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Abstract—A numerical study is made of heat transfer characteristics from forced pulsating flow in a
channel filled with fluid-saturated porous media. The channel walls are assumed to be at uniform tempera-
ture. The Brinkman—Forchheimer-extended Darcy model is employed. The time-dependent, two-dimen-
sional governing equations are solved by using finite-volume techniques. Numerical solutions are obtained
for quasi-steady periodic states. Flow and temperature fields are examined over ranges of the principal
parameters, i.e. the amplitude of flow pulsation A4, the pulsation frequency parameter M [= H(w/2v)"],
the Darcy number Da (=K/H?), the thermal conductivity ratio R, (=k.q/k), and the heat capacity
ratio R; {=(pCp)e/[e(pC,)1}. The impact of pulsation is discernible in the cycle-averaged temperature
distribution. In comparison with the case of non-pulsating flow, the presence of flow pulsation brings forth
a reduction in heat transfer in the entrance region and an enhancement of heat transfer at moderate
downstream regions. Farther downstream, the influence of pulsation is meager. The magnitudes of changes
in heat transfer depend upon A, M, Da, R, and R.. The effect of pulsation on heat transfer between the
channel wall and the fluid is more pronounced for small A and large A. Explicit influences of Da, R,, and
R, on the flow and heat transport characteristics are also scrutinized.

1. INTRODUCTION

CONSIDERABLE attention has been given lately to
forced convective flow and heat transfer properties
of pulsating flow in a confined passageway. The sub-
ject matter is of interest from the viewpoint of basic
research of unsteady forced convection. Also, the
study is of immediate relevance to a multitude of
technological applications, e.g. from reciprocating
engine to human circulatory system, to cite a few.
The salient characteristics of a confined pulsating flow
were investigated in earlier treatises by Uchida [1],
and studies of the associated heat transfer properties
were carried out by Lighthill [2], Siegel and Perlmutter
[3] and Kurzweg [4], among others. Recently, with
the advent of high-performance Stirling engines, there
has been a growing need to achieve augmented heat
transfer from pulsating fluid flow. One such effort has
been directed to exploring the use of a porous matrix
inside the fluid passageway. In particular, industrial
applications of using a pulsating flow in a highly
porous channel were elaborated [5].

The features of heat transfer in saturated porous
media, with a non-pulsating through-flow, have con-
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stituted a classical topic [6-8]. These investigations
have been motivated by various applications in geo-
physics and energy engineering disciplines. These
prior undertakings disclosed prominent charac-
teristics of non-pulsating flow and heat transfer in
porous media. Furthermore, the non-Darcian effects
on thermal convection inside porous media have been
addressed. In particular, Kaviany [9] dealt with heat
transfer from a non-pulsating laminar through-flow
confined between two parallel plates maintained at
constant temperature. A similar problem was also
tackled by Poulikakos and Renken [10], in which the
effects of flow inertia, variable porosity and the
Brinkman friction were included.

As observed by Simon and Seume [5], however,
fundamental studies of pulsating-flow heat transfer
inside porous media in a channel are scarce and
incomplete. The recent work by Khodadadi [11]
treated analytically an oscillatory flow inside a porous
medium, under the assumption of a fully-developed
region of a channel. However, a thorough literature
survey reveals that no published reports have dealt
with the issue of associated heat transports. The pre-
sent account is concerned with heat transfer in more
realistic situations, in which both of the afore-stated
dynamic effects, i.e. the flow pulsation and the porous
media, are taken into consideration. Specifically,
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NOMENCLATURE
A non-dimensional flow pulsation U,_, normalized time-dependent velocity,
amplitude U'/(B,/By)
B axial pressure gradient, — (0P/0X) x,y dimensional axial and transverse
C inertia coefficient coordinates
Ce skin friction coefficient, o,/ (%p Ud) X, Y dimensionless axial and transverse
C,  specific heat of fluid coordinates
Da Darcy number, K/H? X* inverse of the Graetz number,
H half-width of flow channel X/(Re Pr).
k thermal conductivity
K permeability of porous medium Greek symbols
L, length of unheated section o thermal diffusivity, k/pC,
L, length of heated section £ porosity of porous medium
M frequency parameter, H(w/2v)'/? 9 dimensionless temperature

Nu Nusselt number,

hHk = (R/6,)(d8/dY)|y-,

Nusselt number based on bulk
temperature, 4(d8/dY|y_,)/(1—86,)
P pressure

Pr Prandt! number, v/a

Pr’  modified Prandtl number, ¢Pr

R, heat capacity ratio, (pC,)ea/[e(pCp)]
R, thermal conductivity ratio, k.q/k

Re Reynolds number, U,H/v

t dimensioniess time
T dimensional temperature
u,v  dimensional velocity components

dimensionless velocity components
u fluctuating part of velocity

9,  bulk temperature, {; U8dY/{, UdY
v kinematic viscosity
P density

Oy shear stress

T dimensional time.

Subscripts
1 primary oscillating component
eff effective value of porous medium
m time mean value
max maximum
min  minimum
0 reference
s non-pulsating component
t overall time-dependent values.

numerical solutions are sought to the basic governing
equations to depict the features of unsteady convective
heat transport in a porous material-filled channel.

Efforts are focused on identifying the influence of
respective non-dimensional parameters on local heat
transfer properties. The flow at the channel inlet is
assumed to “contain a well-defined single-frequency
pulsation component. By numerically solving the gov-
erning equations, the details of both flow and thermal
fields are acquired. The objective is to describe the
axially-varying heat transfer between the channel wall
and the fluid. The numerical results are expected to
provide an improved understanding of the underlying
physical phenomena. This study also aims to construct
a baseline framework for predicting heat transfer and
flow features of more complex configurations. This
aspect is significant in view of the lack of documented
experimental and/or numerical data on heat transport
from pulsating flows in a porous medium-filled
channel.

2. THE MODEL

Consider a two-dimensional channel filled with a
fluid-saturated porous medium, as sketched in Fig.

1. The coordinates (x,y) and channel configuration,
together with the Darcian velocity components,
v = (u,v), are indicated therein. The channel walls,
situated at y = + H, are assumed to be impermeable.
Asremarked by Siegel and Perlmutter [3], an unheated
hydrodynamic entrance region of length L, exists at
the inlet. This is followed by the channel wall of length
L,, at which constant temperature T, is maintained.
Due to the symmetry with respect to the centerline of
the channel, the calculation domain was limited to a
half-width of flow channel in this study.

At the inlet, the unidirectional velocity U, of con-
stant temperature T,, contains a sinusoidal pulsation
of amplitude A and frequency w:

U, = U,(1+ 4 cos wr), )

S Porous medium
permeability : K
porosity : €

U XXX

Adiabatic| Heated Section

FiG. 1. Schema of flow configuration.



Pulsating flow in a channel filled with porous media

where 7 denotes time. In conformity with the majority
of preceding studies, the porous medium is taken to
be homogeneous, isotropic and in local equilibrium
with the fluid. The thermophysical properties of the
fluid and the effective properties of the porous medium
are assumed to be constant [6, 8].

With the above assumptions, the time-dependent
governing equations, in properly non-dimensionalized
form, can be written as, using standard notation
[6,8,12]:

V-V =0, @)
v -
5?+V VV——VP+EVV
t_ 2 C%vlv, o
Da- Re \/D—a ’
20 R,
R +VVO = 222, )

in which |V| = /U?+ V2, ¢ denotes the porosity, C
the inertia coefficient of the porous medium and Pr’
the modified Prandtl number, i.e. ¢Pr. The momentum
equation (3) represents the Brinkman-Forchheimer-
extended Darcy model [6], which includes both
viscous and inertia effects. It is noted that the last
term in equation (3) indicates an improved model
to account for the inertia effect in the momentum
equation. The formulation of Khodadadi [11] does
not include this term. Equation (4) is the energy equa-
tion, which is widely utilized to tackle time-dependent
convective processes in porous media [12].

In the above, the non-dimensional quantities are
defined as:

=X =7 =7 ="
Y=w Y= V=u =g
—Fo ) T-To
PEP L = %)

—, 0 .
pUg ’ Tw_To

The dimensionless parameters in equations (2)-(4) are
defined as:

UH
Reynolds number : Re = .
K
Darcy number: Da=—
H2
v
Prandtl number : Pr= "
- . ke
Thermal conductivity ratio: R, = %
3 H (p Cp)eﬁ'
Heat capacity ratio: R =—F=
pacy 2(pC;)

where v is the kinematic viscosity, a the thermal
diffusivity, and k the thermal conductivity of the fluid,
while kg is the effective thermal conductivity and K
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the permeability of the porous medium. In equation
(3), the value of the inertia coefficient C in Forch-
heimer’s extension is taken to be equal to 0.057
[11,13]. This value is admittedly too low for con-
ventional sphere-shaped porous material for which
the Ergun relation [14] is applicable. However, for
Foametal, which is gaining popularity in advanced
heat-exchanger application, C takes a much smaller
value. The present account is addressed to these appli-
cations. The porosity ¢ is set to 0.6. While the precise
value of vy in Brinkman’s extension remains some-
what unclear, v.4is taken to be the same as v, as a first
approximation as ascertained by Lundgren [15].

The associated boundary conditions are formulated
as follows. At the channel inlet (at X = —L,, for
0<Y<1):

. [(2M?
U(-L,,Y,) = 1+Asin < Re t>, (6a)
V(-L,,Y,t)=0, (6b)
0(—L,,Y,1) = 0. (6c)

In equation (6a), the non-dimensional pulsation fre-
quency parameter, M = H(w/2v)'?, appears in the
inlet flow conditions. At the channel walls (Y = 1, for
—-L<X<0):

Ux,1,0) =0, (7a)
V(X,1,1) =0, (7b)

20

a—Y(X, 1,H =0, (7c)

and at the isothermal wall (Y =1,for0 < X < L,):

U(X,1,5) =0, (8a)
V(X,1,0) =0, (8b)
6(x, 1,0 = 1. (8¢c)

Owing to the symmetry requirement at the channel
centerline (at ¥ =0, for —L, < X < L,), it follows
that:

oU

77 X.0.0 =0, (9a)
V(X,0,1) =0, (9b)

a0

S X0.0=0. (%)

At the channel exit, the flow is assumed to have
attained a fully developed state. This is a customary
procedure (see Denison et al. [16]), invoked under the
assumption that the channel is sufficiently long, i.e.
L, >» 1. Accordingly, at X = L,,for0 < Y < 1:

ou
ﬁ,(Lz, Y, =0, (10a)
v
E(LQ’ Ys t) = V(LZ’ Y’ t) = 07 (lOb)
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00
8X(L2’ Y,n=0. (10c)
In order to solve the above system of equations, the
well-established SIMPLER numerical solution tech-
nique of Patankar [17] was employed. Typically, 30—
1500 iterations were required for the local variables
to achieve convergence. The convergence criterion
adopted was that relative variations in velocity, tem-
perature, and transverse temperature gradients
between two successive iterations were smaller than a
pre-assigned value of 107 *. The well-known steady
non-pulsating flow solution at the same Darcy number
was used as the initial-state conditions to obtain quasi-
steady periodic state results. In most cases, temporally
periodic solutions were secured after 2-8 cycles of
oscillation. The time resolution was such that one
pulsating period was divided into 120 time steps. The
spatial grid was typically 120 x 25 in the X-Y com-
putational domain, which consisted of the half-width
channel. The sensitivity of calculated results to the
grid interval, time step, and convergence criterion was
checked in several sample calculations. The com-
putational parameters that were selected for the
present work were found to yield satisfactory
results in the grid- and time step-convergence tests.

3. NUMERICAL RESULTS AND DISCUSSION

In order to simulate a long channel, the geometry
was selected such that L, = 100.0, L, = 140.0 (see
Kim et al. [18]). Several exemplary calculations estab-
lished that these parameter values were found to
produce fully-developed flow conditions in the iso-
thermal-wall portion of the channel. It was also shown
that the imposed exit boundary conditions, equations
(10a)—(10c), were compatible to a fair degree of accu-
racy. In an effort to perform explicit comparisons with
the previous studies [11], it was set that Re = 50.0 and
Pr = 0.7 in the present study. This relatively low value
of Re was chosen to simulate a reasonably slow slug
flow [3].

In summary, the objective here was to acquire an
improved understanding of the changes in convective
heat transport brought about by the introduction of
flow pulsation and by the existence of the porous
media. For this purpose, the problem setup was
designed for a simple geometry, with the adoption of
straightforward boundary conditions. The parameter
values for actual computations were selected based on
well-documented preceding related studies [3, 9, 11].

As emphasized earlier, the main mission of the
present study is to disclose the effect of pulsation. To
this end, broad ranges of the pulsation frequency
(0 <M <10.0) and of the pulsation amplitude
(0.15 < 4 <€ 0.75) were considered. Of special interest
are the cases when the pulsation amplitude A4 is
appreciable. The impact of the porous media is
represented by the Darcy number Da, which en-
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Fi1G. 2. Velocity profiles U, for non-pulsating flow (4 = 0)
in the fully-developed region: (——) present calculations;
(~—-) analytical solutions of Kaviany (1985).

compassed a wide range 10™* < Da < oo. Further-
more, the thermal conductivity ratio R, and the
heat capacity ratio R, were varied over ranges of
0.1 < R, < 10.0 and of 0.1 < R, < 10.0, respectively.

In the first, major features of flow will be delineated
in Figs. 2-6. Figure 2 illustrates the effect of Da on
the fully-developed mainstream velocity profile U, for
the case of a non-pulsating inlet flow (4 = 0). When
Da is large, the profile bears resemblance to the
familiar parabolic shape of the conventional Poiseuille
flow in a channel with no porous medium. The influ-
ence of the porous media is characterized by the small-
ness of Da. As displayed in Fig. 2, as Da decreases,
the overall velocity profile tends to be flat in the bulk
of channel interior, and a region of steep velocity
gradients is seen near the wall. The plots shown in
Fig. 2 are in close agreement with the analytical pre-
dictions of Kaviany [9]. The small discrepancies for
large Da are attributable to the neglect of the inertia
terms in the analysis by Kaviany [9].

Scrutiny is made of the structure of the purely time-
dependent part of the velocity, U,_,, which is defined
as (U,—U,)/(B,/By), where U, is the total instan-
taneous velocity, U, denotes the non-pulsating steady
part, and B, and B, the primary oscillating com-
ponent and the time mean value of the axial pressure
gradient, respectively. Figure 3 [Da=2.4x10772,
C = 0] exemplifies the results for extremely large
values of Da. This value is used to enable an explicit
comparison with the essentially one-dimensional
analysis of Khodadadi [11]. When the pulsation fre-
quency parameter is low (see Fig. 3a), the velocity
profiles are akin to quasi-steady-state solutions. This
implies that, at each time instant, the overall velocity
field is similar to that of a non-pulsating flow driven
by the instantaneous pressure gradient imposed along
the channel length. In the opposite limit, when M is
large (see Fig. 3b), the magnitude of U, _ is very small
(note the difference in the scales of abscissa used in
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(o) M=1.768

Fic. 3. Profiles of purely time-dependent part of velocity U,_,: Da = 2.4 x 10~?; (——) present calculation ;
(——-) analytical solutions of Khodadadi (1991). (a) M = 1.768; (b) M = 8.839.

Fig. 3a and 3b). Furthermore, the profiles are fairly
flat in much of the channel interior, and rapid Y-
variations are notable near the channel walls. These
gross characteristics are qualitatively similar to the
behavior of a pulsating flow in a channel with no
porous media [3,16]. Also, the present numerical
results are in broad agreement with the predictions of
Khodadadi [11].

The results for small Da are typified in Fig. 4. The
entire channel is filled with a porous material of low
permeability, and this leads to increased bulk damping
for the fluid flow. In much of the whole domain inside
the channel, the U,_, profile is flat. Only in a narrow
strip very near the wall, large velocity gradients are
seen. This qualitative pattern of velocity profile is
insensitive to the changes in pulsation frequency M.

The temporal variations of the axial pressure gradi-
ent B and of skin friction coefficient C; in the fully-

1.0 =
T 1))
0.8+
wT
(°)
0.6- j
180110120 9P 64 30 |
Y
0.44
0.2+
0.0 : ,
-0.5 -0.25 o] 0.25 0.5
t—s
(a) M=1.0
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developed region are plotted in Figs. 5 and 6. For
large Da, Fig. 5 demonstrates that, when M is small,
both B and C; are nearly in phase with the inlet
velocity. However, when M is large, the phase leads
of B and C; approach approximately n/2 and n/4,
respectively, and the magnitudes of the oscillating
components are increased. These findings serve to
reconfirm the qualitative correctness of the previous
analytical results for a non-porous channel [3].
Figure 6 shows typical results for small Da. Both
the phase leads and the amplitudes of oscillation of B
and C; remain virtually unaffected by the changes in
M. The channel interior is filled with a porous material
of low permeability, and the changes in pulsation fre-
quency cause little qualitative alterations in the tem-
poral behavior of B and C;. These observations are in
accord with the analytical findings of Khodadadi {11].
Processing the numerical results of the temperature

1.0 r w
0.84
wT
o
0.6 )
20
Y
0.4+
0.2+
0.0
-15 -1.0 -05 0 05 1.0 15
Ut—s
(b) M=5.0

FiG. 4. Same as in Fig. 3: Da = 10"%. (a) M = 1.0; (b) M = 5.0.
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Cf

27
wT

(b)

F1G. 5. Temporal variations over a cycle of : (a) axial pressure gradient, B; and (b) skin friction coefficient,
Ci:Da=24x10"2 4=0.75.

B
(o)
300.0
M=1,2,3,5
200.04
B
100.04
0.0 T — T
0 Lt 2n
wT

(a)

8.0

Cf

FI1G. 6. Same as in Fig. 5: Da = 107%; 4 = 0.75.

field, the heat transfer properties are now examined.
One physical quantity of interest is Nu,,, which denotes
the Nusselt number based on the bulk temperature,
Nu, = 4(d0/dY)y.,)/(1—06,). It should be stressed
that heat transfer in the present context refers to the
one between the channel wall and the fluid. In some
studies on pulsating flows, discussions of heat transfer
augmentation and/or reduction are concerned with
the fluids in the upstream and the downstream
locations. Before proceeding further, it is worth point-
ing out to what kind of heat transport the present
account is directed. Figure 7 illustrates the behavior
of Nu,, for the case of a non-pulsating flow in the
fully-developed region. In line with the predictions by
Kaviany [9], the Darcy number is on the abscissa. As
displayed in Fig. 7, the present numerical results are
in good agreement with the analysis of Kaviany [9].
As expected, in the limit of a non-porous channel
(Da » 1), Nu, reaches the value of 7.54. In the other

11.0
Nu, 9.07
B a
Da>>1
7.0 :
10° 10 102 10° 10*
251/200"1/2

FiG. 7. Effect of Da on Nu, in the fully developed regions for

non-pulsating flow (4 =0), R, =1.0; [J—present cal-

culations for selected Darcy numbers ; (——) analytical pre-
diction of Kaviany (1985).
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0.1

(Non—porous channel)

0 0.5 1.0 15 2.0
X *
Fic. 8. Axial profiles of cycle-averaged values of time-depen-
dent part of heat transfer, [Nu,_J.: M =20, A =0.75,
R, =1.0, and R, = 1.0; (——) present calculations; (----)
analytical solution of Siegel and Perlmutter (1962) for non-
porous channel.

extreme, as Da becomes very small (Da < 107°), the
shug flow-limit of the Darcian regime is attained and
Nu, tends to the asymptotic value of 9.87.

The difference in the local Nusselt number [Nu
(= hHjk) = (R/0,)*(d0/dY)|y.,)] between a pul-
sating flow and the corresponding non-pulsating flow
(4 = 0) is of interest. As seen in Siegel and Perlmutter
[3] and Kim er al. [18), the axial position is repre-
sented by using the inverse of the Graetz number,
X* = X/(Re Pr).

The purely time-dependent part of the Nusselt
number is denoted by Ny,_,. It follows that the cycle-
averaged value of this quantity, (Nu,_,)n, is a measure
indicating the contribution brought forth by flow pul-
sation.

Figure 8 depicts the spatial variation of (Nu,_ ).
For the entire range of Da, [Nu,_], starts rising
rapidly from negative to positive values in the entrance
zone of the thermally developing region. At moderate
downstream locations, [Nu,_],, reaches a maximum,
and, further downstream, [Nu,_J], gradually
decreases. As the location moves further downstream,
[Nu,_, )., decreases slowly to a value close to zero,
which implies that the effect of pulsation on local heat
transfer diminishes. This global behavior is consistent

with the analytical results of Siegel and Perlmutter [3] |

for the case of a non-porous channel. The overall
patterns of [Nu,_J.-curves are qualitatively similar,
as Da encompasses a wide range. When the channel
is filled with a porous material, the peak of [Nu,_J.
tends to be shifted to further upstream axial positions.
This tendency can be explained by the analytical
findings of Vafai and Tien [6] that the thermal bound-
ary layer thickens, as the permeability K of a porous
medium, i.e. the Darcy number Da, decreases. Conse-
quently, the thermal entry length is reduced. Dis-
tinctions between the characteristics of a porous chan-
nel and a non-porous channel may be clearly captured

2031
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-0.14
R,=1.0
-0.2 R, =0.1
-0.3 T T T
0.0 0.5 1.0 1.5

X *
Fic. 9. Axial profiles of [Nu,_J.: M =20, 4=0.75,
Da=10"*%and R. = 1.0.

by comparing the present results with the cor-
responding data contained in the previous paper by
Kim et al. [18].

The effect of the thermophysical properties of a
porous medium is now examined. These are rep-
resented by the thermal conductivity ratio R, and
the heat capacity ratio R, in equation (4). Figure 9
demonstrates the influence of R,. As anticipated, as
R, increases, heat transfer between the wall and the
fluid becomes vigorous; also, the peak of [Nu,_J]x
moves to upstream locations. Figure 10 illustrates the
effect of R_. Note that R, appearsin the time derivative
term of the temperature equation (4). Therefore, the
steady-state solution is unaffected by R.. As displayed
in Fig. 10, the impact of R, on heat transfer rates is
substantial. As R, increases, the peak of [Nu,_], is
seen to be shifted to upstream locations. It should be
pointed out that, in equation (4), an increase in the
value of R, causes amplification of the time derivative
term. This effect is qualitatively similar to an increase
in pulsation frequency. Consequently, the overall

0.1

0.05+

‘0.1 T
0.0

T

1
0.5 1.0 1.5 2.0
x *
FiG. 10. Axial profiles of [Ny, Jn: M =20, 4=0.75,
Da=10"%and R, = 1.0.
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Fic. 11. Axial profiles of [Nu,_,],: 4 = 0.75, Da = 107%,
R, =10,and R, = 1.0.

influence of R. is akin to the role played by M, and
this is verified in Figs. 10 and 11. As displayed in Fig.
11, as the pulsation frequency M increases, the peak
of [Nu,_J),, occurs at further upstream locations. It is
notable that, when M is low, the flow pulsation leads
to a substantial increase in heat transfer along much
of the axial length of the channel. When M is high,
heat transfer enhancement in less effective and is con-
fined to the entrance zone of the heated channel wall.
The impact of a high-frequency pulsation on heat
transfer is meager in the bulk of the downstream
location, and this overall behavior is similar to that
caused by R..

The effect of the pulsation amplitude A is shown in
Fig. 12. As expected, the general augmentation of heat
transfer is significant as A4 increases.

By compiling the comprehensive numerical resuits,
the qualitative pattern of augmentation of heat trans-
fer may now be classified into three regimes. The
regime diagram, as exemplified in Fig. 13, is con-
structed on the M—X* plane (see Kim et al. [18]).
[Nu,_ ] is negative in zone (I); this implies that, at

0.04-]
5
0
& 0.02 5
"
L
3
Z o
-0.02+
~0.04-
T T T
0 05 1.0 1.5 2.0

X*
FiG. 12. Axial profiles of [Nu,_Jn: M = 3.0, Da = 10"*%,
R, =1.0,and R, =1.0.

FiG. 13. Regime diagram for [Nu,_J],, in the M-X* plane:
Da=10"% R =10,and R. = 1.0

low pulsation frequencies and in the extreme upstream
entrance region, the presence of pulsation reduces the
heat transfer. In zone (II), [Nu,_ ], is positive, which
indicates an enhancement of heat transfer due to the
existence of pulsation. This takes place at moderate
and downstream locations ; and, as M becomes large,
this zone of heat transfer augmentation shrinks in size
and tends to be found closer to the entrance region.
At farther downstream in zone (III), the net changes
of Nu due to pulsation are very small and thus of less
interest (e.g. [[Nu,_Jn| < 1073).

Perusal of the computed data points to the obser-
vation that the shape of the demarcation line, which
divides zone (I) and (I1), is determined principally by
Da and M, and less by A. As Da increases, the bands
of zones (I) and (II) move further downstream of the
channel, and the magnitude of [Nu,_], is reduced
(see Fig. 8). The pulsation amplitude 4 has a strong
influence on the quantitative value of [Nu,_/],, (see
Fig. 12) ; however, the gross characteristic patterns of
[Nu,_(].. on the M—X* plane are little affected by A.
The physical mechanism underlying the above
behavior of [Nu,_ ], was discussed in Kim ez al. [18]
for a non-porous channel. Basically, the non-linear
interactions due to the oscillating components gives
rise to a substantial increase in effective diffusivity of
the flow process. Consequently, heat transfer between
the isothermal channel wall and the interior fluid
depends crucially on the axial gradient of the fluid
bulk temperature. In comparison to the case of a non-
pulsating flow, the lateral temperature gradient of a
pulsation flow at the wall is reduced in the entrance
region and steepened at moderate downstream
locations. In the present context, this general quali-
tative picture prevails; however, the existence of a
porous material modifies the heat transport properties
in a quantitative way (see Figs. 8-10). Summing up,
these numerical results should be complementary to
any future experimental verifications of pulsating-flow
heat transfer characteristics.
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4. CONCLUSION

The computed velocity fields are in broad agree-
ment with the prior analytical findings. When Da is
large, the velocity profiles at low M are akin to the
quasi-steady flows in a non-porous channel ; and, for
high M, only a narrow portion very close to the wall
is affected. When Da is small, the effect of porous
media is significant; the velocity profiles are flat in
much of the channel interior. The axial pressure gradi-
ent and skin friction coefficient are little affected by
the changes in M.

The effect of pulsation on heat transfer is pro-
nounced in the upstream entrance area, typically
X/(Re Pr) < 1.0. Changes in heat transfer rate due to
pulsation [Ny, _/],, are appreciable throughout much
of the channel length when the pulsating frequency
is low to moderate. At high pulsating frequencies,
M > 1.0, abrupt changes in Nusselt number Nu are
generally observed in a narrow region near the
entrance region. In comparison to the case of a non-
pulsating flow, [Nu,_ ], is negative at low pulsation
frequencies and in the extreme upstream region,
and [Nu,_J. is positive at moderate downstream
locations. At locations further downstream, [Nu,_ ).
is virtually zero. As Da decreases or R, increases, the
peak value of [Ny, _J],, increases; also, the location of
the peak value of [Nu,_ ], moves upstream. The peak
value of [Nu,_], tends to be shifted to further
upstream locations as R, increases.
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