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Abstract

Local thermal equilibrium is an often-used hypothesis when studying heat transfer in porous media. Examination
of non-equilibrium phenomena shows that this hypothesis is usually not valid during rapid heating or cooling. The
results from this theoretical study confirm that local thermal equilibrium in a fluidized bed depends on the size of
the layer, mean pore size, interstitial heat transfer coefficient, and thermophysical properties. For a porous medium
subject to rapid transient heating, the existence of the local thermal equilibrium depends on the magnitude of the
Sparrow number and on the rate of change of the heat input. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Flow and heat transfer in porous media have broad
applications in engineering practice. They extend over
a wide range of applications such as in geological [1-
3], food processing [4,5], building insulation and infil-
tration [6-9], nuclear reactor design [10,11], nuclear
waste processing [12], fundamental flow, and heat and
mass transfer research [13-30]. Summaries of earlier
work are included in monograms and books [31-34].
In general, various analytical studies used in dealing
with flow and heat transfer in porous media hypoth-
esize the existence of local thermal equilibrium (LTE);
that is, the solid and the neighboring liquid are at the
same temperature. This paper establishes conditions
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when early departure from local thermal equilibrium
occurs in the presence of a rapidly changing volumetric
heat source or surface heat flux.

In the absence of local thermal equilibrium, the
single energy equation needs to be replaced with two
energy equations, one for the solid and another for the
fluid. Investigations by Vafai and Sozen [35], which
were based on the two-phase equation model, reported
significant discrepancies between the fluid and the solid
phase temperature distributions. Later Amiri and
Vafai [36,37] investigated the validity of local thermal
equilibrium (LTE) conditions for steady state as well
as transient incompressible flow through a porous
medium. Also, in Lee and Vafai [38], a theoretical in-
vestigation of forced convective flow through a channel
filled with a porous medium was presented. In their
work, conceptual assessment and an analytical charac-
terization of fluid and solid temperature differentials as
well as the breakdown of the LTE assumption were
established.
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Nomenclature

a. parameter in Refs. [36,37]

am Ym— ﬂm

Ap pore surface area, m>

C cCr+(1 —¢)Cy

C (1—-e)Cy/C

Cr fluid heat capacitance, J m— K™}
Cs solid heat capacitance, J m> K™

F,(r) eigenfunction

Fo Fourier number, k,t/CL?

h interstitial heat transfer coefficient, W m~> K ™!
ke equivalent thermal conductivity, W m~' K~!
Z CfuoL/ke

L porous layer thickness, m

& operator, V-(k,V) — CyV-V

m, n indices

N, norms

Pe Peclet number, |L|

q heat flux, W m™2

40 heat flux amplitude, W m™>

h hydraulic radius, AV,/AA,, as defined after Eq. (2), m
R. contact resistance, m* K W~!

S volumetric heat source, W m—>

S see Eq. (15)

Sp Sparrow number, AL >/k.r,

t time, s

t Fo(Pe)?

T temperature, K

U mean velocity, m s~

A% velocity vector

V volume, m*

X coordinate, m

X Crugx/k,

w(r) weighting function.

Greek symbols

o thermal diffusivity, m? s}

P parameter related to y,, Eq. (13)
Y eigenvalue

€ Vf/V

An parameter related to y,, Eq. (14)
v 2 x frequency, rad s

T dummy variable and Green’s function parameter
T, (1—-¢)Cs1,/C, s

7, lag time, heat flux, s

T, lag time, 7, ~ r,C¢/h, s

Wy, see Eq. (17).

Subscripts

f fluid

p pore

S solid.
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This paper presents a modified energy equation that
can be solved for very early departures from LTE con-
ditions while assuming the velocity field is known from
the solution of continuity and momentum equation. A
numerical solution requires the knowledge of a new set
of parameters. Clearly, there is a paucity of needed in-
formation for in-depth evaluation of this departure
from the local thermal equilibrium phenomena. In this
paper, the emphasis is on the demonstration of the
underlying physical phenomena for an early departure
from LTE conditions. To this end, this work considers
a simplified flow model.

Parametric studies reported here describe the role of
a dimensionless quantity that identifies the early depar-
ture from local thermal equilibrium in the presence of
a rapidly changing heat source. The numerically
obtained data reveal the implication of nonequilibrium
thermal phenomena in a fluid-saturated porous med-
ium in the presence of a volumetric heat source. In this
work, early departure from the local thermal equili-
brium in applications where there is a rapid change in
the surface heat flux, e.g., in combustors and in laser
heating applications, is analyzed.

2. Theoretical model

The concept of local thermal equilibrium is widely
used in the majority of heat transfer applications invol-
ving porous media. An in-depth analysis of non-ther-
mal equilibrium is reported by Amiri and Vafai [36,37]
for both steady state and transient conditions. Also, in
their work the impact of dispersion and non-Darcian
effects on LTE is analyzed. A study of LTE for
compressible fluid flow is presented in Vafai and Sozen
[35]. Their results indicate that the Darcy number and
the particle Reynolds number are influential par-
ameters in determining the validity of local thermal
equilibrium. In these works, Vafai and coworkers
consider the solid and fluid as two independent systems
that exchange energy by convection at the local porous
fluid interface. This paper investigates the conditions
when there is a relatively small departure from local
thermal equilibrium due to rapid transient heating.
This non-equilibrium phenomenon occurs depending
on the nature of the transient heat source, ratio of the
characteristic length to pore size, velocity field, and the
thermophysical properties of the medium. These vari-
ables can be cast into a set of dimensionless groups
that will emerge through analysis presented later in
this work. They will be used as a guide to indicate
whether the LTE condition exists or the solid and fluid
should be treated as different systems.

2.1. Energy equation

When the thermophysical properties are independent
of temperature and flow is incompressible, the continu-
ity and momentum equation [36,37] yield the velocity
distribution. Next, consideration is given to a differen-
tial element in the flow field that contains both solid
and fluid phases. The energy equation applied to a
control volume under a locally non-equilibrium ther-
mal condition leads to the following set of governing
equations [36,37]:

oTx(r, t
ECfL + CfV . VTf
at (1a)
=—=V.qr, )+ hApa.(Ts — Ty)
oTs(r, t
(1-0C 0D = v g0~ g T~ Ty (1b)

Adding Eqgs. (1a) and (b), replacing ¢, + ¢ with ¢, and
including the contribution of a volumetric heat source,
S(r, t), yields the relation

=V .q@r, 1)+ S(r, 1)

AT, 1) 19
T,

an(ra t)

=¢C
I

+ GtV - VT + (1 — )G
where ¢=V;/V is the fraction of the volume the fluid
occupies. Under a local thermal equilibrium condition,
it is assumed that the solid and the adjacent fluid are
at the same temperature, 7s=T¢. Under a rapid heat-
ing condition, which is analyzed in this work, the fluid
and solid are not at the same temperature at a local
level. It is hypothesized that, before the onset of equili-
brium, the fluid temperature undergoes a transient
process defined by the relation

T;
CiA VP% = hAAN(T, — Ty) 2)

where AV, and AA,, are volume and surface area of a
mean pore, and /4 is the interstitial heat transfer coeffi-
cient. As a shorthand notation, let r,=AV,/AA,,
where r, can be considered to be a pore hydraulic
radius. Eq. (2) can then be stated as
mCt 3Tf(l‘, Z)

Ts(ra t) = Tl"(r’ t) +—

h at 3)

Under a local thermal equilibrium condition, T¢= T,
and the Fourier equation is

q(r, 1) = =k VTi(r, 1) 4)

where k, is the equivalent thermal conductivity of the
porous medium. It is reported that under a rapid heat-
ing process, e.g., by Fournier and Boccara [39], Eq. (4)
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does not hold. A comprehensive literature survey of
earlier work is in Ref. [37]. In the absence of local
equilibrium, when the departures of ¢ and VT from
local equilibrium are small, it is suggested in Ref. [40]
that the Fourier equation, as given in Eq. (4), needs to
be modified to

q(r, 1)+ Aq(r, 1) = =k AV Ti(r, 1) + A[VTi(r, D]} ®)

Since the differential changes on both sides of Eq. (5)
are time dependent, Eq. (5) can be written as

dqr,0) _
a1

q(r. 0+ 14 e {VTf(r, n+ Tt%[VTf("» ) } (6)

According to Eq. (3), the relaxation time 7, is approxi-
mated by t, & r,Cr/h. Based on the physical reasoning,
one can hypothesize that 1, ~ C,RAV,/AA,, where
AV is the volume of a solid structure while R. and
AA, are the contact resistance and contact area
between individual solid structures, respectively. The
derivation of this approximate relation for 7, is in a
later section.

One can use Egs. (3) and (6) to eliminate 7 and ¢
in Eq. (1c), resulting in

L(Tn) + f%[s’m)] +(r, — o) VBNV TD

at
aS
+ <S + 'Cq5>
0 0T¢ 32Tf
= Ca[Tf'{‘(Te‘f_Tq)W +T€T"W @)
where  Tp=T¢(r, 1), S=Sr, 1), L(Ty)=

V. (k,;VTt) — CtV - VT, C=cCi+ (1 —¢)Cs, and
7, = (1 — )Cy1,/C. Since 7,7, < (t,+71,)°/2!, the third-
order derivative on the right-hand-side of Eq. (7) is
small and can be neglected. This is consistent with ear-
lier derivations where the terms of the second-order in
Eqgs. (3) and (6) are neglected; therefore, this
approximation reduces Eq. (7) to

DT+ 5, LT + (5, — 2 VT

a1
3S
S+t
+(srat)
Ty 3Ty
Ty ®

For a few special cases, Eq. (8) has an exact solution;
however, in general, the solution requires a numerical
procedure. One special case is the study of the tem-
perature field in a porous medium when V=0. In this
case, Eq. (8), without the term C;V - VT, is similar to
the thermal conduction equation for energy exchange

in microscale systems. Therefore, the solution of Eq.
(8) for no-flow or negligible flow rate, as given in Ref.
[41], is

Tf(rat) = Tl(rat) + TS(r’t) (9)

where the solution given in Eq. (9) is composed of two
parts, the contribution from the initial condition, 77,
and the contribution from the volumetric heat source,
Ts. It should be noted that Ts may also contain the
contribution of the nonhomogeneous boundary con-
ditions. The contribution from the initial condition is

&\ F, sinhly/ (8, — Z)1]
T =3 #ef@fﬁm sinhly/ (B, — £,)1]

=l By =4

| = ) JFn(r/)T,-(rv ar
14

(10)
+ Jw/m(r') ar’
14

+ cosh[y/ (B> — 23)1] JF,,(r’)Tf(r’) v’

vV

where T;(r) and Tj;(r) are the temperature and the
time derivative of temperature at r=0. The contri-
bution of the volumetric heat source is

Ts(r, 1) = i J J(%)emo—n
V

n=1

=) sinh[/ (57 — Z2)(1 — 7)] (11)

(tg + T By = 7)

X <S(r’, 7) + TangT, T)> dv’dz

In Egs. (10) and (11), the eigenfunction F,(r) is the
solution of equation
V. [keVFn(r)] = —V”CF,,(") (123)

and N, is the norm

N, = [wers o av (120)
4
with a weighting function w(r). The symbols f,, 4,,

and S;(r) are shorthand notations defined by the
relations
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1 T 1
—m|1== - 13
B /,7[ 24 I, He)] (13)
172
Ty
I =7, 1 — 14
y[ Tq—i-tg} (14)
s elnl
* t —
n( ) NMC(Tq + Te)
{
Jw(r)Fn(r)<S(r,z)+fqasg’t ) ) av (15)
|4

Egs. (10) and (11) are cast in the form of Green’s func-
tion solution in [41], and they are derived when V=0.
In general, when velocity is finite, the computation of
temperature requires a numerical scheme. However,
Egs. (10) and (11) can also be used in the presence of
a flow when V=constant with an additional restric-
tion, that is, t,=t,. For this specific case, F, (r) in Egs.
(10), (11), and (12b) is the solution of equation

LFn)] = =7, CFy(r) (16)

instead of Eq. (12a).

3. Results

The temperature solution and relevant steps will be
demonstrated through two numerical examples.
Example 1 considers a porous layer with no through
flow, Fig. la. In the presence of a flow, Fig. 1b, as
discussed in Example 2, major modifications of the sol-
ution technique are necessary. The examples will ident-
ify both the required conditions for the local thermal
equilibrium and the effect of departure from the equili-
brium condition.

3.1. Example 1. Conduction solution

To study the parameters that govern the local ther-
mal equilibrium condition, a porous plate with thick-
ness L is examined, as shown in Fig. la. The plate is
insulated on one side, x=L, and the other side, at
x=0, is subject to a periodic surface heat flux, and
there is no flow through the porous slab. This porous
slab is initially at a uniform temperature so that
T;,=T;=0. Now, one can simulate different periodic
heat inputs by studying the effects of harmonically
varying heat inputs. This is a systematic method of
studying the effect of heat flux for various functional
forms since any such function can be decomposed into
a series of sines and cosines using the Fourier series, or

x No Flow (u=0)

s T
w&u mml;‘i e

HHH+HH

Imposed Heat Flux, g=g,sin(v?)
(a)

Flow Directions

PSR T
mqh ”;‘“fg )
if L2

MHHHH

Imposed Heat Flux g=¢,sin(v?)
(b)

Fig. 1. Schematic of a fluid-saturated porous medium; (a) no
flow, (b) with flow.

using the Fourier integral. It should be noted that the
evaluation of the effective conductivity is in itself an
important problem as discussed in detail in Tien and
Vafia [42].

Therefore, the volumetric heat source S is taken as
S=0(x —0)qp sin(vt) in Eq. (11), where the Dirac delta
function é(x —0)=1 when x=0, otherwise J(x —0)=0.
The eigenfunctions of Eq. (12a) for the above-men-
tioned boundary conditions are cos(mmnx/L) that yield
the eigenvalues y,,=(mn/L)%k,/C for m=0, 1, 2,.....
The temperature solution of Eq. (11), retaining t,, 7,

and 7, and defining the parameters am Ym — Bms
= (mn/L)’k,/C, and @,,= (B —25)" i
kTt > LF,,(x)
= ——A{(A A
WL — 2 wam(re_i_%){( 1+ viAg)
x exp[—apk.t/(CL)] + Ty + vt L) (17)

x sin(vt) + (I'ep +vr,Iep) cos(vi)}/
2
[V + (@, — 03)" +27(a,, + 03]

wherein the eigenfunction is F,,(x)=cos(mnx/L) and
the norm is N,,=L when m=0 and N,,=L/2 when
m>0. Other parameters appearing in Eq. (17) are:

A1 =Vv[2a,w,, cosh(w ;1)
(18a)
+ (V4 &, + »?) sinh(w,,1)]

Ay = [a)m(v2 — a,zn + (u,zn) cosh(w,;,?)
(18b)

-+ afn - w,zﬂ) sinh(w ,;,7)]
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rsl = 1—‘c2 = —CUm(V2 - a,z,, + wi)
(18¢)
and Iy =-Typ = —-2va,w,,

This parametric study considers two limiting cases.
The first limiting case, corresponding to 7,=0, shows a
relatively larger departure from the LTE condition,
that is, a small 7, enhances the nonequilibrium transi-
ent behavior of a system. The second limiting case, for
7,=1, produces a relatively smaller departure from
LTE for most of the frequencies.

An observation of the governing equations shows
that the local thermal equilibrium holds when Ciry/h is
small. When time ¢ is cast in dimensionless form as
Fo=k,t/CL?, the other dimensionless parameters that
control the state of local thermal equilibrium are C;/C
and Sp:hLz/k(,rh. The surface heat flux in terms of
dimensionless parameters is g sin[(vCL?/k,)Fo], where
vCL?/k, is the dimensionless frequency. The dimen-
sionless quantity Sp contains the contributions of the
flow in porous media, interstitial heat transfer, and
general thermal conduction. It is proposed that it be
called the Sparrow number because of numerous pio-
neering contributions of Professor E. M. Sparrow to a
broad range of heat transfer topics including porous
media. The following numerical results show that the
local thermal equilibrium, 7y T, exists when Sp is
large.

The solution, using Eq. (17), describes the para-
metric behavior of the system. The dimensionless solid
and fluid temperatures are calculated as a function of
the Fourier number, for vCL?*/k,=10, and Sp=10.
The results are plotted in Fig. 2a for x=0 and in Fig.
2b for x=L. The data clearly show the difference
between solid and fluid temperatures due to the non-
equilibrium thermal behavior of the flow. Also, the
data in the figures show that the dimensionless quan-
tity, C=(1 — ¢)Cy/C, influences the temperature values.
There is a relatively larger spreading of temperature
data in Fig. 2b than in Fig. 2a. The computation is
repeated using Sp=100 and the results are shown in
Figs. 3a and b. The data in Fig. 3a, for x=0, show a
near thermal equilibrium condition, that is, 7Ty~ Tj.
Also, Fig. 3b shows a similar behavior indicating the
existence of near local thermal equilibrium throughout
the porous medium, and the influence of the variations
in the parameter C is substantially diminished.
Accordingly, for most practical applications, the local
thermal equilibrium is satisfied when Sp>100; how-
ever, for very fast transients, Sp should be as much as
500 or more. The next set of data demonstrates this
effect.

To show the effect of slowly and rapidly changing
surface heat flux, the periodic terms in Eq. (17) are
cast in the form sin(vz — ¢ ) where ¢ is the phase angle.
The phase angle and the amplitude can be considered

0.6

P IR I T R I

—— Fluid Temperature
----- Solid Temperature
-0.5 P EETET SR SV B S

00 02 04 06 08 1.0 12
at/L.2

'
= S
w

T T T T

| I I B B

(b)

LI L L L L LB LI B

FENEEE EETEA

k. T/q,L

LU L L B LB |

| I

—— Fluid Temperature
I P Solid Temperature

L

T N I R A W

00 02 04 06 08 1.0 1.2
at/L?

Fig. 2. (a) Fluid and solid temperature at x=0 when ¢(0,
t)=gqo sin(vt), Sp=10, uy=0, 7,=0, and vCL?*/k,=10. (b)
Fluid and solid temperature at x=L when ¢(0, 7)= ¢, sin(vt),
Sp=10, uy=0, t,=0, and vCL?*/k,= 10.

as indicators of the thermal performance of a porous
layer subject to a rapidly changing heating condition.
Fig. 4a shows the computed values of the phase angle
and Fig. 4b describes the amplitude at x=L. The data
are plotted for Sp=10, 50, and 100 and for three
specific heat ratios, C=0.2, 0.5, and 0.8. Fig. 4a shows
that for high frequency surface heat flux, especially
when C is small, much higher values of the Sparrow
number are needed to achieve the condition of local
thermal equilibrium. According to Fig. 4b, the ampli-
tudes behave nearly the same as those for the local
thermal equilibrium except for the Sp=10 line when
C=0.2. The logarithmic scale in Fig. 4b enables one to
observe small departures from the LTE condition. The
solid lines, designated as Sp=oc in Figs. 4a and b, are
solutions in the presence of the LTE condition.
Numerical data are collected to show the limiting
performance of this solution when t,=t, This is a
favorable condition for occurrence of the local thermal
equilibrium condition. Prior to examining the numeri-
cal data, this limiting tendency is apparent after
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Fig. 3. (a) Fluid and solid temperature at x=0 when
¢(0, t)=gqo sin(vt), Sp=100, up=0, t,=0, and vCL>/k,=10.

(b) Fluid and solid temperature at x=L when ¢(0, 7)=¢qo
sin(vz), Sp=100, uy=0, t,=0, and vCL?/k,= 10.

rewriting Eq. (8) as

[Q(Tf)—i—S— C%]

a1
9 0Ty
—| LT+ 85— C— 19a
4_1181[ (Ty) + 5 ] (19a)
o[V - (k. VTy)] = 9Ty
= (1, — Tq)—at + Trc—atz

When t,=1,, the first term on the right-hand-side of
Eq. (19a) vanishes. For this special case, the equili-
brium solution satisfies equation

L(TH+S— C% =0 (19b)

and it will satisfy Eq. (19a) if C=(1 — ¢)Cs/C — 0
because both remaining terms in the square brackets,
Eq. (19a), contain the left-hand-side of Eq. (19b). In
general, the solution of Eq. (19a), when 7,=1,, shows
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100 10 20 30
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Fig. 4. Variation (a) phase angle (b) amplitude with dimen-
sionless frequency, vCLz/k(,, at x=L when 7,=0 and uy=0
for different Sparrow numbers, Sp.

the departure from the local thermal equilibrium con-
dition due to the influence of the term 1,C 32Tf/3t2.
The computed phase angles and amplitudes at x=L
for heat flux inputs of different frequency, in Figs. 5a
and b, show this tendency.

The phase angles shown in Fig. 5a have generally
higher phase angles than those in Fig. 4a. The phase
angles, when Sp=100, have nearly the same phase
angles as those for the local thermal equilibrium values
up to the dimensionless frequency of 15. For higher
frequency heat inputs, the deviations from the local
thermal equilibrium solutions are smaller than those
shown in Fig. 4a. Furthermore, the amplitudes plotted
in Fig. 5b are approximately the same as those for the
LTE solution when vCL?/k, < 15. This implies that
when t,=1, and Sp>100, the condition of the local
thermal equilibrium is satisfied for all practical appli-
cations. A comparison between Figs. 4a—b and Figs.
Sa—b shows that, for a given Sparrow number, it is
more likely to approach LTE as 1, approaches t,.

3.2. Example 2. Uniform-flow solution

To demonstrate the differences between this solution
and the solution in Example 1, it is assumed that there
is a given heat flux at x=0 and the surface at x=1L is
insulated. There is a flow with a constant mean vel-
ocity ug in the x- or opposite to the x-direction. For
this example, it is assumed that t,=1, for two reasons:
(1) the availability of an exact solution for this case,
and (2) this is a favorable condition for occurrence of
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the local thermal equilibrium. For this specific case,
other boundary conditions can be accommodated by
the classical approach. Accordingly, Eq. (17) can pro-
vide a solution to this problem following other modifi-
cations described below.

Consideration is given to finding the temperature
field when a fluid with velocity u is passing through a
porous medium along the x-direction. Preliminary to
finding such a solution, it is essential to find a particu-
lar solution of the equation

— Crup— = C— (20)

This is a classical one-dimensional conduction in a
moving body whose solution is readily available, see
[43], p. 69. A schematic of the porous medium set-up
corresponding to this case is shown in Fig. 1b. If a
fluid flows in the opposite direction of the coordinate
x, then uy is negative. When the independent variables
are cast in the dimensionless form, this equation
becomes

2
where

X = Crugx/k, (22a)
and

{ = Chut/Ch, = (kot/CL*)(CrugL/k,)

= Fo(Pe)2 (22b)
The Peclet number Pe= Cylug|L/k, and the Fourier
number Fo=k,t/CL? are based on the mean thermal

conductivity value. The eigenfunctions and eigenvalues
for this partial differential equation are

F,(x)=1-Xx/2 whenm=0 (23a)

Fu(%) = [cos(mni /L) — L sin(mnx /L)/2mn

Jexp(x/2) (23b)
form=1,2,...,00
and
Y = (mu/L) +1/4 form=0,1,2,...,00 (23¢)

where |L|=Pe. The particular solution to be used to
construct the general solution is

0= i Y,,[cos(mnx/L)
m=0 (24)

- 2}ffl—nsin(mnx/L)] e¥/2 g7int

Therefore, it is possible to compute the temperature
distribution from Eq. (17) after replacing the eigen-
functions by Egs. (23a, b), the eigenvalues by Eq.
(23c), and by a new value for the norm. The new value
of the norm for inclusion in Eq. (17) is calculated
using the weighting function w(x) = exp(—x) and Eq.
(12b); that is

Np=LO+L*/12—L/2) form=0 (252)

Np= L[l 4+ L°/@mn)?))2 form=1,2,..., (25b)

Depending on when u is positive or negative, the tem-
perature solution at x=0 and x=L are expected to
behave differently. Because temperature depends on a
large number of variables, typical values are selected
for the sake of brevity. Data are obtained when 7,=1,,
Sp=10, and vCL?/k,=10 but for different Pe=0, 0.1,
0.2, 0.5, and 0.8. Fig. 6a shows the temperature of the
solid and the liquid at x=0 when Sp=10,
vCL*/k,=10, and Cy/C=0.2. Fig. 6b describes the
temperature at the x=L surface for the same par-
ameters. When u,>0, Fig. 6b shows that the tempera-
ture amplitude increases as Pe increases while there are
negligible phase shifts for the extremums. The increase
in temperature is due to an increase in the convective
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Fig. 6. (a) The effect of the Peclet number on fluid and solid
temperature at x=0 when ¢(0, t)=gqq sin(vt), Sp=10, ug>0,
C=0.2, 7,=1,, and vCL?*/k,=10. (b) The effect of the Peclet
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component of the energy transfer. This is demon-
strated by reversing the direction of flow. The fluid
and solid temperature are computed when velocity
is opposite to the x-direction and using the same par-
ameters as those in Figs. 6a and b. Figs. 7a and b
show that this process will be reversed when uy, < 0,
that is, the temperature amplitude decreases as Pe
increases.

To show the effect of higher frequency heat input
values for this latter case, ug < 0, the phase angle and
amplitude at x=L are computed and plotted in Figs.
8a and b for C;/C=0.2. The solid lines in the figures
are for Sp=oco and correspond to the condition of
LTE while the dash lines and dot-dash lines are for
Sp=100 and 10, respectively. The data show that the
Pe has a profound effect on the phase angle at higher
values of dimensionless frequency. Figs. 9a and b and
10a and b are prepared for C=0.5 and 0.8, respect-
ively. They clearly show some unexpected results for
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k.= 10.

phase angle and amplitude at higher ranges of dimen-
sionless frequency. The most notable one is a rapid
drop in the phase angle for finite values at dimension-
less frequency values larger than 50 when Pe is large
and Sp is small. Based on this study, one should expect
a larger departure from the local thermal equilibrium
as t,— 0. A discussion concerning the expected value
of 7, is presented in the next section.

4. Remarks and discussions

The majority of studies concerning heat transfer in
porous media are based on the local thermal equili-
brium assumption. The study of nonequilibrium
phenomena in porous media indicates that the assump-
tion of local thermal equilibrium is not universally
valid. In the presence of rapid surface heat input, the
local thermal equilibrium fails to exist and large errors
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can be realized, depending on the value of the thermo-
physical properties. The value of the Sparrow number
appears to be indicative of the presence of local ther-
mal equilibrium for applications dealing with rapidly
changing heat sources.
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It is important to present a simple method of esti-
mating the Sparrow number iL%/k,,. For no flow
condition, one can show that the heat transfer is by
natural convection. Since the Rayleigh number is gen-
erally small, the heat transfer is dominated by conduc-
tion and one can show that Nu, = hry/k; is a constant.
The value of the interstitial heat transfer % is constant
for the no flow case. The value of /& can be estimated
based on the hypothesis that the mean solid tempera-
ture 7Ty and the mean fluid temperature 77 in a differ-
ential element are constant. If the Rayleigh number is
small, the natural convection in a pore is dominated
by conduction. The heat transfer coefficient is com-
puted assuming a pore to have one of the following
shapes: spherical, cylindrical prism, or square prism.
The respective values Nu,, = hr,/ky=1.09, 1.45, or 1.23
show relatively small differences.

In general, the Sparrow number can be rewritten in
terms of the Nusselt number as

Sp = Nuy, (ke /ke)(L/rm)* (26)

In the presence of a forced flow, Nu,, = hrp/ky =~ 0.92 is
analogous to the Nusselt number for laminar flow in a
circular passage. If the flow-passage profile, with a
mean cross-section area A, is slightly different from
circular, the empirical relation Nu, =0.92/[1+ (4. —
4nr3)/Ag] should provide an improved Nusselt number
for that passage. Accordingly, Eq. (26) describes a
simple method of estimating the Sparrow number;
however, for an accurate estimate, the Sparrow num-
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ber should be determined experimentally. Usually, k¢
< k, and, according to Eq. (26), any value of Sp ~ 10
or less can be realized only if the thermal conductivity
of the fluid is much smaller than k.. The Sparrow
number also provides an estimate of the lag time 7,
that is

ke, | Ci/C
CL2— Sp

27

Another parameter that enters the analysis is 1.
Experimental studies are needed to ascertain the
proper value of 7,. However, it is possible to provide
an estimate of 7, values using existing information in
the literature. According to the Fourier equation, the
heat flux across a control volume is related to VT.
However, prior to onset of LTE, the actual heat flux is
larger because thermal energy must be supplied to the
individual structures within the control volume across
contact surfaces and through constrictions. To account
for the change in heat flux, one can set A4dAq ~
AV, Cs 3(ATy)/ot where AT is the temperature differ-
ence across a contact surface. Substituting for
AT,=gR. results in the relation

Aq = (AV,/AA)C,R(3q/1) (28)

where R, is the contact resistance. A comparison with
Eq. (6) suggests that 1, ~ C;R.AV/AA4,. The value of
R. depends on various factors including geometry,
applied pressure, and the constriction effect; hence, it
is difficult to develop an accurate prediction in the
absence of experimental data.

The Sparrow number also controls the state of local
thermal equilibrium under steady-state operation. One
can consider a one-dimensional porous layer with
thickness L and assume flow in the pores is similar to
flow in small passages whose hydraulic radius is ry.
The energy balance applied to a fluid element in a
passage yields

_Pe 3Ty
T Sp A(x/L)

s — 4f (29)

For x/L of the order of 1, the Sp/Pe of more than 100
ensures that the local value of T — T will be less than
one percent of the temperature variation in the fluid.
Therefore, Sp/Pe introduces a simple method of verify-
ing the existence of LTE under a steady state operating
condition.

5. Conclusion

Usually an estimate of the Sparrow number is suffi-
cient to ascertain the state of the LTE condition. It is

interesting to note that the heat transfer coeflicient in a
pore can be very large but the Nusselt number, as
defined here, is nearly constant; ~1.0 for the conduc-
tion case and ~0.9 for incompressible laminar flow in
the pores. Using these values, Eq. (26) provides a
quick method of predicting the size of the Sp number.
For the case of conduction, a large Sp number is in-
dicative of the existence of LTE. However, in the pre-
sence of flow, the analysis presented here is valid only
if Sp/Re is large. For a general case when LTE is
absent, one should treat solid and liquid as two differ-
ent systems [35-38].

The study presented here confirms that, in various
situations, the commonly used assumption of local
thermal equilibrium is satisfactory. However, in con-
junction with studies in Vafai and Sozen [35,44], Amiri
and Vafai [36,37], and Lee and Vafai [38], the assump-
tion of local thermal equilibrium does fail in a substan-
tial number of applications depending on the criteria
specified in those studies. This work establishes one
such area of failure corresponding to the presence of
rapidly changing surface heat flux. In general, for
rapidly changing heat sources, it is important to esti-
mate the Sparrow number. A sufficiently large
Sparrow number is indicative of the presence of a local
thermal equilibrium condition.
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