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Thick-walled pipe experiencing internal flow is widely used in a variety ofapplications in the
industry. Some of the most prominent ones are heat exchangers, heat pipes, furnaces, etc. In
this study, conjugate heat transfer has been examined in a pipe filled with a porous medium
experiencing a constant external heat flux. The malysiss hsedm a wo-dimensional
domain using a quasi-thermal equilibrium model. Effects of porosity, pore density, Reynold’s
number and thermal conductivity of solid and fluid on the Nusselt number have been
studied. Three types of porous foams based on the pore density have been chosen for the
analysis: 10 PP, 40 PPI and 60 PPL The results have been generalized for use in a wide range
of Newtonian fluids. Additionally, the pressure drops across the pipes filled with porous
media have been studied as a function of pore density and Reynold’s number. Numerical
results indicate augmented performance with porous foams of high pore densities. However,
using a porous medium with higher pore density leads to higher pressure drop, thus needing
pumping power. The computational model used in this manuscript predicts that Nusselt
number is increased by 38.7 % with Reynold’s number < 10000, when the porous medium is
changed from 10 PPI to 60 PPI. The numerical data presented in the manuscript supports the
application of low porosity foam with low pore density to achieve better thermal transport
at the cost of pressure drop.
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INTRODUCTION

Last few decades have witnessed a wide range of appli-  density, light weight, high thermal conductivity and excel-

cations for high porosity metal foams in various forms of
structures like aircraft wings, catalytic surfaces for chemical
reactions, structural elements to support high stress, com-
bustion systems to burn solid fuels, cooling of nuclear reac-
tors, heat exchangers and may others. High surface-area
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lent mixing capability for the fluid, open cell foams have
been greatly studied for heat exchangers.

The understanding of various thermal transport phe-
nomena is a very significant aspect of utilizing porous
foams for heat exchanger related applications. At the very
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outset, Darcy addressed the complex fluid flow correlations
in porous medium in the year 1856. This law (Darcy’s law)
however neglects the viscous forces acting on the imper-
meable solid boundary. To comprehend the disadvantages,
Brinkman extended Darcy’s model to include the effect of
viscous forces on solid non-permeable boundary [1]. Few
years later, Whitaker [2] and Fand [3] modified Darcy’s
correlations for use in high Reynold’s number flows. In
1988, Calimadi [4] was one of the first researchers to study
transport phenomenon in porous medium using these cor-
relations to model energy transport without local thermal
equilibrium. He postulated correlations for thermal disper-
sion conductivity and the interstitial heat transfer coeffi-
cient for the first time.

Around the same time, researchers had started to
investigate experimental [5-7] and numerical aspects of
conjugate heat transfer in pipe flow. Lin and Kuo [6] stud-
ied unsteady forced convective heat transfer as a function
of Peclet number, radius ratio, conductivity ratio etc. and
reported wall-to-fluid heat capacity ratio as the decisive
parameter in the thermal transport mechanism. In 2000,
Kim et al. [8] studied porous medium as a combination of
microchannels and presented analytical solution for their
temperature distribution. They also reported the error map
which is helpful to identify the applicability of one-equation
thermal transport model in practical engineering problems.
On the frontier of numerical modelling, Boomsma and
Paulikakos [9] contributed significantly by studying the
numerical model using 3-D open cell geometry to verify the
significance of treating solid and fluid phase temperature
distinctly. They reported the dominance of solid thermal
conductivity towards effective thermal conductivity in case
of high porosity foams. A year later, Bhattacharya et al. [10]
reported a detailed analysis of the thermophysical proper-
ties like permeability, effective thermal conductivity etc. for
high porosity open cell foams. They developed a permeabil-
ity model based on porosity, pore diameter and tortuosity
of metal foams. Nazar et al. [11] used Brinkman model to
study mixed convection in porous medium. They reported
that the change in the solid-state temperature is significant
to impact boundary layer separation and this separation
could be delayed using higher solid-state temperature.

Around the same time, Zhao and co-researchers [12-
14] followed the same route as Nazar et al. [11] and used
Brinkman model to study thermal analysis on metal foam
filled heat exchangers. They presented that the pore size and
porosity of metal foams play a significant role in govern-
ing overall heat transfer coeflicient. Extending the work of
Zhao et al. [13] this investigation has been conducted to
implement Brinkman-extended Darcy model in momen-
tum equation for analyzing the velocity distribution in the
metal-foam filled ducts. In 2008, Mahjoob and Vafai [15]
developed a model for fluid and thermal transport for metal
foam heat exchangers. They quantified a 15 % gain in the
thermal transport when porous inserts were used in the

heat exchangers. A year later, DeGroot et al. [16] undertook
a numerical study to investigate the details of forced con-
vection in aluminum foam heat sinks and supported that
solid to fluid thermal conductivity ratios and Peclet num-
ber of the flowing fluid play a significant role in describing
the temperature profiles of the solid and fluid region of the
tested domain.

Last decade has witnessed a great development in
the domain of porous medium. On one side as there are
researchers investigating the solid-fluid inter-phasial inter-
action for various regimes of flow though porous medium
[17,18], there are many researchers [19-27] investigating
the scope and implementation of porous medium towards
applications involving thermal transport. As mentioned
above, there is a plethora of research available that supports
the advantages of using porous foam to augment thermal
transport. Even though one can find a good amount of
literature which defines the modeling strategies of porous
foams in heat exchangers, authors feel that there is a need to
study the governing parameters like porosity, ratio of ther-
mal conductivity of fluid to solid, pressure drop etc, which
impact thermal transport through porous medium sig-
nificantly. To the best of the knowledge of the authors, for
first time researchers have attempted to study the impact
of parameters like pore density, porosity, Reynolds number
and pressure drop on the Nusselt number. This analysis is
useful for industrial applications like heat exchangers, heat
pipe, furnaces etc.

COMPUTATIONAL MODEL

The computational model has been represented in
Fig.1. The entire analysis has been performed on the basis
of non-dimensional parameters to eliminate the varia-
tion of the geometrical design of the system. 2D numeri-
cal simulation has been performed in Fluent 6.4 using a
quasi-thermal equilibrium model. The fluid temperature
at inlet has been taken as 273 K. The computational inves-
tigation has been performed under assumptions such as
(i) thermal properties of reactants and products are func-
tions of temperature and concentration only, (ii) the porous
medium has homogenous porosity and is chemically inert,

Figure 1. The computational model of the study.
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(iii) the solid and fluid phases exist in quasi-thermal non-
equilibrium inside the pipe. The computational model has
been simulated assuming that the duct is homogeneously
filled with the porous foams of 10 PPI, 40 PPI and 60 PPI,
where PPI strands for pores per inch. 10 PPI, 40 PPI and 60
PPI foams have 10, 40 and 60 pores per inch length of the
foam, respectively. The foams studied here are rectangular
in structure (since the simulation is 2-D) with dimension
10 mm x 4 mm. The foams studied here are considered to
chemically inert and homogenously distributed across the
radial and axial length of the duct.

MATHEMATICAL FORMULATION

The computational flow field is assumed to be symmet-
ric with respect to the pipe axis. The set of governing equa-
tions [19] applicable for the domain is as follows:

Continuity equation

J
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The tortuosity of metal foams enhances the coefficients
of heat transfer between solid matrix and fluid. The coet-
ficients k , k, k,, h and a_ are calculated using the rela-
tionships established by Zhao et al. [12]. At the solid-fluid
interface, the two-equation model cannot be used directly
since the wall is impermeable to the fluid. At the interface,
the dispersion conductivity is considered zero with infinite

fluid viscosity producing null fluid velocity. This results in

the equivalence of temperature and efficient thermal con-
ductivity of the solid and fluid. Thus, at the interface the
energy equation is reduced to as follows:

i(k5882)+1 a(rkseanjzo ©)
o0x 0x

ror or

The boundary conditions specified for this problem are:

a. The computational model is simulated to have no
radial variation of velocity.

b. The wall of the pipe is having a no-slip boundary
condition.

c. The flow is laminar.

d. The outer surface of the pipe is heated with constant
heat flux.

e. Atinlet: v, =0.32;T, =298K
N
f. Atoutlet: P =P

atm
The boundary conditions imposed on the solid domain
are:

a. At the outer wall of the solid

T
@rzrg,OSxSL,qsz%—t
b. At the inner wall of the solid
I= Tf

GRID INDEPENDENCE STUDY

The flow field has been meshed using structured rectan-
gular grids (Fig. 2a). A grid independence study has been
performed to optimize the number and size of the grids
for the present model (Fig. 2b). In this case 125000 grids
were chosen to conduct the simulation. The staggered grid
arrangement provides the estimation of the pressure using
the SIMPLE algorithm by successively predicting and cor-
recting velocity components and pressure. The momen-
tum and energy equations have been discretized using the
second-order upwind scheme. The convergence criteria for
continuity, momentum and energy equation was set at 10
The under-relaxation parameters for pressure, density, bod
forces and momentum is set as 0.3, 1, 1 and 0.7 respectively.
For this manuscript pressure drop and Nusselt number
have been calculated using custom field function in Fluent
6.4 [28, 29]. Fluent calculates the pressure and temperature
difference between two cells on their average temperature
and then integrates them over the entire computational
surface.

MODEL VALIDATION

The numerical model used to study various aspects of
the conjugate heat transfer in a pipe filled with a porous
medium has been validated against the data published by
Du et al. [30]. Du et al. [30] have studied the heat transfer
in a 2D pipe with dimensions 200 x 8 mm. For model
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Figure 2. (a) Meshing of the computational domain; (b)
grid independence study: variation of temperature with
number of grids.

verification, numerical simulation has been conducted on
the model used by Du et al. [30] and the dimensionless
temperature has been plotted along the axial profile (Fig.
3). The porosity of the model has been selected as 0.9. The
dimensionless temperature predicted by the numerical
model results in a similar trend as reported by Du et al.
[30]. The minute differences in the values predicted for
non-dimensional temperature can be attributed to differ-
ent numerical schemes used in this study. Both models
can predict that with, IL—) > 140, % = 0 In other words, the
flow becomes fully developed inside the channel when it is

empty. However, when the channel is filled with a porous
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Figure 3. Variation of non-dimensional temperature with
non-dimensional length.

medium, a similar phenomenon is observed when IL—) > 190.

This is mainly governed by the presence of a porous matrix
inside the channel that redistributes the flow and enhances
the length of the fluid entrance region. Comparison of
the data in Fig. 3 shows similar trend with a deviation of
approximately 3 % between the data predicted by this com-
putational model and that used by Du et al. [30].

RESULTS AND DISCUSSION

Temperature Distribution

Figure 4 shows the variation of non-dimensional tem-
perature as a function of radius of the duct. Numerical
simulation predicted a parabolic variation for non-dimen-
sional temperature when studied as function of radius. It
can be observed that the non-dimensional temperature
for all three types of metal foam studied here 10 PPI, 40
PPI and 60 PPI foam shows minimum value at the center
of the duct. It was also observed that 60 PPI foam would
result in a minimum non-dimensional temperature of
-2.02 whereas that for 10 PPI is -2.81 for the same poros-
ity of £ = 0.95. It was also observed that 60 PPI foam would
result in a minimum non-dimensional temperature of
-2.02 whereas that for 10 PPI is -2.81 for the same poros-
ity of & = 0.95. This is mainly driven by the decrease in
the fiber diameter of the foam with increase in the pore
density. As the fiber diameter is decreased, the conduc-
tion heat transfer increases. Hence the foam with higher
pore density is predicted to have higher nondimensional
temperature.

Effect of Porosity

Figure 5 illustrates the variation of the Nusselt number as a
function of porosity. Numerical simulation predicted that
with an increase in porosity there is a marginal decrease in
the Nusselt number until ¢ = 0.80 and then begins to drop
down sharply. The increase in porosity reduces the fiber
diameter of solid phase, thus, increases the conduction
heat transport. However, a significant decrease of heat
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Figure 4. Variation of non-dimensional temperature
distribution with radius of the duct.
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Figure 5. The variation of Nusselt number with porosity for
various types of foams.

transfer is caused by the decrease in the fluid velocity due
to increased permeability of the solid phase, thus, reducing
the convective thermal transport. These two effects lead to
a sharp decrease in the Nusselt number with increase in
porosity. In this study, porous foam with 10 PPI, 40 PPI
and 60 PPI have been observed to exhibit similar variations
for Nusselt number when studied with respect to porosity.
The data shows a drop of about 81.0 % in Nusselt number
when the porosity is increased from 0.3 to 1.0 for all three
types of foam studied here. Numerical simulation exhibits
that for a given porosity, increasing the pore density results
in higher thermal performance (Nusselt number). This is
mainly because with an increase in the pore density, fiber
diameter decreases and interphase convective heat transfer
between the solid and fluid increases.

Effect of Thermal Conductivity Ratio (kf/ks)

Figure 6 exhibits the variation of Nusselt number with
the ratio of thermal conductivities for fluid to solid. For a
given pore density, the variation of Nusselt number becomes
significant only when the ratio of thermal conductivities
drops below 10~. The effect is rendered negligible when the
ratio increases beyond 0.1. This is primarily because with
an increase in the thermal conductivity, the conductive heat
transfer becomes more dominating than the convective
heat transfer. Consequently, the Nusselt number decreases
Numerical simulation predicted that Nusselt number
decreases from 6734 to 2080 when the ratio of thermal con-
ductivity increases from 10~ to 10 for 10 PPI foam. For
porous foam with higher pore densities this reduction in
the Nusselt number is from 9649 to 2080 when the ratio of
thermal conductivity changes in the same range. It could be
seen that there is a drop of 69 % for Nusselt number when
the thermal conductivity ratio of fluid to solid increases to
1 from 10~ for 10 PPI foam. However, for 60 PPI foam this
decrease is about 79 % for the similar increase in the ther-
mal conductivity ratio.
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Figure 6. Variation of Nusselt number with the thermal
conductivity ratio.
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Figure 7. The variation of Nusselt number with solid state
thermal conductivity.

Effect of Thermal Conductivity of Porous Medium on
Nusselt Number

Figure 7 reflects the variation of the Nusselt number
with the thermal conductivity of the foam. With higher
Reynold’s number, mass flow rate of the fluid increases,
thus increasing the convection heat transfer. Hence, for any
given solid-state thermal conductivity, the Nusselt number
rises with an increase in Reynold’s number. For any given
Reynold’s number, the increase in thermal conductiv-
ity of the porous matrix results in higher heat conduction
through solid phase. This redistributes the heat to minimize
the thermal gradient. This behavior allows the fluid to pass
through a larger region of elevated temperature and thus
the convection heat transfer increases between the fluid and
solid phases. Numerical simulation predicted that for Re =
536, Nusselt number increases from 270 to 980 when the
thermal conductivity of the solid phase increases from 1 to
600 W/mK. However, for higher Reynold’s number Re =
9567, the Nusselt number increases from 410 to 2200 for the
same range of solid-state thermal conductivity. From fig.7
it could be seen that for the flow with Re = 9567, Nusselt
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Figure 8. The effect of porosity on pressure drop per unit
length for different types of porous foams.

number increases by almost 5.5 times when the solid-state
thermal conductivity is increased from 50 to 640. However,
for Re = 536 this increase is about 2.6 times for the same
range of solid-state thermal conductivity variation.

Effect of Porosity on Pressure Drop

Figure 8 exhibits the effect of porosity on the pressure
drop per unit length for varying pore densities namely 10
PPI, 40 PPI and 60 PPI. The numerical simulation predicts
a drop in the pressure difference per unit length with an
increase in porosity. With an increase in the porosity, the
volume fraction of solid decreases, thus, to maintain con-
tinuity, interstitial fluid velocity decreases and hence, the
pressure difference between the inlet and outlet reduces.
Similarly, for constant porosity, pressure drop increases
with the pore density. The current numerical model cal-
culates a decrease in the pressure drop from 44 KPa/m to
31 KPa/m when the porosity increases from 0.68 to 0.98.
For 60 PPI foam, the pressure drop is observed to be from
65 KPa/m to 44 KPa/m for a similar range of porosity. The
data shows that with increase in porosity, from 0.65 to 0.98
numerical simulation shows 37 % decrease in pressure drop
per unit length when the metal foam was changed from 10
PPI foam to 60 PPI foam.

Effect of Reynolds Number on Pressure Drop

Figure 9 represents the variation of pressure drop per
unit length along the tube filled with metal foam as the
porous matrix with change in Reynold’s number. The
numerical prediction exhibits an exponential increase of
pressure drop per unit length with an increase in Reynold’s
number. For 10 PPI metal foam, the numerical simulation
predicts an increase in the pressure drop from 4 KPa/m to
61 KPa/m when Reynold’s number increases from 1500 to
9300. Similarly, for 60 PPI, the pressure drop per unit length
increases from 9.5 KPa to 116 KPa for the similar range of
Reynold’s number. The data shows that for the duct without
porous foam the pressure drop per unit length varies from
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Figure 9. The variation of pressure difference between
outlet and inlet, per unit length with Reynold’s number.

14.58 kPa/m to 176.58 kPa/m when the Reynolds number is
increased from 1500 to 10000. This leads to 2.71 % increase
in pressure drop per unit length with every 1 % increase
in Reynold’s number. However, as the number of pores per
inch of the foam increases this increase in pressure drop
tends to slow down. Numerical simulation predicted 2.13 %
increase in the pressure drop with every 1% rise in Reynold’s
number for 60 PPI foam studied here. This phenomenon is
mainly driven by the increase in the viscous and inertial
resistance with increase in Reynold’s number. Thus, similar
trends were observed for all the three types of porous foams
studied here. Hence, it can be said pressure drop per unit
length increases with increase in the Reynold’s number for
the flow.

Variation of Nusselt Number with Reynolds Number

It is interesting to study the relation between Nusselt
number and Reynold’s number for fluid flow through a
pipe filled with a porous medium. Figure 10 exhibits that
the Nusselt number increases with an increase in Reynold’s
number for a given pore density. The increase in Reynold’s
number results in a higher local heat transfer coefficient.
The overall heat transfer coefficient in pipes filled with
metal foam is generally comprised of three modes: con-
ductive heat transfer through the metal fibers of the
porous matrix, convective heat transfer from the solid to
fluid phase and radiative heat transfer due to the hot solid
matrix. Depending on the heat flux and temperature of
the solid matrix, the contribution of radiative heat transfer
can be significant or insignificant. For the current analysis,
radiation has been neglected due to the low operating tem-
perature of the solid matrix. Hence, the overall heat transfer
depends on the thermal resistances of the solid and fluid.
The thermal resistance of the solid is dependent on the
porosity, thermal conductivity of the foam and geometrical
dimension of the pipe. Whereas that of the fluid depends
on the fluid properties and the solid-fluid contact area.
The increase of pore density of metal foams increases the
conduction area of the solid fibers and the convection heat
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transfer area. This reduces the thermal resistance of both
solid and fluid phases and hence increase the overall heat
transfer. Additionally, with an increase in Reynold’s num-
ber fluid mass flow rate increases which further enhances
the convective heat transfer. As a result, the Nusselt number
increases with the increase of Reynold’s number.

Figure 10 also gives insights about the variation of
Nusselt number with pore density for a given Reynold’s
number. The increase in the pore density reduces the
pore diameter. For a specific porosity, with the decrease
in the pore diameter, the fiber diameter also decreases.
This enhances the interfacial surface density and leads to
an increase in convective heat transfer from solid to fluid
phase. An increase in the Reynolds number comes with an
increase in the fluid flow velocity, which increases the ther-
mal transport through the fluid phase. Numerical simula-
tion predicts 56% increase in the Nusselt number when the
Reynolds number is increased from 100 to 10000 for 10 PPI
foam. For 60 PPI foam this increase is 94.5 % for the same
range of Reynolds number. Hence with higher pore den-
sity, higher heat transfer is achieved for any given value of
Reynold’s number as illustrated in Fig. 10.

CONCLUSION

Conjugate heat transfer has been studied in a pipe filled
with porous foam. Following conclusions were drawn using
the computational model:

a. The data reflects that for a specific porosity use of
metal foam with higher pore density results in higher
Nusselt number. The numerical model predicted 83.4
% increase in Nusselt number when the pore den-
sity is increased from 10 PPI to 60 PPI for & = 0.60.
However, the increase in the Nusselt number with
increase in pore density is not so significant beyond
€ = 0.86. This is majorly attributed to the decrease in
the fiber diameter with increase in pore density. This
decrease in the fiber diameter results in more interfa-
cial heat transfer between the solid and fluid phase.

b. Numerical simulation shows that with an increase in
the ratio of thermal conductivity of the fluid to solid
from 10 to 1.0 there is a sharp decrease (~74.4%)
in Nusselt number for 60 PPI foam. However, this
decrease is much slower (~61.2%) for 10 PPI foam for
the same range of thermal conductivity ratio.

c. It was observed that with an increase in porosity
from 0.65 to 0.98 numerical simulation shows 37%
decrease in pressure drop per unit length when the
metal foam was changed from 10 PPI foam to 60 PPI
foam.

d. The data shows that even though using metal foams
with low porosity and high pore density results in
higher heat transfer performance, yet they come with
a significant pressure drop. Numerical simulation
predicted 2.13% increase in the pressure drop per
unit length with every 1% rise in Reynold’s number
for 60 PPI foam.

e. It was observed that for flows with Reynold’s number
<10000, increasing the pore density of 10 PPI to 60
PPI results in 38.7 % gain in Nusselt number.

Based on the constraints of pumping power, this study

recommends the use of low porosity porous material with
low pore densities.
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