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Abstract

Using numerical methods, the effect of spatially variable permeability of porous medium tube-to-tube inter-connectors on the thermo-
hydraulics of near-compact heat exchangers (NCHX, surface to volume ratio, a = 100–300 m2/m3), is studied. The porous medium con-
nects the tubes (D = 2 mm) of the NCHX kept in in-line arrangement along the flow direction having a square pitch of X T ¼ X L ¼ 2:25.
This novel study further treats the NCHX itself as a global porous medium characterized with global permeability (Kg) and form coef-
ficient (Cg), which is being influenced by the local tube-to-tube inter-connector porous medium, characterized with a local permeability
(Ki). The cooling fluid with Pr = 0.7 is under laminar flow (10 < Re < 100) through the NCHX with and without local PM inter-connec-
tors of uniform permeability (UP, PMC1 and PMC2 with Ki = 10�5 and 10�10 m2, respectively) and variable permeability (VP, PMC3
and PMC4 with Ki varying along the flow direction from 10�5 to 10�10 m2 and 10�10 to 10�05 m2, respectively). At higher flow rates
(Re > 70) it is shown that PMC4 registers less pressure-drop compared to PMC1, the UP case with highest Ki. Nusselt number variation
for Re for VP cases (PMC3 and PMC4) is bounded by the two limiting UP cases PMC1 and PMC2, for identical porosity. Comparisons
between NCHX tube bank in the UP and VP cases are done using an overall enhancement ratio (ER), which was found to increase with
increasing Ki of the PM inter-connectors. Treating the NCHX models as a global porous medium, two useful engineering correlations are
presented to predict the n and Nu as a function of Re and the non-dimensional global porous medium drag coefficients Dag and Dug

(which are functions of local Ki). Both correlations predict the numerical data with ±6% accuracy within the range of Re tested.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Heat transfer enhancement in forced convection config-
uration using porous medium (PM), in particular, with var-
iable properties (permeability and porosity), is a sought
after technique [1–4] in industrial applications like heat
exchangers [2,3] and electronics cooling heat sinks [5–8].
For instance, the effect of variable permeability of PM in
the transverse direction on Nu is reviewed recently [4] using
analytical solutions and it is found that the increase in Nu
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doi:10.1016/j.ijheatmasstransfer.2007.01.058

* Corresponding author. Tel.: +91 44 22574696; fax: +91 44 225 78501.
E-mail address: arunn@iitm.ac.in (A. Narasimhan).

1 Ph.D student.
is due to the variation in transverse permeability (K, m2). In
typical forced convection applications such as flow through
channels with discrete heat sources [9,10], the usage of PM
with uniform properties imposes higher pumping power
and even less heat removal in the gaps between the heat
sources, as the axial distance increases. To achieve less
pumping power without sacrificing heat transfer enhance-
ment, a possible way is to use PM with spatially varying
properties (permeability and porosity) and/or to use PM
in partly filled forced convection configurations.

Use of PM with spatially varying permeability (VP), for
instance, resulted [11] in considerably altered local velocity
field for combined free and forced convection from an
inclined vertical surface saturated with porous medium.
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Nomenclature

A surface area of the tube, (pD), m2

A1 minimum cross sectional area between tube to
tube, m2

C form coefficient, m�1

cp specific heat, J kg�1 K�1

CF clear fluid domain
D diameter of the tube, m
Da Darcy number, (K0.5/D)
Du Dupuit number, (CD)
ER enhancement ratio, Eq. (25)
Eu Euler number, (pin � p=qU 2)
k thermal conductivity, W m�1 K�1

K permeability, m2

L length of the tube bank, m
LB length of the buffer zone, m
_m mass flow rate, kg/s, Eq. (24)
NCHX near compact heat exchangers
Nu average Nusselt number, Eq. (22)
p pressure, Pa
PM porous medium, Fig. 1
PMC porous medium case
Pre effective Prandtl number (m=ke=ðqcpÞfÞ
DP global longitudinal pressure-drop across the

tube bank
q total heat transfer, W
R overall energy gain, Eq. (24)
ReD Reynolds number, (U mD=m)
SL longitudinal tube pitch, m, Fig. 1
ST transverse tube pitch, m, Fig. 1
Tw wall temperature, K
Tb bulk mean temperature, K
T1 free-stream temperature, K, Fig. 1
u x-direction local and seepage speed in CF and

PM zones, m s�1, Fig. 1
UP inter-connectors with uniform permeability con-

figuration
U dimensionless velocity, (u=U1)

U1 free-stream velocity, m s�1

Um average velocity at minimum cross section,
m s�1, Fig. 1

v y-direction local and seepage speed in CF and
PM zones, m s�1, Fig. 1

VP inter-connectors with variable permeability
configuration

X dimensionless distance in x-direction, (x/D)
XL dimensionless longitudinal tube pitch, SL=D,

Fig. 1
XT dimensionless transverse tube pitch, ST/D,

Fig. 1
Y dimensionless distance in y-direction, (y/D)

Greek symbols

a thermal diffusivity, (m2 s�1)
s dimensionless transverse thickness of inter-con-

nector porous medium, t/Sn, Fig. 1
/ porosity of the interconnecting PM
k constants (take values 1 or 0) used to flag terms

in Eqs. (2),(3) and (7),(8)
h dimensionless temperature, (ðT � T inÞ=ðT w�

T inÞÞ
l dynamic viscosity, N s m�2

m kinematic viscosity, m2 s�1

q density, kg m�3

n non-dimensional pressure-drop, Eq. (15)

Subscripts

b bulk
c cross section
e effective
f fluid
g global porous medium
i inter-connector porous medium
n normal, local
s solid
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Free convection investigation [12] from inclined permeable
wall embedded in a variable permeability PM resulted
again in the sharp increase in local velocity profile due to
PM with VP, leading to enhanced heat transfer compared
to the uniform permeability (UP) case.

On the other hand, even in the UP case, use of partially
filled PM configuration can still result in enhanced heat
transfer with less pumping power as reported for instance
in [13], where heat transfer enhancement in channel is
achieved using partially filled PM inserts. More recent
numerical investigations [14] reveal that partially filled por-
ous medium configuration of about 60% of channel height
enhances heat transfer rate in a heat exchanger under lam-
inar flow of air. It was also reported that the form-drag
term is found to be not important when Da < 10�4, for
the PM used. Entropy generation in pipes and channels
partially filled with PM simulating the fouling effect in heat
exchangers has also been investigated [15]. A recent review
chapter [16] has collected other earlier analytical research
contributions in this direction and has also discussed the
proper interface boundary conditions to be used in partly
filled PM configuration.

The idea proposed in this paper combines these two
options of partly filled PM configuration and variable per-
meability PM configuration, to use metal foam type PM
with spatially variable permeability (10�5 < K < 10�10,
m2) as tube-to-tube inter-connectors in a cross flow, near-
compact heat exchanger, NCHX, (a = 100–300 m2/m3)
with inline arrangement of tubes (d = 2 mm). The local
PM inter-connectors are of the size of the tube diameter
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and hence the NCHX configuration can be modelled as a
partly filled global PM configuration of spatially variable
permeability.

2. Model description and boundary conditions

Fig. 1a displays the schematic of the NCHX with
aligned tubes with PM inter-connectors arrangement,
under cross flow. The PM inter-connectors with transverse
thickness (t, m) equal to that of the NCHX tube diameter
(D = 2 mm), are employed only in the longitudinal direc-
tion (Fig. 1b). The governing equations of mass, momen-
tum and energy balance used in this study are
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Using the dimensionless variables, namely,

U ¼ u=U1; V ¼ v=U1; X ¼ x=D; Y ¼ y=D;

h ¼ T � T in=T w � T in; P ¼ p=qU 2
1 ð5Þ

the dimensionless form of the above governing equations
can be obtained as follows
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Fig. 1. (a) Schematic of the configuration (b) bou
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The above conservation equations are solved in the domain
of Fig. 1, for both clear (of porous medium) fluid flow and
porous medium flow by setting the parameters k1 and k2 as
unity and zero, respectively, in clear fluid zone and leff=l
and unity, respectively, in the porous medium zone so that
Eqs. (7) and (8) automatically satisfy the porous-fluid zone
interface condition (see Fig. 1) detailed in the following sec-
tion. The effective thermal conductivity used in Eq. (9)
(represented in Pre) is calculated using the model
ke ¼ ð1� uÞks þ ukf (all the symbols are explained in the
nomenclature).

The computational domain considered in the present
problem (Fig. 1a) can be simplified using periodic bound-
ary conditions [17]. However, the flow field in the present
problem cannot be periodically thermally fully developed
even though it could be hydro-dynamically fully developed.
This is due to the presence of the porous medium, which
results in a non-periodic diffusion dominated flow domain.
However, owing to the symmetry of the domain, Fig. 1a,
the flow through the tube bank can be simulated accurately
by calculating the flow through the half section of one row
in the direction of flow as shown in Fig. 1b. To complete
the problem formulation, the following boundary condi-
tions are used in location as shown in Fig. 1b.

No slip boundary condition is imposed at the tube wall
by setting both components of velocity (U, V) to zero.
Since the flow is laminar and steady, a symmetry condition
can be imposed as shown in Fig. 1b, while at the inlet to the
channel a known uniform velocity field is assumed. Since,
ndary conditions and computational domain.



Table 1
Local permeability values for each cylinder of four set of arrangements with same porosity

Case Cylinder 1 (K, m2) Cylinder 2 (K, m2) Cylinder 3 (K, m2) Cylinder 4 (K, m2) Cylinder 5 (K, m2) Cylinder 6 (K, m2)

PMC 1 4.44 � 10�05 4.44 � 10�05 4.44 � 10�05 4.44 � 10�05 4.44 � 10�05 4.44 � 10�05

PMC 2 4.44 � 10�10 4.44 � 10�10 4.44 � 10�10 4.44 � 10�10 4.44 � 10�10 4.44 � 10�10

PMC 3 4.44 � 10�05 4.44 � 10�05 4.44 � 10�05 4.44 � 10�10 4.44 � 10�10 4.44 � 10�10

PMC 4 4.44 � 10�10 4.44 � 10�10 4.44 � 10�10 4.44 � 10�05 4.44 � 10�05 4.44 � 10�05
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the location of velocity inlet can affect the numerical solu-
tion of the given computational domain, sufficient buffer
length has been provided at the inlet (LB-in) such that flow
should be uniform (U1, h1) without thermal ‘back’ diffu-
sion at the inlet. At the exit, fully-developed flow condition
is imposed, a requirement met by an additional buffer
length (LB-out) provided at the exit between the last cylinder
and the exit.

Two pairs of interface boundary conditions (a) between
porous medium and clear fluid flow (b) between two inter-
connector porous media (see Fig. 1b), are required for solv-
ing the momentum and energy equations in the present
study, in order to accommodate the discontinuity in the
diffusion flux of momentum and energy, respectively. We
adopt here, the boundary conditions proposed in [18] for
partially filled porous medium configurations and verified
in [4,16,18] for similar configurations, namely,
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For the range of local permeability values used in this pa-
per (Table 1), in Eqs. (10) and (11), b can be set as zero, as
explained in [19], resulting in Eqs. (6) and (7) to retain their
Brinkman extended Darcy differential formulation of the
momentum statement inside the porous layer. This allows
for continuity of velocity and shear stress at the fluid-por-
ous layer interface and a no-slip condition at the solid wall.
Similar explanation is consistent with the use of Eqs. (12)
and (13) as the interface boundary conditions for solving
the energy equation, Eq. (8).
3. Numerical procedure and validation

Using numerical methods the above problem was
solved, employing the finite volume method to discretise
the set of partial differential equations, Eqs. (5)–(8). Impli-
cit, second order upwind solver is used with the velocity
and pressure coupling achieved by the SIMPLE [20] algo-
rithm. The convergence criterion (difference between the
results of two successive iterations) for the continuity resid-
ual is set as 10�3, momentum equation as 10�6 and for the
energy equation as 10�9. The grid independence study,
using the various non-dimensional numbers which are cal-
culated for four successive grid levels at Re = 100 for flow
over a tube bank (Fig. 1), doubling the total grid points in
each level. A suitable grid is chosen by checking for the
error between two successive levels of grid refinement to
be less than 1% for both the Eu and the Nu values. For
the computation work reported in this study, a quadrilat-
eral uniform grid in both x- and y-direction with 12,462
nodes is used over the numerical domain of Fig. 1b. Fur-
ther details of the extensive validation and related graphs
are available in [21,22].
4. Hydro-dynamic results

Fig. 2a and b shows at Re = 10, the effect of PM inter-
connectors ‘local’ permeability (aluminium metal foam of
k = 202 W/m K) placed between the tubes with fixed trans-
verse thickness (d ¼ D), on the local dimensionless velocity
profiles at mid-plane and exit of the configuration consid-
ered (see Fig. 1b). Similarly, Fig. 2c and d depict the veloc-
ity profiles at the mid-place and exit for Re = 100. In both
situations of Re = 10 and 100 (Fig. a through d), the CF
case (K i ¼ KCF) and the UP case PMC1 with highest ‘local’
permeability (Ki = 10�5 m2, Table 1) offer little viscous
resistance in the gaps between the cylinders, resulting in
more local flow. This is compensated with the correspond-
ing reduction in the local velocity near the axis, as mass
conservation is imposed across the boundaries of the con-
trol volume. The PMC2 with lowest ‘local’ permeability
(Ki = 10�10 m2, Table 1) provides the largest porous med-
ium viscous frictional resistance to the flow in the gaps,
where these PM inter-connectors are placed, and hence
the local velocity is the lowest in the gaps and correspond-
ingly, highest towards the axis. The velocity profiles for the
PMC2 and PMC3, VP cases, fall in between the limits of
PMC1 and PMC4.

It is interesting to observe from Fig. 2d (exit plane,
Re = 100) that the local velocity profiles for the VP case
with spatially varying permeability, PMC3 (Ki = 10�5–
10�10 m2, Table 1), registers similar trend as that of
PMC2 (Ki = 10�10 m2, Table 1), the UP case of lowest
Ki, because of their similar geometry of local (Ki) inter-con-
nectors across their last three cylinders. Similar reasoning
can be made for the complementary effect of lowest local
speed near the gaps between the cylinders and the corre-
sponding maximum local speeds near the axis observed
with VP case, PMC4 (Ki = 10�10–10�5 m2, Table 1). Both



Fig. 2. Local dimensionless velocity U variation with Y for Re = 10 at (a) mid-section (b) exit and for Re = 100 at (c) mid-section (d) exit of the NCHX
configuration.

Fig. 3. Comparison of streamlines for the CF and PM configuration listed in Table 1, at Re = 10 and 100 (a) CF, PMC1 and PMC4 (b) CF, PMC2 and
PMC3.
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of these velocity profiles, due to their high local permeabil-
ity, are similar to that of the CF case.

Fig. 3a and b illustrate the streamlines for Re = 10 and
Re = 100, in the chosen computational domain with six
cylinders (Fig. 1b) for the UP and the VP cases. The paral-
lel nature of the inlet and exit streamlines in all the cases of
Fig. 3a and b clearly substantiates the sufficiency of the
buffer zone length (LB) chosen at the entry and exit of
the computational domain to meet the outflow and the
velocity inlet boundary condition as discussed in the previ-
ous section. The similarity in the depth of penetration of
the streamlines in the gaps between the last three cylinders
of PMC1 and PMC4 at Re = 100 in Fig. 3a and of PMC2
and PMC3 in the corresponding Fig. 3b, corroborate the
explanation for the nature of the local velocity profiles near
the exit (Fig. 2a and b) given in the previous paragraph.

The NCHX configuration of Fig. 1 with the PM cases
listed in Table 1, can be perceived as a ‘global’ porous med-
ium [21,23], whose overall global pressure-drop is governed
by the Hazen–Dupuit–Darcy relation [23] of the form

DP
L
¼ l

Kg

U þ qCgU 2 ð14Þ

where Kg and Cg are the global permeability and form coef-
ficient of the ‘global’ porous medium, respectively. These
‘global’ porous medium properties Kg and Cg can be
obtained from the curve-fit results of Eq. (14) for the pres-
sure-drop versus average fluid speed data, and are influ-
enced by the properties / and Ki of the inter-connector
‘local’ porous medium, PMC 1–4, listed in Table 1. The
Kg and Cg thus found are listed in Table 2.

From the Table 2, it is interesting to observe the identi-
cal Cg values for the pairs, PMC1 and PMC3 and PMC2
and PMC4, respectively. If one were to perceive the
PMC1 configuration as a ‘global’ porous medium, (2nd
and 5th picture from the top, in both Fig. 3a and b), it is
a porous medium allowing distributed flow all through its
structure for the range of Re tested. This is because the
gaps of the cylinders for PMC1 are connected by local
PM with Ki = 10�5 m2 (the highest permeability). This
results in the flow to change its direction transversally more
often, while it goes through PMC1. Since form drag is gov-
erned by the shape of the porous medium [24] the resultant
flow accelerates or decelerates around the shape of the solid
matrix, PMC1 imposes a higher form drag for the flow.
This is reflected in the higher value of form coefficient for
PMC1, as can be seen from Table 2. Similar result of flow
Table 2
Global permeability (Kg) and global form coefficient (Cg) of four PMC
obtained from curve-fits of Fig. 4 using Eq. (14)

Case (Kg, m2) (Cg, m�1)

PMC 1 5.15 � 10�07 79.02
PMC 2 3.09 � 10�07 50.58
PMC 3 3.68 � 10�07 80.51
PMC 4 4.00 � 10�07 49.13
structure can be observed for PMC3 also, (see 3rd and 6th
picture of Fig. 3b) in the first three cylinders. The effect of
the flow structure over the last three cylinders seems not to
affect the form drag component at all, as seen from the
identical Cg results for PMC1 and PMC3, both having
the first three cylinders filled by PM with local K i ¼ 10�05

m2, even though their last three cylinders are filled by
PM having local K i ¼ 10�05 m2 and 10�10 m2, respectively.

Since PMC2 is filled with PM inter-connectors of local
Ki = 10�10 m2, the flow through this porous media does
not encounter much transversal oscillation (see 2nd and
5th picture of Fig. 3b) for the entire range of Re tested,
resulting in lesser form coefficient than that of PMC1, as
listed in Table 2. However, since the flow has to squeeze
through a smaller cross section (notice the flow is unable
to penetrate the gaps of the cylinders because of the low
permeable PM inter-connectors), the pressure-drop should
now be higher for PMC2 resulting in a lower global perme-
ability (see Kg in Table 2). Again, for PMC4, (the gaps of
the first three cylinders filled by PM having local
Ki = 10�10 m2 and that of the last three with K i ¼ 10�05

m2), the flow structure is similar to that of PMC2 over
the first three cylinders (same PM inter-connector perme-
ability, Ki = 10�10 m2), the global form coefficient, Cg, is
identically lower for them, when compared to that of
PMC1 and PMC3. In the case of PMC2 and PMC4, as
before, it is evident that the flow structure over the last
three cylinders has little effect on the global form coefficient
values.

Another interesting observation from Fig. 4 is that for
higher Re, the DP/L for PMC 1 and PMC 4 (hollow circles
and ‘�’ symbols) are less than that of the CF case (dark cir-
cular dots) because the presence of the PM inter-connector
negates pressure-losses due to the originally existing recir-
culation in the gaps between the cylinders in the CF case.
Using a non-dimensional pressure-drop defined as

n ¼ ðDP=LÞ=ðqU 2
1=2DÞ ð15Þ

these results are summarized in Fig. 5. It is clear from the
plot that as Re ? 100, n! 1 for all the cases, suggesting
Fig. 4. Longitudinal pressure-drop variation with average velocity.



Fig. 5. Effect of Ki on n variation with Re.
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the pressure-drop is balanced now by the quadratic drag
term, i.e., the flow through the NCHX configuration
perceived as a ‘global’ porous medium, is form drag dom-
inated [23]. As shown in [23,25], the longitudinal pressure-
drop versus average fluid speed results in Figs. 4 and 5 can
be represented in the non-dimensional form

n ¼ E
Re
þ F ð16Þ

where E and F capture the effects of the global viscous and
form drag of the ‘global’ porous medium and hence in-
cludes, the variation in Kg and Cg obtained from Eq.
(14). In other words, Eq. (16) can be considered as the
non-dimensional equivalent of Eq. (14), with the coeffi-
cients taking, respectively, values of

E ¼ 2=Dag and F ¼ 2Dug ð17Þ

where, Dag and Dug [26], are the global non-dimensional
permeability and form coefficient of the NCHX, when per-
ceived as a ‘global’ porous medium, defined as

Dag ¼ K0:5
g =D and Dug ¼ CgD: ð18Þ

One can seek a relationship between the global Dag and
Dug (i.e., Kg and Cg through Eq. (18)) and the rest of the
NCHX parameters such as the local Ki and / of the PM
inter-connectors and the NCHX geometry (ST, SL, D)
using which, the values for E and F in Eq. (17) can be eval-
uated. Substituting these in Eq. (16), would then yield a
predictive correlation for the non-dimensional pressure-
drop. For invariant heat exchanger geometry as considered
in this study, the global permeability Kg in Eq. (18) is only
a function of the PM inter-connector ‘local’ permeability
(Ki, m2). Therefore, the global Darcy number Dag in Eq.
(18) can be correlated to the PM inter-connector ‘local’
permeability in the following format as

Dag ¼
1

D
1

N

XN

i¼1

½1:07ðAþ BÞK i�
 !0:5

; ð19aÞ

where A and B are given as
A ¼ 1

275/2

SL

D
1� ðd=DÞ
1þ ðd=DÞ

� �
and

B ¼ d
D
ðH=DÞ � 1

1:73/� 1

� �2

: ð19bÞ

Observe in this case, N = 6 as the change in the Ki values
between the gaps of all of the six cylinders does influence
the Kg values of Table 2. In other words, since the Ki itself
is changing spatially along the flow direction in the present
study, Eq. (19a) utilizes a summation of the Ki effects to
predict global Darcy number for all the cases (variable per-
meability and uniform permeability cases). For instance,
while calculating Kg for PMC4 case, Ki = 10�10 m2 and
10�5 m2 will, respectively, be used for i = 1–3 and 4–6 in
the summation of Eq. (19a). The numerical coefficients in
Eqs. (19a) and (19b) include the effect of inlet and exit pen-
etration depth of the flow into the PM inter-connectors.
The d in Eq. (19b) represents the porous medium thickness
and it is approximated for two limiting cases of PM inter-
connectors, for Ki = 10�10 m2 (as in PMC2 and first and
last half of PMC4 and 3, respectively), d is assumed as D,
by treating the low permeable PM inter-connectors as
solid. For other PM inter-connector cases of K i ¼ 10�05

m2 (as in PMC1 and first and last half of PMC3 and 4,
respectively) and the CF case, d is assumed to be ‘zero’,
as the high permeability warrants it. The local velocity pro-
files in Fig. 2a through d corroborate such limiting treat-
ment of the local permeability. The other symbols in Eq.
(19), representing geometric parameters, are explained in
the nomenclature.

A similar correlation is sought for the Dug keeping in
mind the fact that only the first three cylinders along with
their PM inter-connectors contribute to the variation of the
form coefficient, as seen in the streamlines of Fig. 3 and the
pressure-drop results of Fig. 4. Hence the resulting global
Dug correlation reads

Dug ¼ D
1:95/� 0:067ðd=DÞ
ðH=DÞ � 0:067ðd=DÞ

� �2
1

N

X3

i¼1

K�0:5
i ð20Þ

where the numerical coefficients subsume the effect of geo-
metric parameters (ST, SL). The other symbols take their
respective values as explained for Eq. (19) and in the
nomenclature.

Combining Eqs. (19) and (20) with Eq. (17) and (18) and
substituting them in Eq. (16) results in the non-dimensional
pressure-drop taking the form

n
2
¼ 1

0:5ReDa2
g

þ Dug ð21Þ

a form similar to that used in earlier studies [23,25]. Eq.
(21), together with the correlation in Eqs. (19) and (20),
predicts the pressure-drop results obtained through numer-
ical simulation within ±6% accuracy. The correlation pro-
posed in Eq. (19) through (21) is more general than the one
proposed in an earlier study [21], which was restricted to
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the UP case alone and modelled the global porous medium
(NCHX) using only the Darcy model.
5. Heat transfer results

Fig. 6a and b display the isotherms for Re = 10 and 100,
respectively, in the CF case and the four PMC considered
(UP and VP cases). By observing, for instance, the iso-
therm for h ¼ 0:95, the similarity of the isotherms for the
pairs PMC1 and PMC3 (both with K i ¼ 10�05 m2 in the
first three cylinder gaps) and the PMC2 and PMC4 (both
having Ki = 10�10 m2 in the first three cylinder gaps) are
apparent. This convection effect is in line with the depth
of penetration of the flow inside the PM inter-connector
regions, as shown in Fig. 3a and b. Due to the penetration
of the convection fluid inside the PM inter-connectors
(owing to their higher permeability), it is also observed that
the bulk temperature of the PMC1 and PMC3 approaches
that of the wall (maximum) temperature (of the domain),
even before the half way stage of the length of the NCHX.
This local heat transfer enhancement even within the PM
inter-connectors is not present in PMC2 and PMC4, where
the local permeability is much lower (10�10 m2). Neverthe-
less, when compared with the CF case (without the PM
inter-connectors), all of these PM connected configurations
enhance heat transfer from the tube wall to the convection
fluid.

However, it is clear from the isotherm profiles Figs. 6a
and b that since the fluid above the PM inter-connector
Fig. 6. Isotherms for the CF and PM configuratio
region reaches about 80% of the maximum (wall) tempera-
ture of the domain within first three cylinders of the NCHX
configuration itself, irrespective of the permeability of the
PM inter-connectors, connecting the last three cylinders
with the PM-inter-connectors (of such permeability values)
does not help much in the local heat transfer enhancement
of the last three cylinders. This situation is explained well in
the temperature profiles of Fig. 7. In Fig. 7(a,b) and (c,d),
drawn, respectively, for Re = 10 and 100, at the mid-sec-
tion and exit of the NCHX configuration. Even though
the temperature profiles at the mid-section for PMC1–4
are distinct and different from that of the CF in the region
above the PM inter-connectors, they all are almost identi-
cal inside the PM inter-connector region. The presence of
the PM inter-connectors contributes more to the additional
pressure-drop penalty across the NCHX.

The overall heat transfer coefficient for NCHX is calcu-
lated using the temperature at the exit and inlet, the Nu is
defined as

Nu ¼ qD=AðT w � T bnÞkfN ; ð22Þ

where all the parameters are explained in the nomenclature.
The overall heat transfer coefficient Nu variation with Re is
shown in Fig. 8, for all the PM cases, listed in Table 1. It
can be observed from Fig. 8 that apart from the usual Re
dependence, the Nu also increases with the increase in the
Dug, when the NCHX configuration is viewed as a porous
media. From Eq. (20), the increase in Dug can be seen as
the effect of the increase in Ki, the local permeability. The
n listed in Table 1 at Re = (a) 10 and (b) 100.



Fig. 7. Local dimensionless temperature profiles for Re = 10 (a) mid-section (b) exit and for Re = 100 at (c) mid-section (d) exit of the configuration.

Fig. 8. Effect of Ki on Nu versus Re.
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earlier plot of Fig. 7d registered maximum exit temperature
for the UP case of PMC1, resulting in the lowest tempera-
ture difference (T w � T bn). The average heat flux q/A from
all of the tubes also increases for increase in Tbn, resulting
in a maximum Nu, Eq. (22). Although for the VP cases of
PMC3 and PMC4, Nu curves fall in between the two limit-
ing values for PM cases of PMC1 and PMC2, the Nu value
of PMC3 is higher than that of PMC4 due to the fact that
the Dug for PMC3 is higher, leading to stronger forced con-
vection within the first three cylinders of the NCHX
configuration.
Comparing PMC1 and PMC3, their PM inter-connec-
tors in the first three cylinders have identical permeability
values, allowing similar strong forced convection situation
(as supported by the isotherms in Fig. 6). The mild drop in
Nu values of PMC3 from that of PMC1 is because of the
inability of the convection fluid to enter the PM inter-con-
nector in the last three cylinders of PMC3. For PMC4, the
local permeability is lowest in the beginning three cylinders
disallowing more fluid through the PM inter-connector,
thus preventing strong forced convection (although con-
vection is still present) when the temperature difference
between the tube (maximum) and the convection fluid is
large. This results in a significantly lower Nu value for
PMC4 than that of PMC3 (both VP cases) and much closer
to the PMC2, UP case.

For the chosen NCHX configuration (Fig. 1) with the
PM inter-connectors (Table 1) made of aluminium metal
foam having ks ¼ 202 W/m K, the overall Nu in Fig. 8 is
correlated with Re and Dug, Eq. (20), as

Nu ¼ 0:16Re0:73 þ 1:5Du0:2
g ; 20 < Re < 100: ð23Þ

Eq. (23) predicts an increase in the overall Nu as Re in-
creases irrespective of the inter-connector PM configura-
tion. The effect of PM inter-connector is subsumed in the
Dug values (see Eq. (20)). The above correlation Eq. (23)
predicts the overall Nu data obtained using numerical sim-
ulations (Fig. 8), within ±6% accuracy. For Re = 10 and 20
(in Fig. 8), it predicts the Nu values within ±20% accuracy.



Fig. 9. ER versus Re for CF and PM configuration listed in Table 1.
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Unlike the partial PM configuration of [14], the present
partly PM filled NCHX situation exhibits strong form-drag
dependence (Dug) of Nu, even for Dag � 10�1 (predicted
using Eq. (19)), under laminar flow.

6. Overall enhancement ratio

A comparison of the pressure-drop penalty incurred and
the heat transfer enhancement achieved for the PM inter-
connector models is expressed using overall energy gain
[24] of the system as

R ¼ ðQf=UACDP Þ ð24Þ
where Qf is the heat carried by the fluid
(= _mcpðT b�exit � T inÞÞ, U is the average velocity through
the duct, Ac is the area of the cross section and DP is the
pressure-drop across the tube bank. The overall enhance-
ment ratio (ER) of the system can be defined using the
overall energy gain of the system with PM and without
PM case as

ER ¼ RPM=RCF: ð25Þ
Fig. 9 shows the variation of ER with Re for all of the

PMC listed in Table 1. It can be observed for all of the
PMC that the variation of ER increases with Re and starts
decreasing at Re = 90. At higher flow rates the magnitude
of the non-linear drag term in Eq. (14) becomes significant,
leading to an increased overall pressure-drop resulting in a
decrease in ER, Eq. (25), even for similar behaviour of Nu

values with respect to Re. It is clear from Fig. 9 that higher
ER values are registered for the PM inter-connectors of
higher permeability case, PMC1. Similarly, because of the
highest Nu values (Fig. 8) and the reduced pressure-drop
even when compared with the CF case (Fig. 4), PMC1
results in the maximum ER values within the Re tested
range.

7. Conclusions

Using detailed numerical simulations, it is shown in this
paper that tube-to-tube PM inter-connectors can enhance
the heat transfer from the tubes to the cooling fluid, in a
typical near compact heat exchanger (NCHX) configura-
tion. The PM inter-connectors are made of metal foam
with permeability ranging between 10�5 and 10�10 m2,
and are placed in the longitudinal direction, between the
six successive tubes considered in in-line arrangement.
The parameters used for analysing the results are the global
non-dimensional pressure-drop (n) and heat transfer coeffi-
cient (Nu) for the NCHX with and without local PM inter-
connectors of uniform permeability (UP, PMC1 and
PMC2, see Table 1) and variable permeability (VP,
PMC3 and PMC4, see Table 1).

Treating the NCHX as a ‘global’ porous medium, it is
shown in this paper that their overall enhancement ratio
(heat transfer coefficient, Nu, and non-dimensional pres-
sure-drop, n) is being influenced by the presence of ‘local’
tube-to-tube porous medium (PM) inter-connectors.

Further, in the six cylinder NCHX configuration tested,
the effect of the flow structure over the last three cylinders
seems not to affect the form drag component at all, as seen
from the identical Cg results for PMC1 and PMC3, both
having the first three cylinders filled by PM with local
K i ¼ 10�05 m2, even though their last three cylinders are
filled by PM having local K i ¼ 10�05 m2 and 10�10 m2,
respectively.

For the UP cases (PMC1 and PMC2, see Table 1), the
overall NCHX Nu was found to be directly proportional
to the increase in the local interconnecting PM permeabil-
ity Ki, for all the Re tested. This is seen in the higher values
of Nu of PMC1 (Ki = 10�5 m2) than that of PMC2
(Ki = 10�10 m2).

By modifying the local cooling flow in such inter-con-
nectors using PM with suitably varying permeability, it is
shown that one can control the heat transfer from succes-
sive tubes in such NCHX configuration. This is corrobo-
rated by the results of Nu variation with Re for the VP
case of PMC3 and PMC4, which fall very close to the
UP cases of PMC1 and PMC2, respectively. The Nu varia-
tion for Re for VP cases (PMC3 and PMC4) is bounded by
the two limiting UP cases PMC1 and PMC2 as expected,
for identical porosity.

Comparisons between NCHX tube bank in the UP and
VP cases with the no-porous medium inter-connector case
(CF) are done using an overall enhancement ratio (ER)
defined as the ratio between the heat transfer and the
pumping power ratio incurred for the PM case over the
CF case. At higher flow rates (Re > 70) it is shown that
the VP case of PMC4 registers less pressure-drop compared
to PMC1, the UP case with highest Ki. Hence, the overall
enhancement ratio ER is seen to improve by using a vari-
able permeability PM tube-to-tube inter-connectors over
the uniform permeability PM inter-connectors.

By treating the NCHX as a ‘global’ porous medium,
separate useful engineering correlations predicting n and
Nu as a function of Re, Dag and Dug (the last two are, in
turn, correlated to Dai) have been developed. Both correla-
tions predict the numerical data with ±6% accuracy.
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