietiné §iluminé nepusiaus-
vyra yra apribota baigiamojoje fazé¢je ir kreiviy nuolydis
sumazéja iki nulio, o temperatiiros gradientas pastoviu
greiciu artéja prie begalybés. Detaliai paaiSkintas skirtingy
nedimensiniy parametry poveikis temperatiiros gradiento
kitimui.
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STUDY OF LOCAL THERMAL NONEQUILIBRIUM
IN POROUS MEDIA DUE TO TEMPERATURE
SUDDEN CHANGE AND HEAT GENERATION

Summary

In this paper we examine the effects of tempera-
ture sudden change in boundary x = 0 and great heat gener-
ating on the creation of local thermal nonequilibrium
(LTNE) in the semiinfinite stagnant porous media. Two
energy equations in the transient state and in the presence
of heat generating are used as the governing equations in
each phase. These partial governing equations solve nu-
merically. For partial derivatives, we use from Compact
finite difference method that is the continuous method for
calculation of derivatives and for progress in time, we use
from RK4. So we test values of heat transfer rate for early
and late times using perturbation and shooting methods.
Rate of heat transfer between phases depict in the figures.
Results show that effects of heat generating and LTNE are
restrained at very late times and graphs slope decrease to
zero. In this time, the temperature gradient moves towards
the infinite with a constant value. Also, effect of different
nondimension parameters on behavior of temperature gra-
dients is verified. When diffusivity ratio a increases, time
to counteract heat generation effect increases. Fluid and
solid graphs are stabilized in the negative value of tem-
perature gradient with the constant slop zero and different
diffusivity ratios a don’t affect on this value. So for a > 1,
the difference between solid and fluid phases will increase
and vice versa, for a < 1 it will decrease.

Heat generation effect is counteracted in earlier
times when conductivity ratio y increases. So The graphs
state that when y increases, the value of the difference de-
creases and temperature gradient of the phases are more

coinciding and Contact point of the phases tend to earlier
time. Other characterizations are explained in detailed.

M. H. Kauxann, A. O. A66acu, M. Caau

UCCJEJOBAHUE MECTHOM TEIIJIOBO
HEYPABHOBEIIEHHOCTU B I[IOPUCTOM CPEJIE B
3ABVICUMOCTU OT BHE3AITHBIX U3MEHEHUN
TEMIIEPATYPbBI U TEHEPALIMN TEIUIA

Pes3omMme

B at0i1 crathe nccnenyercs 3GQGeKT BHE3AITHOTO
W3MEHEHHs] TEMIIEPATyphl B MpeaeabHoM ciioe x = 0 u Obl-
CTpasi TeHepalys Tela, CO3/aBas JIOKAIbHYIO TEMJIOBYIO
HEYPABHOBEIIEHHOCTh B TONyOSCKOHEYHOH 3acTOHHOMN
nopucTout cpeze. Jpa ypaBHEHHsI SHEPTUH B NEPEXOTHOM
COCTOSIHMH TIPH T€HEPUPOBAHUY TETIIa UCIIOIb30BAHbBI KaK
OCHOBHBIE B KaXJI0H (pa3e. DTH YacTHbIE OCHOBHBIC YpaB-
HEHHA PCHICHBI YWCJIOBBIM METOIOM. 21.]'[5[ pacye€ra 4acrt-
HbIX mpom3BoAHbIX wucnonb3oBan COMPACT or RK4,
KOTOPBIN SIBIISIETCS] M3BECTHBIM COEpEraronM BpeMst pac-
yeTa METOJOM MpPOU3BOJAHBIX. MccnenoBaHa CKOpOCTh Ie-
penaud Terula Ha paHHe! U MO3JHeH CTaausAX NMpH MOMOIIU
BO3MYIICHHSI W mpubmmkeHus. CKOpPOCTh BO3MYIICHHSA
TeIIa MeXy (asaMu IPUBEICHA HAa PUCYHKaxX. Pe3ynbpTa-
THI TTOKA3bIBAIOT, YTO 3((PEKT reHepaIiy TeIIa 1 MECTHAs
TEIUIOBAsl HEYPABHOBEIIEHHOCTh CHIDKAETCSI B KOHEYHOH
(aze M yKIOH KPHUBBIX CHIKACTCS OO HYJ, a I'paJdeHT
TEMIIEPaTypPbl U3MEHSETCS 10 OECKOHEYHOCTH C IMOCTOSIH-
HOW CKOpOCThIO. Kpome Toro moapoOHO 0OBSICHEHO BJIHS-
HHUE Pa3MYHBIX OE3MMMEHCHBIX MapaMeTpoB Ha W3MeEHe-
HUE TeMIIepaTypHOro rpaueHTa.
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