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A BSTRACT
The present experimental study investigates the effect of tube-to-tube porous interconnectors on the pressure drop and heat transfer (Nu) of tube
banks. A copper wire mesh porous medium connects successive tubes of the in-line and staggered arrangement of six rows of tubes. The tubes are
subjected to constant and uniform heat flux and cooled by forced convection using water as a cooling fluid in the laminar flow range (100 < ReDuct
< 625). The inline configuration with the tube-to-tube porous medium inter-connectors provides marginal enhancement of heat transfer and 12%
reduction in the pressure drop penalty respectively, compared to tube banks without porous medium inter-connectors. Using numerical simulations
the marginal heat transfer increase is attributed to contact resistance due to poor thermal contact between the tubes and the porous medium. Despite
this, the staggered tube bank configuration exhibit 50% heat transfer enhancement, with the tube-to-tube porous medium inter-connectors. However,
the pressure drop penalty is three times more than that for tube banks without porous medium interconnectors.
Keywords: Forced convection, Tube bank, Heat transfer enhancement, Porous medium, Interconnectors, Heat exchangers.

1. INTRODUCTION

Raju and Narasimhan (2007) have investigated forced convection of
inline tube banks with porous inserts under laminar flow. They have
reported uniform heat transfer enhancement for all configurations and
less pressure drop for some configurations than the configurations
without porous inserts. Straatman et al. (2006) studied thin layers of low
porosity carbon foam (porosity varying between 0.67 and 0.84) brazed
on top of a heater plate surface as a ‘roughness’ element to enhance heat
transfer. The results propose the thickness of the foam to be selected
based upon the depth of penetration of air, which for parallel flow
applications was deduced to be approximately 3 mm. The experiments
provide an insight into use of thin layers of foam material on tube
surfaces to act as a heat transfer enhancer without much increase in
pressure drop. A related, experimental study by TŠJoen et al. (2010)
uses a high porosity aluminium foam (porosity varying between 0.91
and 0.95) to evaluate the thermo-hydraulic performance of single row
heat exchangers consisting of aluminium tubes covered with metal foam.
Increasing the foam height reduced the exterior convective resistance but
incurred increased pressure drop. They also reported the effect of the
bonding contact resistance of the porous medium on the heat exchanger
performance.
In another experimental work by Jamin and Mohamad (2007),
aluminium fins and carbon foam porous medium were used as
attachments in vertical pipes. The aluminium fins experienced better
heat transfer than the carbon foam porous medium. Yu et al. (2006)
developed engineering models based on unit-cube geometry and the
results obtained compared well with the measured results from carbon
foam finned tube air water radiator. Up to 15% improvement in thermal
performance over conventional aluminum radiators is reported using

Heat exchangers are ubiquitous in engineering and industrial
applications ranging from household devices to electronics and power
plant cooling. A promising approach of performance enhancement is to
use porous medium in the heat exchanger Lage and Narasimhan (2000).
The large surface area, good permeability and high thermal conductivity
of suitable porous media contribute to the enhancement of heat transfer.
The excellent mixing of the fluid due to its tortuous flow path within the
porous medium increases the fluid retention time and thus improves heat
transfer. The increase in pressure drop, however, is strongly dependent
on the configuration of the porous medium.
The investigations by Lauriat and Ghafir (2000) using porous
medium to enhance the rate of heat and mass transfer in energy systems
show that the Nusselt number values are approximately 50% higher than
the values predicted for laminar flows in a channel without porous
materials. This is due to the higher thermal conductivity of the porous
matrix compared to the clear fluid. The experimental and numerical
results reported by Bogdan and Mohamad (2004b,a) have shown an
improvement in heat transfer along with a reasonable increment in
pressure drop penalty using porous inserts filled in a pipe. Comparison
of the results obtained with pipes fully filled and partially-filled with
porous inserts showed that the partially-filled case provides reduced
pressure drop with comparable heat transfer. A similar experimental
study done by Huang et al. (2010) reports of porous medium inserts at
the core of the tube for heat transfer enhancement. The heat transfer rate
of the tube with porous inserts whose diameters approach the diameter
of the tube is about 1.6 to 5.5 times larger than the smooth tube cases in
laminar, transitional and turbulent ranges of Reynolds numbers.
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direction having square pitch of XT = XL = 2.0 and the porous
medium of thickness equal to the tube diameter (t = D) was used to
connect successive tubes to create the inline configuration with porous
medium interconnectors. The hollow tubes were fitted with heating coil
to simulate the hot fluid flow in a heat exchanger, generating constant
and uniform heat flux from the tube surface. Four T-type thermocouples
were placed on each of these tube heaters to monitor and record surface
temperature of the tube surface. The thermocouple arrangement and
heater construction are shown in Fig. 1(b). Before placing the heaters in
the test section each heater was tested under a steady state conditions
and the surface temperatures were recorded. The maximum surface
temperature difference was verified to be less than 2 ◦ C to ensure
uniformity of surface heat flux. The electrical power input to the heater
was calculated from the measured current and voltage across them using
digital multimeter.
The tube heaters were placed in an adiabatic 150 mm × 50 mm ×
30 mm rectangular test section. The tubes exchanged heat with
cross-flowing cooling water. The flow was laminar as the Reynolds
number based on the channel hydraulic diameter was in the range of
100 < ReDuct < 625. All the four walls of the housing were made of
an insulating material called Cynthiana (k = 0.04 W/m-K) to ensure
adiabatic conditions.
The schematic of the experimental test rig is presented in Fig. 2. It
comprises a centrifugal pump, constant head water tank, water sump,
strainer, test section, Agilent-make data acquisition system, measuring
tank, differential pressure transmitter, thermocouples, a regulated DC
power supply (TDK-Lamda, Model: LD15010) for electrical power
input and digital multimeters. Distilled water was used as cooling fluid.
A centrifugal pump (JYOTI make, Model No: JP 140, Capacity: 0 to 20
m head, 0 to 10 LPM discharge) was used to transport the water from the
sump to the overhead water tank to maintain constant level. The
sediments and rust particles were filtered during recirculation using fine
filter at the suction line of the pump. The overflow line provided with the
overhead water tank was used to maintain constant level of water in the
tank, thus ensuring constant pressure water supply throughout the
experiments.

carbon finned tubes.
In numerical investigation of heat transfer performance of a
staggered tube bundle with various low conductivity wooden porous
media inserts at 100 < Re < 300 and for Pr = 0.7, Layeghi (2008)
showed a heat transfer enhancement of more than 50% in some cases.
Forced convection heat transfer from an elliptical pin fin heat sink with
and without metal foam inserts was studied using numerical simulations
by Seyf and Layeghi (2010). The Nusselt number was shown to increase
by more than 400% in some cases with a decrease in porosity and an
increase in Reynolds number. However, the pressure drop increases with
decreasing permeability and increasing Reynolds number.
Based on the literature survey it can be summarised that a proper
selection of metal foam inserts is crucial for enhancement of heat
transfer characteristics. The objectives of this work are to perform an
experimental investigation on the use of tube-to-tube porous
interconnectors to reduce pressure drop in the inline tube bank
arrangement as suggested in Raju and Narasimhan (2007) and to study
the heat transfer effects for the staggered tube bank arrangement.

Fig. 1 Schematic of test domain considered for study (a) inline
arrangement (b) thermocouple arrangement on tube heater surface
(c) assembled tube heaters with and without tube-to-tube porous
medium inter-connectors (d) staggered arrangement

Fig. 2 Schematic diagram of the experimental setup
Figure 1(c) shows the inline tube arrangement with and without
porous medium inter-connectors fitted in the insulated side walls of the
test section. The entire heat transfer test section was wrapped in ceramic
wool to minimize heat loss. The temperature of the inlet water was
measured by two T-type thermocouples fixed in crosswise direction at
the inlet of duct. Four thermocouples were located at the exit of the test
section to measure the outlet temperature of the fluid. The water flow
rate was measured using a stop watch and a measuring tank i.e. by

2. EXPERIMENTAL SETUP AND INSTRUMENTATION
Figure 1(a) shows the schematic of the inline configuration considered
for the forced convection heat transfer experiments. Here six tubes, each
9 mm in diameter and 50 mm in length were placed inline along the flow
2
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measuring the water collected for specified time duration. The flow rate
and input power were fixed for each test. Figure 1(d) depicts the
staggered tube bank arrangement considered for thermo-hydraulic
performance study with porous medium interconnectors. The detailed
instrumentation is discussed in Ramana et al.Ramana et al. (2010).

The permeability K and the form coefficient C of the porous medium
were determined from the curve-fit coefficients as K = 4.183 × 10−7 m2
and C = 43.5836 m−1 with uncertainties UK /K = ± 6.9%, UC /C = ±
3.7%. The volumetric porosity of the mesh was determined as φ = 0.58
using standard immersion technique.

3. EXPERIMENTAL PROCEDURE

4. RESULTS AND DISCUSSION

Hydraulic and forced convection experiments were conducted on a row
of six cylinders first kept in inline and then in staggered arrangement
inside the test section without the porous medium inter-connectors.
Longitudinal steady state pressure drop across the test section was
measured for several flow rates in the tube diameter based Reynolds
number range of 0 < ReD < 150. Corresponding heat transfer
experiments were also conducted to determine the steady state overall
Nusselt number (Nu). The ReD and Nu are defined as

The objective of the present study as stated earlier, is to understand the
effects of tube-to-tube porous medium interconnectors on
thermo-hydraulic behaviour of confined inline and staggered tube banks.
Accordingly, these effects are discussed in this section.
Figure 3 shows the comparison of longitudinal pressure-drop for
inline tube arrangement with and without tube-to-tube porous medium
inter-connectors. As expected for the range of ReD studied here, the
pressure-drop increase with increasing ReD is quadratic. Interestingly, it
can be observed that the inline configuration with porous medium
interconnectors experiences lesser pressure-drop when compared with
plain inline tube configuration. This reduction can be attributed to the
absence of the pressure drop penalty originally caused by the
recirculation and vortices behind individual tubes in the inline
configuration without the porous medium. A similar observation was
made by Raju and Narasimhan (2007) in their numerical study of inline
tube bank with porous interconnectors. In the present experimental
study a maximum of 12 percent pressure drop reduction was observed
for the range of flow considered.

ρU D
µ

(1)

qD


AN T̄w − T̄avg_exit kf

(2)

ReD =
Nu =

where all the terminology involved are explained in the nomenclature.
By regulating the voltage and current from the DC power source, a
constant and uniform 300 W energy was supplied to all six tube heaters.
Steady state was assumed to be reached when the deviations of the tube
wall temperatures as well as the inlet and outlet temperatures were within
± 0.1◦ C for a span of ten minutes. The system typically took three to
four hours to reach this steady state. Once steady state was reached, all
the temperatures, pressures and water flow rate were recorded. The mean
of the temperatures of the six tube walls (i e. 24 on all tubes) were used
to determine T̄W in Eq. (2). The average exit temperatureT̄avge xit of the
fluid was measured using four T-type thermocouples fitted at the exit of
the test section. Using these data the average exit temperatureT̄avge xit
was calculated.
The uncertainties in the primary measured quantities were obtained
from the calibration of the instruments or the uncertainty prescribed by
the manufacturer. The uncertainties in the measured physical quantities
were ± 0.02 mm for linear dimensions, ± 5 ml for flow measurement,
± 0.1 ◦ C for temperature and ± 0.25% for pressure measurement. The
uncertainty, wR , in the dependent variable R, was estimated by following
the procedure Holman (2001) given below.
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Fig. 3 Longitudinal pressure drop for different Reynolds numbers for
inline arrangement

where ‘x’ is the independent variable and wx is the uncertainty associated
with ‘x’, Using this procedure, the uncertainty in the average Nusselt
number, pressure drop and Reynolds number was calculated as ± 5.2%,
± 3.6% and ± 2.8% respectively.
The experimental setup was verified for both hydraulic and heat
transfer measurements for inline arrangement of tubes without porous
medium interconnectors by comparing the obtained pressure-drop and
Nusselt number data with the established tube bank correlations
Zukauskas (1987).
Copper wire mesh porous media used as interconnectors in this
study were tested to determine the hydraulic properties such as porosity,
permeability and form coefficient. The porous medium was filled in a
separate rectangular duct and the longitudinal pressure drop for several
flow rates in the identical range of ReDuct were measured. The data was
curve-fit using the global Hazen-Dupuit-Darcy (HDD) porous medium
model
∆P
µ
= U + ρCU 2
L
K

Figure 4 shows the comparative heat transfer characteristics of the
inline configuration with and without tube-to-tube porous medium
interconnectors. The experimental results are plotted in Fig. 4 along
with the empirically predicted results using the equation given below by
Zukauskas Zukauskas (1987) is general tube bank correlation with error
band of ± 20%. The two dotted lines indicate the upper and lower
bound of the equation Eq. (5).
m
0.25
N uD = C1 C2 Ren
D,max P r (P r/P rs )

(5)

where for the present inline configuration the value of constants are C1 =
0.945, C2 = 0.9, n = 0.4 and m = 0.36 for the flow range 0 < ReD,max <
100 and C1 = 0.945, C2 = 0.52, n = 0.5 and m = 0.36 for 100 < ReD,max
< 1000 flow range respectively. The ReD,max in the equation Eq. (5) is
defined as
ρUm D
ReD,max =
(6)
µ

(4)
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Reynolds number for both cases (with and without tube-to-tube porous
medium inter-connectors). A 3.5 fold increase in the pressure drop for
the case with porous medium is observed, compared to its base line case
in the range of flow studied.

Fig. 4 Average Nusselt number for different Reynolds numbers for inline
arrangement

The heat transfer results of inline tube bank without porous
medium inter-connectors compared well with the empirical results of
inline tube bank. The Nusselt number shows an increasing trend along
with increase in Reynolds number as expected. However, there is no
significant enhancement in heat transfer for the case with porous
medium inter-connectors over the case without the interconnectors. The
poor enhancement of heat transfer may be attributed to poor thermal
contact between the tubes and porous interconnectors. TŠJoen et al.
(2010) reported in an earlier experimental study that the bonding
between the porous layer and the pipe is very crucial. Conductive epoxy
glue was used in their experiments to join the metal foam on pipe and
the results were not encouraging suggesting the need to develop a cost
effective and efficient brazing technology for this purpose. In the present
work, although brazing was employed, the effect of contact resistance is
found to be significant.
To understand the poor performance, the inline tube bank
configuration shown in Fig. 1a is considered for numerical simulation,
initially without contact resistance between tubes and porous
interconnectors and later by introducing thermal contact resistance. A
commercially available CFD software is used for the simulations The
numerical procedure followed here is similar to that detailed in Raju and
Narasimhan (2007).
Numerically predicted heat transfer of inline configuration with
porous medium inter-connectors shows a significant three-fold increase
in heat transfer and is shown in Figure 4as a thin line tagged as "with
PM". This particular case is with no thermal contact resistance. In
experimental results this enhancement is not seen due to the presence of
contact resistance between the tube surface and the porous medium
inter-connectors. The method employed to join the tube surface and
inter-connectors is simple brazing which forms a layer of 2 mm at the
joining surface that has considerable thermal resistance. Taking this
assumption into consideration the configuration was simulated again by
introducing an equivalent contact resistance at the joining surface.
Various contact conductivity values from effective thermal conductivity
(kef f ) of porous medium (ks ) and fluid (kf ) were invoked to simulate
the heat transfer behaviour for the range of flow considered. The
maximum contact conductivity kef f = (1 − φ) ks + φkf and minimum
contact conductivity were taken as that of the fluid (kf ) present in the
domain forming a 2 mm layer between the tube surface and porous
medium inter-connectors. These heat transfer results with contact
resistance agree with the experimental values.
Hydrodynamic results plotted in Figure
5 for staggered
arrangement show that the pressure drop increased with an increase in

Fig. 5 Longitudinal pressure drop for different Reynolds number for
staggered arrangement
Figure 6 shows the average Nusselt number behaviour of the
staggered arrangement with and without tube-to-tube porous medium
inter-connectors. The Nusselt number shows an increasing trend along
with increase in Reynolds number as expected, but comparing with the
clear fluid case there is 50% increase in heat transfer for the case with
porous medium inter-connectors.

Fig. 6 Average Nusselt number for different Reynolds number for
staggered arrangement
Figure 7 explains the overall enhancement ratio of the inline and
staggered tube banks with the presence of porous medium. The effect of
tube-to-tube porous medium inter-connectors on heat transfer
enhancement and change in pressure drop penalty for inline and
staggered arrangements is compared by using overall energy gain (R) of
the system as
R=

Qf
U Ac ∆P

(7)

where, Qf is the heat carried away by the fluid Qf = ṁ cp
(T avge xit − Tin ), U is the average velocity through the channel, Ac is
4
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Dh
hydraulic diameter of the duct, m
k
thermal conductivity, W/m-K
K
permeability, m2
L
length of the test domain, m
ṁ
mass flow rate of fluid, kg/s
N
number of rows in tube bank
Nu
average Nusselt number, Eq. (2)
p
pressure, Pa
∆P
pressure drop across tube bank, Pa
PM
porous medium
q
total heat transfer, W
R
overall energy gain
ReD
Reynolds number based on tube diameter, UD/ν
ReDuct
Reynolds number based on hydraulic diameter of the duct,
UDh /ν
SL
cylinder pitch in direction of flow, m
ST
cylinder pitch in normal to flow, m
t
porous medium thickness, m
T
temperature, ◦ C
T̄
average temperature, ◦ C
U
average flow velocity, m/s
Um
average maximum flow velocity, m/s (U*ST )/(ST – D)
XL
dimensionless cylinder pitch in direction of flow, SL /D
XT
dimensionless cylinder pitch in normal to flow, ST /D
Greek Symbols
α
thermal diffusivity (m2 s−1 )
φ
volumetric porosity, dimensionless
µ
dynamic viscosity, kg m−1 s−1
ν
kinematic viscosity, m2 s−1
ρ
density (kgm−3 )
Subscripts
f
fluid property
in
inlet
s
solid property
w
wall

the area of the cross section and ∆P is the pressure drop across the tube
bank. The overall enhancement ratio (ER) of the tube bank can now be
defined using the overall energy gain of the tube bank with and without
Porous medium configurations
ER =

RwithP M
RwithoutP M

(8)

Fig. 7 Enhancement Ratio with porous medium inter-connectors for
inline and staggered arrangements
The overall enhancement ratio of the inline arrangement with
porous medium is 1.5 times higher than its counterpart. But staggered
arrangement shows poor overall performance even though the heat
transfer increases considerably, the incurred pressure drop penalty
suppresses its merit as a better heat transfer candidate. Nevertheless it
can be employed wherever high heat dissipation rates are required with
no pump power restrictions.
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