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Laminar forced convection flow through a parallel plates channel completely 
filled with a saturated porous medium where occurs a uniform heat generation 
per unit volume with volumetric heat generation is investigated numerically. The 
Darcy-Brinkman model is used to describe the fluid flow. The energy transport 
mathematical model is based on the two equations model which assumes that there 
is no local thermal non-equilibrium between the fluid and the solid phases. The 
dimensionless governing equations with the appropriate boundary conditions are 
solved by direct numerical simulation. The effect of the controlling parameters, 
Biot number, thermal conductivities ratio, heat generation rate, and the Reynolds 
number on the local thermal equilibrium needed and sufficient condition is ana-
lyzed. The results reveal essentially that the local thermal equilibrium condition is 
unfavorably affected by the increase in the heat generation rate, the thermal con-
ductivities ratio, and the decrease in the Biot number. In addition, for a given heat 
generation rate, the effect of Reynolds number on the local thermal equilibrium 
condition is reversed depending on the conductivities ratio threshold. 
Key words: forced convection, porous media, local thermal non-equilibrium,  

heat generation

Introduction

Convective heat transfer in fluid-saturated porous media has received much attention 
for the last decades. Indeed, the theme is wild and presents currently still much interest. It is 
due to its relevance in a wide range of application in many applications, such as thermal insula-
tion, catalytic and chemical particle beds, transpiration cooling, geothermal energy system heat 
exchanger, packed bed regenerators, solid matrix heat exchangers and nuclear waste disposal, 
and etc. 

Most of the investigations assume local thermal equilibrium (LTE) between the fluid 
and the solid phases at any location in the porous medium [1-3]. This assumption is inappropriate 
for a number of cases such as heat energy storage systems and nuclear reactor modeling where 
the temperature difference between the fluid and the solid phase becomes crucial. Therefore, the 
local thermal non-equilibrium model (LTNE) must be used. Analytical study, Brinkman-Darcy 
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model, for fully developed forced convective heat transfer in a tube partially filled with metallic 
foam with interfacial coupling conditions for the LTNE model was conducted by Xu et al. [4]. 
Such kind of flow with multiple discrete heated sources in a horizontal channel containing met-
al-foam was investigated numerically in order to enhance the heat transfer by Chen et al. [5]. 
The used Darcy-Brinkman-Forchheimer flow model and LTNE allowed a better understanding 
of the situations under which the LTE assumption would be justifiable. The authors have also 
found that the specific choices in certain governing parameters, such as the permeability, pore 
density, fiber diameter and the effective thermal conductivity of the metal-foam porous layer, can 
have profound effects on the heat sources cooling. Phanikumar and Mahajan [6] have examined 
numerically and experimentally the flow and heat transfer characteristics in metal foam samples 
heated from below, by using a two equation model for the temperature and by integrating the 
porous media and the clear fluid domains using the single domain approach. They found that the 
temperature predictions based on the LTNE are in better agreement with the experimental data 
compared to those based on the LTE model. Another numerical study in natural convection, con-
ducted by Pippal and Bera [7] reported the temperature difference, using LTNE, between solid 
porous matrix and saturated fluid in an enclosure. They found that for a given thermal conductiv-
ities ratio, when the interstitial heat transfer coefficient value is relatively high, the temperature 
contours of two phases becomes almost identical in magnitude as well as patterns point of view, 
which indicates that equilibrium state between two phases is achieved.

Other studies have been conducted in order to define more accurately the circumstanc-
es in which the condition of the local thermal equilibrium or non-equilibrium is verified, which 
allowed defining a multitude of criteria to better optimize the evaluation of heat exchanges. 
Thus, Lee and Vafai [8] employed the thermal non-equilibrium model to investigate the forced 
convective flow through a channel filled with a porous medium. They obtained analytical solu-
tions for the fluid and solid phase temperature distributions and the heat transfer characteristics 
were classified into three regimes, and the study established conditions for which one-equation 
model is valid. Khashan and AL-Nimr [9] have performed a numerical study to examine the 
validity of the LTE assumption for forced convective heat transfer of non-Newtonian fluids in a 
channel confined by two horizontal plane plates. The results obtained over broad ranges of rep-
resentative dimensionless parameters are used to map conditions for which the LTE assumption 
can or can not be employed. Quantitative LTE validity maps that reflect the proportional effect 
of each parameter as related to others are presented. Marafei and Vafai [10] obtained analytical 
expressions for the fluid and solid phases temperatures distributions for convective flow through 
a channel with a constant heat flux applied at walls and accounting for both boundary and in-
ertial effects. Moreover, Jaballah et al. [11] have studied numerically the mixed convection in 
a channel with porous layers using the thermal non-equilibrium model. They clearly showed 
the limits of the interstitial heat transfer coefficient and thermal conductivity ratio parameters 
over which the two models LTE and LTNE of the two phases fluid and solid will be identical.

The purpose of the present work is to examine the forced convective heat transfer in 
a plane channel filled with a saturated porous medium in which occurs an internal heat genera-
tion in the solid phase. The main objective is to study the temperature difference profile evolu-
tion between the fluid and the solid phases, as function of the transverse position for different 
channel sections by moving from the inlet to the outlet. It will also address the validity of LTE 
assumption in the flow and the porous medium. The LTE condition is tested for various values 
of dimensionless parameters such as interstitial Biot number, thermal conductivity ratio, flow 
Reynolds number based on the mean value of the velocity in the channel section and heat gen-
eration rate per unit volume, occurring in the porous medium.
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Problem statement and governing equations

Physical domain

The considered physical model is shown in fig. 1 with used co-ordinates. The sys-
tem under investigation is a horizontal parallel-plate channel completely filled with a saturated 
porous medium having a constant porosity. It is assumed that the fluid is incompressible and 
the flow is laminar (what is possible 
when the Reynolds number based 
on the particle diameter, Rep < 100 
[12]), in steady-state and 2-D. The 
fluid enters the channel with a uni-
form velocity and temperature distri-
butions, Uin and Tin, respectively. The 
horizontal surfaces are supposed to 
be at constant temperature, Tw, higher 
than the inlet fluid temperature. 

Governing equations

To write the governing equations, following assumptions are made:
–– the thermophysical properties of the fluid and porous media are assumed to be constant,
–– natural convection and radiative heat transfer are neglected according to other modes of heat 

transfer,
–– there is no fluid phase change in the medium,
–– the convective fluid and the porous solid are not in local thermodynamic equilibrium (two 

energy equations model),
–– the solid porous matrix (porous media) is with uniform volumetric heat generation, and
–– the dynamic flow is described by the Brinkman extended Darcy model which permits to 

combine the Darcy flow with the Stokes flow in order to extend the Stokes drag force on a 
particle to include the effects of the neighbouring particles [13].

Under previous assumptions, the continuity, momentum and energy equations can be 
written in dimensionless form:
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Figure 1. Schematic representation of the considered 
porous channel
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Here the following dimensionless variables have been used:
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Equations (1)-(5) contain the Reynolds number, the Darcy number, the Prandtl num-
ber, the local Biot number, the thermal conductivity ratio, Rk, and the dimensionless heat flux 
ratio, which are respectively defined: 
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It should be noted that the dimensionless form of the energy equations is obtained, 
among other things, considering the expression of specific surface area given by the correlation of 
Wakaoo et al. [14] based on the porosity, ε , and the particle diameter, dp, of the porous medium:
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Boundary conditions

The flow and heat transfer characteristics are symmetrical around x-axis as shown in 
fig. 1. Hence, only one half is considered to be the computational domain. Based on this, the 
appropriate boundary conditions can be mathematically expressed:
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Numerical procedure

Numerical method

The numerical computation was carried out with the control volume approach [15], 
using rectangular cells with constant mesh spacing in both directions (axial and transverse). The 
first order upwind scheme is applied for the convection-diffusion formulation in eqs. (1)-(4). 
The central differencing scheme is used for the diffusion terms (energy and momentum equa-
tions). Staggered grids and SIMPLE algorithm as suggested by Patankar [15] are adopted to 
treat the coupling between velocity and pressure fields. The set of obtained algebraic equations 
are solved using a numerical algorithm based on an iterative strongly implicit procedure devel-
oped by Stone [16]. The iteration process is terminated if the following condition is satisfied:
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where Φ  represents a dependent variable U, V, P, fθ , and sθ . The subscripts i and j indicate the 
grid point and superscript m denotes the iteration number. Relaxation factors are employed to 
avoid divergence during the iteration.

The iterative computation process starts with the estimation of the pressure field, and 
then the momentum equations are solved to compute the velocity components. The obtained 
correction pressure equation is solved and then the velocity components and pressure are cor-
rected with the new values. The process is repeated until convergence. With this condition, the 
two temperature equations for the both fluid and solid phases are solved until reach satisfactory 
convergence during the iterative process. After convergence, the difference between tempera-
tures of the two phases is evaluated in each point of the computational domain. 

Grid independence study

Concerning the mesh refinement or grid size effect on the numerical solution, various 
grid systems from 200 × 110 to 350 × 140 (in x- and y-directions, respectively) are tested to 
compare the average Nusselt numbers values for each phase. The results are presented in tab. 1 
for various values of Biot number and Rk at fixed Re = 100, Da = 10−4, and Rq= 0. The maximum 
discrepancy in the values of fNu  or sNu  between the grid 250 × 120 and the finest one 
(350 × 140) for all values of Biot number and Rk is less than 2.63 %. Thus, the mesh size  
(250 × 120) is considered good enough to generate grid independence results.

Table 1. Comparison of the results for different Biot number and Rk values 
with Re = 100, Da = 10–4, Rq = 0, ε = 0.9, Rep = 1, and Pr = 0.7

Bi Rk 200 × 110 250 × 120 300 × 130 350 × 140

sNu fNu sNu fNu sNu fNu sNu fNu
1 1 2.592 2.816 2.614 2.831 2.640 2.851 2.669 2.876

Error (%) 2.88 2.08 2.06 1.56 1.08 0.86 – –
10 1 2.728 2.807 2.747 2.823 2.771 2.844 2.798 2.869
Error (%) 2.50 2.16 1.82 1.60 0.96 0.87 – –
100 10 2.315 2.375 2.328 2.387 2.355 2.412 2.391 2.446
Error (%) 3.17 2.90 2.63 2.41 1.50 1.39 – –

Code validation

To check the present numerical simulation which is implemented in a Fortran pro-
gram, comparison is made with the previously published analytical results obtained by Hooman 
and Guergenci [17], for the case of the forced convection in a channel at constant walls tem-
peratures and with viscous dissipation effects. The exact solution of the asymptotic Nusselt 
number given by in the cited work [17] is: 
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The values of the coefficients C1, C 2, and C 3 define which model of the dimensionless 
viscous dissipation function used in the energy equation, as detailed by Hooman and Guergenci [17]:
Model 1 for the Darcy model ( 1 0=C  and 2 0=C ), Model 2 for the power of drag force model  
( 1 1=C  and 2 0=C ), and Model 3 for the clear fluid compatible model ( 1 0=C  and 2 1=C ). 

Figure 2 shows a good agreement 
between the numerical approach and the 
analytical results given by eq. (14) for 
the models 1 and 2 for all values of S. 
The maximum discrepancy between the 
two results appears for the model 3 for 
a small range of S values and does not 
exceed 1.6%, what is sufficiently accept-
able.

Results and discussion

Computations were conducted 
with some fixed controlling parameter: 
the Prandtl number is assumed to be that 
of the air (Pr = 0.7, value frequently as-
sumed in the literature [11]), the poros-
ity of the porous medium (ε = 0.9), the 
channel aspect ratio (L = 10), the particle 

Reynolds number (Rep = 1), and the Darcy number (Da = 10–4). Several criteria have been admit-
ted in the literature to define LTE condition [8-11]. The criterion adopted in this study is based 
on the absolute difference in local temperatures of the fluid and solid phases at each point of the 
computational domain [9], which is traduced mathematically:

	
, ,, s fi j i ji jθ θ θ∆ = − 	 (16)

It has been well accepted that the condition of LTE holds if Δθi,j ≤ 5% and inversely, 
LTNE becomes pronounced if Δθi,j > 5%.

The objective of this criterion is to show the spatial distribution of LTNE (or equilibri-
um) over the channel length. So from this test one can delineate the channel areas where there is 
LTE and the areas where there is LTNE in the (X, Y) plan. The maximum value of the absolute 
local temperature difference between the fluid and solid phases in the entire channel can serve 
as another criterion to determine the LTE and LTNE areas in the (Bi, Rk) plan. These LTE and 
LTNE zones in the (Bi, Rk) chart are mathematically defined by the conditions max Δθi,j ≤ 5% 
and max Δθi,j > 5%, respectively. The results are presented and discussed in terms of the fluid 
and solid temperatures difference and LTE validity maps. In the first part of the results, the 
plots show the temperature difference profiles evolution between the fluid and the solid phases 
over the channel length from the inlet to the outlet. The second part of the results reported in 
this work concerns the effect of governing parameters such as the heat generation rate and the 
Reynolds number on the LTE validity map in the (Bi, Rk) plan.

Temperature difference profile

Figure 3 displays the absolute temperatures difference distribution between the solid 
and the fluid phases, as mentioned by eq. (16), as function of transverse co-ordinate for dif-

Analytical results (Hooman and Guergenci, [17])
Numerical results (present code)

Model 1 (C1 = C2 = 0)
Model 2 (C1 = 1, C2 = 0)
Model 3 (C1 = 0, C2 = 1)
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Figure 2. Comparison of asymptotic Nusselt number 
profile vs. S with that of [17]
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ferent axial positions over the channel 
length with a low Biot number value  
(Bi = 0.01) for different solid-to-fluid 
thermal conductivity ratio values, Rk. 
As shown in this figure, the difference 
between the temperatures of the two 
phases is highly enhanced from zero 
value, due to the imposed condition of 
LTE at the wall, towards the channel 
center value. It appears, also, that the 
temperature difference between the two 
phases is the largest in the inlet region, 
decreasing gradually with the evolution 
downstream. In fact, one can easily no-
tice that, in the considered case (high 
heat generation in the solid phase) the 
LTNE is strongly pronounced in any 
point with maximum values on the cen-
tral axis of the channel. 

When Biot number and thermal conductivities ratio take high values (Bi = 10, Rk = 100), 
it is observed from fig. 4 that temperature difference between the two phases at the channel inlet 
becomes relatively important and grad-
ually decreases to become constant and 
almost negligible by moving down-
stream of the channel. Here again, we 
see that the condition of LTE is strong-
ly checked on the whole channel except 
at the inlet region. This can mean that a 
significant increase in the conductivity 
of the solid allows a part of the generat-
ed heat to be evacuated by conduction 
in the solid and another part is evacuat-
ed by internal transfer to the fluid (high 
Biot number) and then by convection 
towards outside.

The LTE validity maps

The following figs. 5-7 rep-
resent maps delineating the validi-
ty areas of LTE condition as func-
tion of Biot number and thermal conductivities ratio, Rk, for various controlling parameters 
such as the heat generation rate and the Reynolds number. As mentioned earlier, the bound-
ary line separating the LTE and LTNE zones in the (Bi, Rk) chart is obtained when the con-
dition max Δθi,j ≤ 5% is satisfied in the entire channel under study. The mapping of the  
LTE-LTNE regions is performed using an inner Biot number loop inside an outer Rk loop. For 
each selected Rq and/or Reynolds number value, and for each value of outer Rk loop, the inner 
Biot number loop turns with an appropriate increment until the LTE condition is satisfied. The 
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Figure 3. Temperature difference profile as a function  
of transverse distance at different axial positions for  
Re = 100, Da = 10–4, Rq = 100, Bi = 0.01, and Rk = 1
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corresponding (Bi, Rk) values are saved 
and the process is repeating for the fol-
lowing incremented value of the outer 
Rk loop, but by starting the inner Biot 
number loop from the previously stored 
value and so on. Therefore, the LTE area 
in the (Bi, Rk) plan is delimited by a suc-
cession of minimum Biot number (Bimin) 
and maximum thermal conductivity ra-
tio (Rkmax), defining so the boundary line 
between the LTE and LTNE areas.

Figure 5 shows the effect of heat 
generation rate in the solid phase on the 
LTE area for Reynolds number values 
of 25 and 100. The increase in heat 
generation reduces the LTE area much 
more for low values of Biot number and 
Rk and low Reynolds number. This ef-

fect diminishes gradually as Biot number and Rk increase, which is clearly illustrated by the 
convergence of boundary lines delimiting the LTE-LTNE regions for all considered heat gen-
eration rates. The Biot number and Rk, values from which heat generation influence on the LTE 
condition becomes insignificant, depend on the Reynolds number. Thus, as shown in fig. 5, for 
weak Rk values and in the absence of heat generation, the minimum Biot number value required 
to satisfy the LTE condition for Re = 25 is Bi1. For the same Rk value with the presence of heat 
generation, the solid phase temperature increases, due to the relatively low thermal conductivity 
of the solid compared to that of the fluid, this causes the increasing in the temperature difference 
between the two phases and consequently reducing the LTE area. Under these circumstances, 
the LTE condition can be satisfied again by augmenting the interstitial heat exchange (increasing 
Biot number) to evacuate the generated heat. Thus, the new minimum values of Biot number on 
the LTE-LTNE boundary line are Bi2 and Bi3 for Rq = 50, and Rq = 100, respectively with Bi1 < 
Bi2 < Bi3. Increasing Rk leads to the enhancement of the solid phase capacity to evacuate the heat 
generated by conduction and allows reducing significantly the difference of the temperatures 
between the two phases. The growth in heat generation is offset by the solid thermal conductivity 
rise, which explains the decrease of heat generation effect on the LTE area for high Rk values.

Figure 6 shows the influence of the Biot number, the thermal conductivities ratio and the 
Reynolds number on the LTE condition for the case without heat generation in the solid phase. For 
each constant Reynolds number line, the area in the Bi-Rk plan mapped the right (down) represents 
the LTE area and those mapped to the left (above) represents the LTNE area. It is clear from this 
figure that for a constant Reynolds number and low Rk, the LTE is reached for low Bi values. As 
Rk increases, the minimum required value of Biot number to verify the LTE condition augments. 
The LTE condition is verified when the ratio of Biot number and Rk takes a high value in the Bi-Rk 
plan (Bi/ 1)kR  . Increasing Reynolds number, which corresponds to augment the flow intensity, 
has an unfavorable effect on the LTE condition, by expanding the LTNE region in the Bi-Rk plan. 
It is clear from the energy equation of the fluid phase that augmenting the Reynolds number leads 
to the reduction of the conduction effects and the enhancement of the convection effect, causing 
the deepening of the temperature difference between the two phases. The high flow intensity does 
not allow a sufficient interstitial thermal communication.
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Figure 5. Effect of the heat generation rate on the Rk-Bi 
LTE validity map at Re = 25 and Re = 100
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The effect of the Reynolds number 
on the LTE condition with the presence 
of the heat generation in the solid phase 
strongly depends on the Rk values. As 
it is shown on fig. 7, the minimum re-
quired values of Biot number from 
which the LTE condition is verified 
for different constant Reynolds num-
ber values (Re = 25, 50, 100, 200) are 
Bi1, Bi2, Bi3, and Bi4, respectively, for a 
given low Rk value and Bi’

1, Bi’
2, Bi’

3, 
and Bi’

4, respectively, for a given high 
Rk value. It is clear from this figure that 
Bi1 > Bi2 > Bi3, >Bi4, and Bi’

1 < Bi’
2 <  

< Bi’
3 < Bi’

4. Thus the Reynolds num-
ber effect on the LTE condition is re-
versed depending on the Rk values. For 
a low Rk, augmenting Reynolds number 
leads to the increase of the LTE area. 
This effect is completely reversed when 
Rk reaches high values, by reducing the 
LTE region in the Bi-Rk plan. The Low 
Rk values leads to a significant solid 
temperature rise due to the low thermal 
conductivity of solid phase which traps 
the generated heat. When the Reynolds 
number rises the convective exchange 
between the wall and the fluid phase is 
enhanced, which thereby results in an 
increase of fluid temperature and thus 
reduces the gap with the solid phase 
temperature. When Rk takes high val-
ues, the solid phase capacity to remove 
the generated heat is significant. This 
triggers a downward trend in the tem-
perature of the solid. Under these conditions rising the Reynolds number leads to the increase 
of the fluid temperature due to the high rate of the convective exchanges with the wall, which 
is in the opposite direction of the evolution of the solid temperature evolution and therefore 
results on the increase in the temperature gap between the two phases. As confirmed by the 
energy equation for the solid phase, the interaction between the Reynolds number and the heat 
generation rate closely depends on the diffusive term intensity, which is negligible for low Rk 
values and predominant for high Rk, ratios which explains the reversal effect of Reynolds num-
ber on the LTE condition. It is clear that the presence of the heat generation in the solid phase 
changes closely the LTE-LTNE border line trend which evolves from the linear tendency for 
the case without heat generation to the asymptotic trends for two limit cases of low Rk values 
(thermal fluid dominant regime) and high Rk values (thermal solid dominant regime) as the heat 
generation increases, more significantly for low Reynolds numbers.

Bi
100                                                                                                             101                                                                                                             102

Rk

102

101

100

Rq = 0Re = 25
Re = 50
Re = 100
Re = 200

LTNE

LTE
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Conclusions

Forced convection in horizontal parallel plates channel completely filled with a satu-
rated porous medium with internal heat generation in the solid phase has been numerically in-
vestigated. We have considered cases where LTNE exists between the solid and the fluid phases 
as modeled by an inter-phase heat transfer coefficient. The dynamic field is described by the 
Brinkman extended Darcy model. It can be concluded from the results analysis that:

yy The temperature difference value which can significantly increase in the inlet region of the 
channel will diminish when going downstream. 

yy The LTE is perfectly realized over the entire length of the channel when the interstitial ex-
change (Bi) is high and the thermal conductivity ratio is low. 

yy The LTE condition is strongly affected by the dimensionless governing parameters. There-
fore, the increase in the heat generation rate has an unfavorable effect on the LTE condition. 
For the case without heat generation, the increase in the Reynolds number leads to reducing 
the LTE area in the Bi-Rk plan. When the heat generation becomes important, the increase in 
the Reynolds number has a favorable effect on the LTE condition for weak Rk values and an 
unfavorable effect on the LTE condition for high Rk values. 

yy At last, the LTE condition is very well verified for high Biot number values and low thermal 
conductivities ratio values, in other terms, when the rate between Biot number and Rk takes 
high values  (Bi/ 1)kR  , independently on the operating conditions.

yy Finally, it should be noticed that all these results were obtained under the assumption of 
constant interstitial exchange coefficient and any eventual non homogeneity can lead to an 
amplification of LTNE condition between the two phases. 
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Nomenclature 
asf	 –	 specific surface area, [m2m–3]
Bi	 –	 interstitial Biot number (= hsf   H/kf), [–]
Da	 –	 Darcy number (= K/εH 2), [–]
dp	 –	 pore diameter, [m]
hsf	 –	 interstitial heat transfer  

	 coefficient, [Wm–2K–1]
L	 –	 dimensionless channel length, (= l/H), [–]

fNu 	–	 fluid average Nusselt  
	 number ( f0 1/2

(1/ ) ( / ) dL
Y

L Y Xθ
=

= ∂ ∂∫ , [–]
sNu 	–	 solid average Nusselt  

	 number ( s0 1/2
(1/ ) ( / ) dL

Y
L Y Xθ

=
= ∂ ∂∫ , [–]

P	 –	 dimensionless pressure, [–]
Pr	 –	 Prandtl number (=εν/kf), [–]
q	 –	 volumetric heat generation flux, [Wm–3]
qref 	 –	 reference heat flux,  

	 [= (Tw – Tin)kf /H 2], [Wm–3]
Re	 –	 Reynolds number (= ρuinH/εμ), [–]
Rep	 –	 pore Reynolds number (= Redp/εH), [–]
Rk	 –	 thermal conductivity ratio, (= ks/kf), [–]
Rq	 –	 dimensionless heat flux ratio (= q/qref), [–]
T	 –	 intrinsic fluid or solid temperature, [K]
U, V	–	 dimensionless velocity components, [–]

u, v	 –	 velocity components, [ms–1]
X	 –	 dimensionless axial co-ordinate (= x/H), [–]
Y	 –	 dimensionless transverse  

	 co-ordinate(= y/H), [–]

Greek symbols

αf	 –	 thermal diffusivity, (= k/ρc)f
θ	 –	 temperature, [= (T – Tin)/(Tw – Tin)], [–]
ε	 –	 porosity, [–]

Subscripts

in 	 –	 inlet 
f 	 –	 fluid 
p	 –	 pore
ref	 –	 reference value
s	 –	 solid
w	 –	 wall
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