Analysis of Variants Within the
Porous Media Transport Models

An investigation of variants within the porous media transport models is presented in this
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1 Introduction ciable flow maldistribution, which appears as a sharp peak near

. . the solid boundary and decreases to nearly a constant value at the
Modeling of the non-Darcian transport through porous medig nter of the bed. This phenomenon is known as the channeling

has been the subject of variou_s recent studies QUe to the increa&ﬁgct. Vafai[30,31] and Vafai et al[32] investigated analytically
need for a_be_tter understanding of the associated transport PIRd experimen’tally the channeling effect on an external forced
cesses. This interest stems from the numerous practical appli $pvective flow and heat transfer. Poulikakos and Rerfiah
:ﬁgﬁ&%‘g;ﬁ: rﬁgdrigogj leldagrtﬁspmglaiﬁgﬁlgi(g:aézciésdtgzjsmrgtsented a numerical study of the variable porosity effects in a
: : ! annel bounded by two isothermal parallel plates and in a circu-
exchangers, drying technology, catalytic reactors, petroleum 'I%%;E pipe. A number gf investigations r?ave cor?sidered the effect of

dustries, geothermal systems, and electronic cooling. The Workvariable porosity on fluid flow and heat transfer in porous media

Vafai and Tien[1] presented and characterized the boundary a - . .
inertial effects in forced convective flow through a porous mg enken and Poulikakds4], Hunt and Tier{35,3§, and Hsiao

dium. Later, Vafai and Tierj2] investigated the boundary andEt al. [37)).

inertial effects on convective mass transfer in porous media. Vafcﬂgt frggg g Oggggﬁg;??;:‘;?}imﬁ;?tgfrzthﬁ:g;% r?;f?:ir?; g]aerigqilrt
and Kim [3] used the Brinkman-Forcheimer-extended Darc P PP P

model to obtain a closed-form analytical solution for fully develiﬁrocesses through porous media. As such, a number of investiga-

. . ions have considered the effects of both thermal dispersion and
oped flow in a porous channel subject to constant heat flux bour%(?-. . : .
ary conditions. Hadinj4] performed a numerical study to anaIyze\é?g?t[)gesg]pcgﬁ?;%;gu_ni]? ngacﬁiiséfgz?sﬁi% (;tn?jll[c::ak@nggg]g
steady forced convection in a channel filled or partially filled wit heﬁ et’ al[44], Fu et' al.[45] and Chén et al[46]). On thé
a porous medium and containing discrete heat sources. Kavigl 9 Lo ' ' :

. - - er hand, some other investigations considered only the effect of
[5] studied the flow through a constant porosity medium bound - . .
by isothermal parallel plates using the Brinkman-extended flo ermal dispersiortJang and Chepd7], Hunt and Tien35,3§,

model and constant matrix porosity. Lauriat and Va@j pre- nd Hong and Tiefa8]). Cheng and Hs{49] analyzed the wall
sented a comprehensive study of forced convective heat tranﬁgfvctth?gsgi t:rt]e;milu?;%gsll(%réggohc:rsésblgdthg;g;cgegncdo%euctlve
in porous media through a channel or over a flat plate. . ' . o

Other research works consider various problems of the flow aﬁﬁjd'ed the effects of radial thermal dispersion on fully developed

heat transfer through a constant porosity mediBeckerman and orced convection in cylindrical packed tubes. Later, Cheng and
Viskanta[7], Kim and Choi[8], Kladias and Prasaf], Nield Vortemeyer[51] studied the effect of transverse thermal disper-

sion on fully developed forced convection in packed beds. Vafai
Eta?jlé%ﬂ’] SIlDJQSIiE;I?(I)Eli]r’ldY&:zﬁgrggiz%leilrﬁ’ e’\tliﬁ_le[l%? d and Amiri[52] have shown that the effect of longitudinal disper-

Chen and Vafaj17], Nakayama et a[.18], Hong et al[19], Ka- sion is insignificant for P210. Their results show that the effect
viany [20] Kuznetsbv[Zl] Lan and khoaadac{lZZ] I\.laka,yama of transverse dispersion is much more important than the longitu-
et al.[23], Ould-Amer et al[24], Vafai and Kim[25,26)). A syn- dinal dispersion.

thesis of various aspects of modeling of transport processes inl N€ @ssumption of local thermal equilibriutaTE) is widely

porous media was given in Tien and Vafai7]. Recent mono- used in analyzing transport processes through porous media.

graphs in which some aspects of transport in porous media w&f@WeVer. this assumption is not valid for some applications where
discussed have been presented by Kavi28] and Nield and a substantial temperature difference exists between the solid phase
Bejan[29]. and the fluid phase. Amiri and Vaf@§s3] and Amiri et al.[54]

A number of experimental and theoretical studies have shofPloyed a fully general model for the momentum equation and a
that variation of porosity near a solid boundary has a significaff®-Phase model for the energy equation, including axial and

effect on the velocity fields in packed beds resulting in an apprg_amsverse thermal dispersion to investigate forced conve_ction in_ a
channel. They presented detailed error maps for assessing the im-

Contributed by the Heat Transfer Division for publication in tHGUBNAL OF portance of \_/?.I‘IOUS s!njpllfylng assumptions that are commonly
HEAT TRANSFER Manuscript received by the Heat Transfer Division, Sept. 30US€d. In addition, Amiri and Vafdi55] presented a comprehen-
1999; revision received, Dec. 16, 1999. Associate Technical Editor: J. Howell. ~Sive numerical study for the problem of transient incompressible
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flow through a packed bed including inertia and boundary effed®or variable porosity case, the permeability of the porous medium
in the momentum equation and the effects of thermal dispersiBhand the geometric functioR can be represented as in Ergun

and local thermal nonequilibriut. TNE) in the energy equation. [59] and Vafai[30,31:

Hwang et al[56] investigated the non-Darcian forced convection

2
taking into account the effects of boundary, inertia, and transverse K = &°dp @
thermal dispersion. Dixon and Cresswgli7] investigated the 1501—¢)?
problem of LTNE between the fluid and solid phases and obtained
a correlation for the fluid-to-solid heat transfer coefficients. Kuz- 175
netsov[58] presented an analytical solution for the simplified ver- - V1503 ©)
sion of LTNE in a parallel plate channel subject to constant heat
flux boundary conditions. According to Benenati and Brosilol0] and Vafai[30,31], the

Four major categories in modeling the transport processe@rosity distribution throughout the porous medium can be pre-

through porous media are analyzed in detail in this work. Thesented by the following equation:

four categories are related to transport aspects for constant poros-
ity, variable porosity, thermal dispersion, and LTNE. As such,
many different pertinent research works are systematically ana-
lyzed in the present investigation. For each category, a number o
research works are found to be relevant to the present investiga-
tion. In all the above-mentioned investigations, variants of Darcy,
Forchheimer, and Brinkman terms in the momentum equation as
well as variants of thermal dispersion terms and the LTNE pre-

e=¢g,

—cy
1+beXF<d—p”.

keff
- VM

f(b) Energy Equation.

(PCp)(V)- V(T)=V-

4

()

sentations were utilized. The main objective of the present work isFor thermal dispersiofAmiri and Vafai[53] and Amiri et al.

to investigate and compare variances in models for each of )
four categories and establish conditions leading to convergence or
divergence among different models.

Ket=Ko 1Ky

6

wherek, is the stagnant thermal conductivity akgl is the dis-
persion conductivity.
2 Problem Formulation For LTNE, two separate energy equations are requixéafai

To analyze the four major categories in modeling the transport

processes through porous media, a fundamental configuratiorFluid-Phase Energy Equation.

shown in Fig. 1 is selected. This configuration consists of a par-

and Amiri [52], Amiri and Vafai[53], and Amiri et al.[54]):

allel plate channel with constant heat flagy, or constant wall (PCpIV)- V(T =V-{ks eff'V<Tf>}+hsfasf(<TS>_<Tf>)(7)

temperaturel,,. The height and the width of the channel até 2

andL, respectively. The velocity of the upstream flowuisand its Solid-Phase Energy Equation.

temperature isT,. This configuration allows an investigation of
all the major aspects described earlier. The main assumptions for

0=V {ks eff * V<Ts>}_ hsfasf(<Ts> - <Tf>)

®)

this investigation are summarized as follows: where
1 The flow is steady and incompressible. K o=k ©)
2 The properties of the porous medium and the fluid are iso-
tropic and homogeneous. and
3 The thermophysical properties of the fluid and the porous Ke o= (1— &)k, (10)

matrix are assumed to be constant.

4 Only the effect of transverse thermal dispersion is included, proplem Setup and Validation
i.e., the effect of longitudinal dispersion is neglected. This is

justified in light of the analysis by Amiri and Vaf§b3].

An implicit method was used to solve the fully developed ve-
locity field. The nonlinear termForchheimer termnwas linearized

The governing equations for the present investigation assumipg using the prior iteration values of the velocity. Convergence
fully developed conditions, can be written as given in V&,

Vafai and Kim[3], and Amiri and Vafai53|:
(@ Momentum Equation.

piFe

VK

BLv vy =— vy~

Coordinates for T,

Fig. 1 Schematic diagram of the problem and the correspond-
ing coordinate systems
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[(V)-(V)]3+ = VE(V)=V(P)

1)

was considered to have been achieved when the absolute error
between two successive iterations was less tharf.1The suc-
cessive over relaxation methd¢8OR was used to accelerate the
convergence rate. The energy equation was solved by applying a
central differencing for the diffusion term and upwind differenc-
ing for the convection term.

Numerical investigations were performed using different num-
ber of grid points to assess and ascertain grid independence results
for the field variables. It was found that any increase beyond a set
given by 500<1000 results in less than 0.2 percent change in the
results. The local Nusselt number distribution was found using a
three point differencing. Due to symmetry considerations, the so-
lution is found for the upper half of the channel for the constant
porosity category and for the lower half of the channel for the
other three categories.

4 Results and Discussion

The numerical results for the constant porosity category were
compared with the exact solution given by Vafai and Kigh as
shown in Fig. 2, and an excellent agreement was found. The ac-
curacy of the simulation of the variable porosity effects were
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Fig. 2 Comparisons between the numerical results of the present study and the analytical
solutions of Vafai and Kim  [3] and Vafai [30]. The constant porosity category [£=0.9, A=100,
Da=0.001 and Re =100]. The variable porosity category [dp/dx=—1493, d,=0.008, b=0.98,
c=2.0, and £,=0.5].

checked against the analytical solution given in Va&d] and are Table 2 Different models of constant porosity
presented in Fig. 2. An excellent agreement was found between
the numerical results and the analytical solution given in Vafafodel Darcy Forchheimer Brinkman
[30]. In what follows, the results for each category are presented
separately. Figure 1 describes the coordinate system and sc‘#\ % Lt} piuz 2y,
matic of the fundamental configuration for the case of constal f K VK €
porosity as well as the fundamental configuration for the other
F

c2 %U [)\/—RU2 gvzu
Table 1 Relationship between various models and the perti-
nent literature

M Fo,

Model References c3 K" N uV2u

C1 Vafai and Tien[1,2], Vafai and Kim [3], Kaviany [5],
Lauriat and Vafai[6], Hong et al.[19], Kaviany [20],
KuznetsoV{21], Lan and Khodadadi22], Nakayama et al. *Reference$14] and[15] did not include the Forchheimer term. In comparisons, to

[23], Ould-Amer et al[24], Vafai and Kim[25,26] properly concentrate on the difference with other models, a Forchheimer term was
C2 Kim et al.[16], Chen and Vafdj17], Nakayama et a[.18] used within each of the categories. ) )
c3 Hadim[4], Beckermann and Viskan{&], Kim and Choi ** This model was used in the exact solution of Vafai and K&h

[8], Kladias and PrasafP], Nield et al.[10], Sung et al.
[11], You and Chang[12,13, Neale and Nadef14],
Poulikakos and Kazmierczdk 5]

V1 Vafai [30], Vafai [31], Vafai et al.[32], Vafai and Amiri Table 3 Different models of variable porosity (modified
[52], Amiri and Vafai[53], Amiri et al. [54], Amiri and models )
Vafai [55] - -
V2 Lauriat and Vafa[6], Poulikakos and Renkdi33], Renken ~ Model Darcy Forchheimer Brinkman
and Poulikako$34] >
V3 Hunt and Tier{36], Hong et al[38], Chen[39—-41], Cheng 1501—-¢) 1.751-¢) , J L
et al.[44], Chen et al[46] V1 H—3gz U P—zg. Y =V
V4 Hsiao et al[37], David et al[42], Hsu and Chen{3], Fu P P
et al.[45 2
D1 Hong[et ]al[38], Hong and Tierj48], Vafai and Amiri[52], " © M u p 1791-e) u 2
Amiri and Vafai [53], Amiri et al. [54], Amiri and Vafai Y2 e3d3 e%d, #Veau
[55]
D2 Chen[39-41], David et al.[42], Hsu and Chen{#3], Jang 150(1—¢)2 1.751-¢) P
and Cher[47] V3* M3 p3—LI2 —VZU
D3 Hsu and Chenf#3], Cheng et al[44], Fu et al[45], Vafai e°d; e7d, €
and Amiri [52], Hwang et al[56]
D4 Chen et al[46] 150(1—¢)? 1.751-s) ,
D5 Hunt and Tier{ 35,36 V4 m—zqz U P—2g. Y wV2u
El Vafai and Amiri[52], Amiri and Vafai[53], Amiri et al. ) £t
[54], Amiri and Vafai[55]
E2 Hwang et al[56]
E3 Dixon and Cresswe[57] *In these models, the Darcy’s term constant was changed from 175 into 150 for the

purpose of comparison.
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Table 4 Different models of transverse thermal dispersion

Model Dispersion Conductivity Notes
=0.1
D1 ypCpUd, ;:0_2
1-¢ =0.04
D2 y—5 PCeUG, 4
y=0.02
—y y=0.17, w=1.5
ypCpUd, (1—ex;{—)) y=0.12, w=1.0
D3 P wH ¥=0.3, w=35

y=0.375, w=1.5

1-¢
D4 Ool?pCpUdp
D5 0.025CpU VK

Table 5 Different models of the fluid to solid heat transfer co-
efficient and the fluid to solid specific area

Model hg¢ ast Notes
ki(2+1.1PH3RE®) 6(1—¢)
El dp dp
dy| [ ki
p/ AP 20.3481—¢)e
E2 —q
1.064 X1 | ppaepso o
06 d, Re>350
dpe LG -t 6(1—¢)
E3* 0.2555PRePK; | 10k, d,

*In this model,as; was taken similar to model E1 for the purpose of compariso
wheredy=4¢/ag; .

three cases namely variable porosity, thermal dispersion and
LTNE. A very large body of research works were analyzed and
categorized for each of these areas.

The pertinent works within each area resulting in a true vari-
ance were selected within each category. The association between
various models and the pertinent literature is given in Table 1.
This comprehensive analysis resulted in Tables 2, 3, 4, and 5 for
each of the presented categories. In the discussion of the results,
the concentration is placed directly on the variances and mecha-
nisms involved in creating these variances within each category.
The physics of the two fundamental configurations considered
here have been analyzed in detail in Vafai and K8hand Amiri
et al.[54] and will not be considered here.

4.1 Constant Porosity. Table 2 shows three variant models
related to this category. Again, the corresponding references
which form the variant models for this category as well as other
categories are given in Table 1. The velocity and temperature
profiles of the three different models are produced by solving the
momentum and energy equations for the fundamental configura-
tion shown in Fig. 1. As a result of using different variants of the
Forchheimer and Brinkman terms in the momentum equation, the
resultant velocity profiles for these models are expected to be
different and consequently the heat transfer rate will also differ
since the solution of the energy equation depends on the solution
of the momentum equation.

A comprehensive study is performed to show the variations
between the three different models by comparing the correspond-
ing differences in velocity, temperature, and local Nusselt number
distributions. The pertinent controlling parameters used for this
category are porosity, inertia parameter, Darcy number, and Rey-
nolds number. Figures 3—10 present a synthesis of variants for the
models utilized within this category. The variations between the
three variant models are found to be more visible in the velocity
profiles which are shown in Figs. 3, 5, 7, and 9. The three models
have an insignificant effect on the variations for the temperature
and Nusselt number distributions as can be seen in Figs. 3-10. As

"such, the velocity profiles are used for comparing the three variant

models within this category. The results reveal that the inertia
parameter, porosity and the Darcy number have more a pro-

Y
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Fig. 3 Effect of porosity variations on velocity and temperature distributions for the constant
porosity category [A=10, Da=10"* and Re ,=100]; (a) £=0.3, (b) £=0.99
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Fig. 4 Effect of porosity variations on Nusselt number distributions for the constant
porosity category [A=10, Da=10"*, and Re ;=100]; (a) £=0.3, (b) £=0.99

nounced effect on the convergence and the divergence of thé&sea given porosity or inertia parameter. Figure 5 shows that for
models from each other even though the overall variations amehigher inertia parameter, the velocity profiles for the three mod-
relatively very small. els become closer to each other. It can be seen that models C1 and
For the case of Darcy numbers corresponding to almost &P become identical when the fluid inertia is negligible, i.e.,
practical applications, the three models are found to result in v&=0. This occurs because models C1 and C2 have the same
locity and temperature fields which are quite close to each otHearcy and Brinkman terms which makes them the same when the

Y
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Fig. 5 Effect of the inertia parameter on velocity and temperature distributions for the constant porosity category
[e=0.6, Da=10"%, and Re,=100]; (a) A=0, (b) A=100
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Fig. 6 Effect of the inertia parameter on Nusselt number distributions for the constant porosity
category [£=0.6, Da=10"%, and Re;=100]; (a) A=0, (b) A=100
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Fig. 7 Effect of Darcy number variations on velocity and temperature distributions for the con-
[e=0.6, A=10, and Re ,=100]; (a) Da=10"%, (b) Da=10"2

stant porosity category
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Fig. 8 Effect of Darcy number variations on Nusselt number distributions for the constant
porosity category [£=0.6, A=10, and Re ;=100]; (a) Da=107%, (b) Da=10"2

Forchheimer term is ignored. It is relevant to mention that for highresented in Table 2 overlap and become identical as shown in
inertia parameter, the Forchheimer terms for models C2 and ERjs. 3—4. This happens because the presentations of the Darcy,
are of the same order of magnitude as the Forchheimer term fasrchheimer, and Brinkman terms approach the same limit for all
model C1, while for low inertia parameters, the difference behe three models when the porosity approaches unity.

comes more significant. It can be seen that for the case when thét is clear that model C3 results in the thinnest momentum
porosity of the porous medium approaches unity, the three modbtsundary layer while model C1 results in the thickest momentum
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1 0.8 0.6 0.4 0.2 0
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Fig. 9 Effect of Reynolds Number variations on velocity and temperature distributions for the constant porosity
category [£=0.6, A=10, and Da=10"*]; (a) Re,=10, (b) Re,;=1000
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Fig. 10 Effect of Reynolds Number variations on Nusselt number distributions for the constant porosity cat-
egory [£=0.6, A=10, and Da=10"*]; (a) Re,=10, (b) Re,,=1000

boundary layer. This can be explained by first realizing that ttee closer to each other due to their similar representations for the
Darcy terms are the same for the three variant models. NextDarcy and Forchheimer terms. On the other hand, models V1 and
should be noted that models C2 and C3 have similar Forchheimét are closer to each other due to similar Forchheimer terms.
terms; models C1 and C2 have similar Brinkman terms, whileigures 11-16 describe a synthesis of variants for the models
models C1 and C3 have different Forchheimer and Brinkmanilized within the variable porosity category. Velocity profiles,
terms. Therefore, model C2 should fall in between the two othesmperature profiles, and Nusselt number profiles for this category
models as can be seen in Figs. 3—10. The reason that model&8 all shown in Figs. 11-16.
has the thinnest momentum boundary layer can be explained int has been shown in the literatuféafai [30]) that an increase
terms of its Brinkman term formation which results in a smallei the pressure gradient increases the centerline velocity and de-
effective viscosity and a reduction in the shear stress between #igases the dimensionless velocity which is the ratio of the actual
fluid layers. On the other hand, model C1 has a smaller ForchRgsiocity to the centerline velocity. Also, an increase in the pres-
imer term which translates into less inertia than the other twgre gradient has been shown to form a thinner thermal boundary
models and as a result, the oyerall v_elocities of this mo_del will tlﬁyer which leads to a higher Nusselt number. Figure 11 shows the
smaller. Therefore, the velocity profile for model C3 will appeagffect of the pressure gradient on these four models for the vari-
as the upper bound; the velocity profile for model C1 will be thgpje porosity category. It can be seen that increasing the pressure
lower bound while model C2 will be in between for any conditiongragient results in a closer agreement between models V1 and V4.
_ Figures 3, 5, 7, and 9 show the velocity and temperature prycreasing the particle diameter causes the channeling effect to be
files for this category. It is clear that using different models has &,re pronounced due to a reduction in fluid flow resistance near
substantially less impact on the temperature fields. Likewise, t& solid boundary. These higher velocities increase the convected
Nusselt number profiles, as shown in Figs. 4, 6, 8, and 10 reveglerqy and form a thinner thermal boundary layer which leads to
that the three models result in very close agreements. higher values of Nusselt numbévafai [30]). The effect of the

4.2 Variable Porosity. Four variant models have beenparticle diameter on the nature of the four models can be seen in
found in literature for variable porosity media category as showrig. 12. It can be seen that an increase in the particle diameter
in Table 3. It can be seen that models V2 and V3 have the sagses a better agreement between models V1 and V4. The tem-
Darcy and Forchheimer terms while the only difference betwedrature profiles given in Fig. 12 show that an increase in the
them is the presentation of the Brinkman terms. Models V1 anufirticle diameter results in closer agreement between all four
V4 have the same Forchheimer term, models V1 and V3 have ti@dels for the variable porosity category. This is due to the de-
same Brinkman term while models V1, V2, and V3 have the sanvelopment of a thinner boundary layer which, in effect, masks out
formation for the Darcy term. The pertinent parameters in thike variants within these four models.
category are similar to those used by V4fz0]. These parameters Increasing the porosity causes the Darcy and Forchheimer
are the pressure gradient, the particle diameter, the freestre@mms within these models to approach the same limiting forms.
porosity, and the constanisandc in Eq. (4). Models V2 and V3 Figure 13 shows that an increase in the freestream porosity results
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Fig. 11 Effect of pressure gradient on velocity, temperature and Nusselt number distributions for the
variable porosity category [d,=0.008, b=0.98, c=2.0, £,=0.5]; (a) dp/dx=746, (b) dp/dx=2985

in a better agreement between these four models. That is, thereasing the freestream porosity. Therefore, increabirand
overall difference between these four models diminishes as ttecreasingc creates a better agreement between these models.
freestream porosity increases. The effects of the condteantsic ~ Figure 14 shows the effect of the constanwhile Fig. 15 shows
were discussed in VafdB0]. It was found that an increase im the effect of the constart on the velocity profiles. A worse-case
boosts the porosity near the walls while an increase @auses scenario for the divergence between these models is presented in
more rapid decaying in the porosity resulting in a faster approaélg. 16 by combining the effects of a lower pressure gradient,
towards the freestream porosity value. Since increasiagd de- lower freestream porosity, and smalteand largerc, all of which
creasingc increases the overall porosity, this effect is similar t@nlarge the divergence between these four models. In contrast, the
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+ 800

1000

Fig. 12 Effect of particle diameter on velocity, temperature, and Nusselt number distribu-
tions for the variable porosity category [dp/dx=1493, b=0.98, ¢=2.0, £,.=05], (a) d,
=0.004, (b) d,=0.016
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Fig. 13 Effect of freestream porosity on velocity, temperature, and Nusselt number distribu-
tions for the variable porosity category [dp/dx=1493, d,=0.008, b=0.98, c=2.0]; (&) .
=0.4, (b) £,=0.45

effects of a higher pressure gradient, larger particle diametégs a lower effective viscosity than model V3 which translates to
higher freestream porosity, largerand smallec, create a closer a lower resistance to fluid flow and consequently a higher peak. In
agreement between these four models, as seen in Fig. 16.  general, models V1 and V4 are more similar and result in a larger
In general, models V2 and V3 result in velocity distributionsreestream velocity when compared to models V2 and V3. This
which are quite close to each other except at the peak where ¥&curs because the Forchheimer term for the V2 and V3 models
has a higher peak than model V3. This happens because modelay@ larger than the corresponding one in the V1 and V4 models.
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Fig. 14 Effect of constant ¢ on velocity, temperature, and Nusselt number distributions for the vari-
able porosity category [dp/dx=1493, d,=0.008, b=0.98, £,=0.5]; (&) c=1.0, (b) c=5.0
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Fig. 15 Effect of constant b on velocity, temperature, and Nusselt number distributions for the
variable porosity category [dp/dx=1493, d,=0.008, ¢=2.0, £,=0.5]; (&) b=0.2, (b) b=0.6
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Fig. 16 Velocity, temperature, and Nusselt number distributions for the variable porosity
category (a) dp/dx=746, d,=0.008, b=0.2, ¢=5.0, £,=0.4; (b) dp/dx=2985, d,=0.016, b
=0.98, c=1.0, £,=0.5

4.3 Thermal Dispersion. The effect of thermal dispersion tence of five pertinent models as displayed in Table 4. The present
has been studied by a number of researchers in the past few yesaion considers the effects of using these five variant models for
and has been shown to enhance the heat transfer process. Thesdransverse thermal dispersion conductivity on the transport
studies have tried to correlate the experimental data to a formufaecesses in porous media. For this category, a constant porosity
tion for the thermal dispersion conductivity or diffusivity. A de-assumption was invoked since the variable porosity category was
tailed analysis of the research works in this area reveals the exasalyzed earlier.
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Fig. 17 Effect of porosity variations on temperature and Nusselt number distributions for the
thermal dispersion category [¢=1/3.5, A=10, Da=10"%, Re,=100, and d,=0.008]

Figures 17—-24 present the effect of variations within the mod@ig a more careful set of comparisons. A comprehensive numeri-
els utilized for the thermal dispersion category. Models D1 armhl study was performed to analyze the variances between the five
D2 will be identical when the porosity equals 1/3.5 while modelsited models.

D1 and D4 will be identical when the porosity equals 0.27. More- The effects of porosity, inertia parameter, Darcy number, Rey-

over, models D2 and D4 will be the same if the porosity of thaolds number, and the particle diameter on the variances within
porous medium is 0.25 as indicated in Fig. 19. In the presethite thermal dispersion category are best illustrated in terms of
investigation,y=0.1 was used for model D1y=0.04 was used their effects on the temperature and the local Nusselt number pro-
for model D2, andy=0.17 and w=1.5 were used for model D3. It files. Changing the porosity has a significant effect on models D1,
is easier to observe the differences between models D1, D2, @2, and D4, while changing the Darcy number has a greater im-
D4. However, models D3 and D5 have different structures requipact on model D5 since the permeability is directly a function of
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,,,
23
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Nu

D5

D1, D2, D4

Y

Fig. 18 Effect of porosity variations on temperature and Nusselt number distributions for the
thermal dispersion category [£=0.27, A=10, Da=10"4%, Re,=100, and d,=0.008]
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Fig. 19 Effect of porosity variations on temperature and Nusselt number distributions for the thermal
dispersion category [£=0.25, A=10, Da=10"%, Re,=100, and d,=0.008]

the Darcy number. In general, model D3 has the thinnest thernmbdels without changing the orders. This happens because the
boundary layer while model D1 has the thickest boundary layenertia parameter affects the velocity distribution and conse-
Figures 17—-20 show the effect of porosity on the temperatugeiently affects the temperature and Nusselt number profiles. Since
profiles and the Nusselt number profiles for the five dispersi@velocity term appears in the expressions for the dispersion con-
models. It can be seen that models D1, D2, and D4 are affecteddyctivity in all the five models, a change in the inertia parameter
changing the porosity while the effect of porosity on models DBas an effect of the same order on the thermal dispersion for all of
and D5 is insignificant. The effect of the inertia parameteis the five variant models.

shown in Fig. 21, it can be seen that an increase in the inertiaAs mentioned above, the Darcy number has a significant effect
parameter causes a reduction in the disparity between the fowe model D5. This effect is shown in Fig. 22. Also, it can be seen

Y

Fig. 20 Effect of porosity variations on temperature and Nusselt number distributions for the
thermal dispersion category [A=10, Da=10"4, Re,=100, and d,=0.008]; (&) £€=0.6, (b) £=0.9
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Fig. 21 Effect of inertia parameter variations on temperature and Nusselt number distributions for
the thermal dispersion category  [£=0.6, Da=10"%, Re,=100, and d,=0.008]; (a) A=0, (b) A=100

Fig. 22 Effect of Darcy number variations on temperature and Nusselt number distributions for the ther-
mal dispersion category [£=0.6, A=10, Re,=100, and d,=0.008]; (a) Da=10"", (b) Da=10"3
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Fig. 23 Effect of Reynolds number variations on temperature and Nusselt number distributions for the
thermal dispersion category [£=0.6, A=10, Da=10"¢, and d,=0.008]; (a) Re,=10, (b) Re,=1000

that an increase in the Darcy number, which is equivalent to &wer bound for the heat transfer rate, while models D1 and D2
increase in the permeability, increases the thermal dispersion cestablish the upper bound. However, at high Reynolds numbers,
ductivity of model D5. The effect of increasing the Reynoldsnodels D1 and D2 establish the lower bound for the heat transfer
number on the thickness of the thermal boundary layers is shovates. Finally, the effect of the particle diameter is found to be

in Fig. 23. Figure 23 shows the effect of Reynolds number on tisggnificant only for the first four models. This is due to the ap-

Nusselt number distribution for the five dispersion models. It cgmearance of the particle diameter in the expressions for the ther-
be seen that at low Reynolds numbers model D3 establishes thal dispersion conductivity for these models. It can be seen from

0 o

0 0.2 0.4

Fig. 24 Effect of particle diameter variations on temperature and Nusselt number
£=0.6, A=10, Da=10"°, and Re,,

distributions for the thermal dispersion category
=100; (a) d,=0.004, (b) d,=0.016
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Fig. 24 that model D5 is almost unaffected by changing thehanges on variances among these models are shown in Figs.
particle diameter while the other four models are significantlg5—31. Porosity is expected to have an effect on the temperature
affected. Increasing the particle diameter enhances the thermiatribution since a porosity term appearsaig for all the three
dispersion conductivity and consequently increases the heat tram@dels. Figure 25 shows the effect of porosity on the temperature
fer rate by causing a formation of a thinner thermal boundagstributions as well as the Nusselt number distributions for this
layer. category. The higher the porosity the smaller the variances among

4.4 Local Thermal Nonequilibrium. Table 5 shows three the three models._At low porosities models E2 and E_3 are closer
variant models for the fluid to solid heat transfer coefficiagg (© €ach other. It is clear from the temperature profiles that the
and for the specific surface area of the packed hgd corre- effect of the inertia parameter has an insignificant effect on the
sponding to the pertinent investigations in the LTNE area. TH¥der of the thermal boundary layer for these models. However, a
effects of porosity’ inertia parameter’ Darcy number, Reyno|&wer inertia parameter I’esu|tS n a C|Osel’ agreement among the
number, particle diameter, and ratio of fluid-to-solid conductivithree models. Figure 26 shows the effect of the inertia parameter
ties on temperature and Nusselt number profiles for the modélR the Nusselt number profiles. It is also found that the Darcy
shown in Table 5 are analyzed. number also has an insignificant effect on the results. However,

Effects of porosity, inertia parameter, Darcy number, Reynoldsgher Darcy numbers cause slightly closer agreement among the
number, particle diameter, and solid-to-fluid thermal conductivitynodels as seen in Fig. 27.
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Fig. 25 Effect of porosity variations on temperature and Nusselt number distributions for the
LTNE category [A=10, Da=10"%, Rep=100, d=0.008, k,/k~=25]; (a) £=0.3, (b) £=0.6
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Fig. 26 Effect of inertia parameter variations on temperature and Nusselt number distributions
for the LTNE category [£=0.6, Da=10"%, Rep=100, d»=0.008, ks/k;=25]; (a) A=0, (b) A=100

The Reynolds number is found to have a substantial effect amdels E1 and E2. As such, the solid to fluid thermal conductivity
the variances among the three models. For higher Reynolds nuaiio will have a significant effect on the variances among the
bers the temperature profiles as well as Nusselt number distrilthree models. As seen in Fig. 30, a lower conductivity ratio en-
tions for the three models become closer to each other as showhamces the LTE and reduces the variances among the three mod-
Fig. 28. The particle diameter appears in the expressionbgor els. Figure 31 demonstrates two extreme conditions. In Fi@)31
andag; within all of the three models. Therefore, the effect of thall of the three models tend to be in local thermal equilibrium with
particle diameter is expected to be critical. Smaller particle diamery little variances among them, thus resulting in almost a single
eters encourage the LTE in models E1 and E3 while minimizirtgmperature profile. On the other hand, Fig(l3Ishows condi-
the variances among the three models. Larger particle diametgosis under which the LTNE as well as variances among the three
enhance the LTNE in models E1 and E3 while increasing thmodels are substantially enhanced.
variances among the three models as seen in Fig. 29. Recent investigations have made it possible to look at some

It should be noted that the thermal conductivities of the soliddditional physical effects regarding the thermal nonequilibrium.
and fluid appear in the relationship fbg; for model E3 while As such the works by Lee and Vafdbl] and Kuznetsov
only the fluid phase conductivity appears in g equation for [62,58,63 can be cited. For example, in Kuznetsfd2—-63 it
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Fig. 27 Effect of Darcy number variations on temperature and Nusselt number distributions for the LTNE
category [£=0.6, A=10, Re,=100, d»=0.008, k¢/k;=25]; (a) Da=10"2 (b) Da=10"3
was shown that the temperature difference between the fluid and dp) ~00041051
solid phases in forced convection flow through porous packed bed Nuy,=—3.927+1.2366 Nl:&l( ax

forms a wave whose amplitude is decreasing while propagating
downstream.

A useful set of correlations for conversion of different models
within each category is provided as follows.

Nuc,=0.9998 Nig;+0.23 1173\ 0281D0 535Re) 9% (11)
Nuc3=0.0002 Ni;+0.3664 128D 4R (12)
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Fig. 28 Effect of Reynolds number variations on temperature and Nusselt number distributions for the
LTNE category [£=0.6, A=10, Da=10"*, d»=0.008, k./k;=25]; (a) Re,=10, (b) Re,=1000
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Fig. 29 Effect of particle diameter variations on temperature and Nusselt number distributions for the
LTNE category [£=0.6, A=10, Da=10"*, Rep=100, k/k~=25]; (a) d,=0.004, (b) d,=0.016
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Fig. 30 Effect of solid-to-fluid thermal conductivity ratio variations on temperature and Nusselt number

distributions for the LTNE category
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Fig. 31 Temperature and Nusselt number distributions for the LTNE category; (a) €=0.9, A=0, Da
=10"3, Rep=1000, d»=0.004, k/ k=5, (b) £e=0.3, A=100, Da=10"8, Rep=100, dp=0.016, k./k=50

Equationg11) and(12) convert the results from models C2 ands  Conclusions

C3 to model C1 for the constant porosity category. EquationsA hensi i tudv of th dels for t ¢
(13), (14) and (15) convert the results from models V2, V3, and comprehensive comparative study of the models for transpor

V4 to model V1 for the variable porosity category. EquationBrocesses through a porous medium was performed. Four major
(16), (17), (18), and(19) convert the results from models D2, D3,categories namely constant porosity, variable porosity, thermal
D4, and D5 to model D1 for the thermal dispersion categorglispersion, and local thermal nonequilibrium were analyzed in
Finally, Egs.(20), (21), (22), and (23) convert the results from detail. The main objective of the present study was to analyze the
models E2 and E3 to model E1 for the local thermal nonequilibvariances among these models within each category. The results
rium category. of this investigation systematically quantify and characterize the
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effects of the pertinent controlling parameters on the variances eff = effective property
among different models. It is shown that for some cases the vari- f = fluid
ances within different models have a negligible effect on the re- s = solid

sults, while for some cases the variations can become significant. w = wall
In general, the variances have a more pronounced effect on the « = freestream
velocity field and a substantially smaller effect on the temperature
field and Nusselt number distribution.
The variants among models for the constant porosity and the
eferences

variable porosity categories are generally small and are anti€¥
pated to be well within experimental uncertainties. As such, thesél] Vafai, K., and Tien, C. L., 1981, “Boundary and Inertia Effects on Flow and
models can be considered to have negligible variances amongfg] Heat Transfer in Porous Media,” Int. J. Heat Mass Trar@4, pp. 195-203.

. Vafai, K., and Tien, C. L., 1982, “Boundary and Inertia Effects on Convective
them._On th_e other hand, the variants among models for the ther=" \1ocd' 114 sfer in Porous Media,” Int. J. Heat Mass Trar@s, bp. 1183
mal dispersion category are found to be more pronounced. For 1190.
small porosities, models D1, D2, and D4 are close to each othel3] Vafai, K., and Kim, S. J., 1989, “Forced Convection in a Channel Filled With

while for large porosities, models D2, D3, D4, and D5 are close to i‘lggf_olulsogf'ediumi An Exact Solution,” ASME J. Heat Transfei, pp.
each other. For small inertia parameters, model D1 and D4 ar?4] Hadim, A., 1994, “Forced Convection in a Porous Channel With Localized

found to be close to each other while for large inertia parameters, = Heat Sources,” ASME J. Heat Transférl6 pp. 465-472.
models D1 and D5 are closer to each other. For low Reynoldg5] Kaviany, M., 1985, “Laminar flow through a porous channel bounded by
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