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According to the concept of heat transfer enhancement in the core flow, porous media with a slightly
smaller diameter to a tube are developed and inserted in the core of the tube under the constant and uni-
form heat flux condition. The flow resistance and heat transfer characteristics of the air flow for laminar
to fully turbulent ranges of Reynolds numbers are investigated experimentally and numerically. There are
three different porous media used in the experiments with porosity of 0.951, 0.966 and 0.975, respec-
tively. The effect of porous radius ratio on the heat transfer performance is studied in numerical simula-
tion. Both numerical and experimental results show that the convective heat transfer is considerably
enhanced by the porous inserts of an approximate diameter with the tube and the corresponding flow
resistance increases in a reasonable extent especially in laminar flow. It shows that the core flow
enhancement is an efficacious method for enhancing heat transfer.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the development of modern industrial world, tremendous
works on heat transfer enhancement have been conducted and a
large number of techniques for convective heat transfer enhance-
ment have been developed since 1970s. Most of these techniques
are targeted at the tube fluid flow. The flow in a pipe can be divided
into two parts [1]: boundary flow, which represents boundary layer
in the entrance length or the fluid layer near wall in the fully devel-
oped length, and core flow. To raise the heat transfer efficiency of
heat exchangers, most attentions have been paid to the surface of
tube [2]. The commonly used methods are: (a) disrupting the fluid
boundary layer near the wall; (b) extending the solid surface to
transfer more heat flux; (c) changing the physical and chemical
natures of the surface, etc. This kind of methods is focused on the
heat transfer boundary and thus it may be called heat transfer
enhancement in the boundary flow. However, when these methods
effectively increase the amount of heat transferred, they also
increase the flow resistance inevitably: as the velocity gradient, vis-
cous diffusion as well as the momentum loss of the fluid near the
boundary increases, the shearing strength and friction between
the fluid and boundary may have different extents of growth.

Different from traditional manner of heat transfer enhance-
ment, Liu et al. [3] developed the new concept of enhanced heat
transfer in the core flow along a tube. He believes that the core
flow of tubes is worthy to be well used for heat transfer augmen-
tation. The most direct way is to make temperature as uniform
ll rights reserved.
as possible in the core flow of the tube in order to form a thin ther-
mal boundary layer near the wall with great temperature gradient,
thus resulting in a significant heat transfer enhancement effect. At
the same time, it is necessary to: (a) minimize the velocity gradient
of the tube flow for avoiding excessive fluid shear stress; (b) keep
hydrodynamic boundary apart from disturbance for preventing
redundant loss of fluid momentum; and (c) interrupt the continu-
ously extended surfaces to be discontinuous as far as possible to
decrease surface frictional resistance. So, the essentials of the
method can be mainly summarized as: (a) making temperature
uniform in the core flow; (b) not to increase velocity gradient in
the flow field; (c) not to disrupt fluid near the boundary; (d) not
to extend continuous surface on the wall.

Based on the concept of heat transfer enhancement elaborated
above, the porous media are considered to be a kind of satisfying
inserts for enhancing heat transfer in the tube flow, for its excellent
performance in temperature uniformity. Lots of investigations
have proven that partially filling a duct or channel with porous
media is an effective method for heat transfer enhancement.
Al-Nimr and co-workers [4] investigated numerically the transient
forced convection of laminar flow in the developing region of par-
allel-plate ducts filled partially with porous inserts, and studied the
effects of several operating parameters including porous layer
thickness, Darcy number, thermal conductivity ratio, and micro-
scopic inertial coefficient on the flow hydrodynamics and thermal
characteristics. Kuznetsov [5] studied the similar problem of the
fully developed forced convection in a parallel-plate channel with
a porous medium in the center by means of mathematical analysis,
and the analytical solutions for the critical parameters of heat transfer
were obtained. Furthermore, he presented a more comprehensive
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Nomenclature

A cross-section area of the tube
Cp specific heat of air at constant pressure
CF inertia coefficient
D diameter
f friction factor
h convective heat transfer coefficient
I electric current
K permeability
L length of the test section
Nu Nusselt number
p pressure
PEC performance evaluation criteria
Pr Prandtl number
q heat flux
Q heat gained by air
Qe exterior heat input
Qv volume flow rate of air
r radial position measured from centerline
R radius
Re Reynolds number
Rrad porous radius ratio
S distance between two adjacent screens
T temperature
u axial velocity
um average velocity of air
Ud Darcian velocity

Ui axial velocity of the air at the inlet of the test section
U
!

velocity vector
v radial velocity
V voltage
z axial position measured from the beginning of the test

section

Greek symbols
a local synergy angle, degree
d thickness of the annular channel
e porosity
l viscosity
h dimensionless temperature
k thermal conductivity
q density

Subscripts
a air
eff effective
i inner diameter or inlet value
m mean value
o outer diameter or outlet value
p solid matrix of porous
s smooth tube
w wall
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analytical investigation on this problem, considering different
porous medium positions, flow directions and heating modes in
Ref. [6]. New boundary layer type analytical solutions were
obtained for these fundamentally important partly porous config-
urations. Alkam and Al-Nimr [7] introduced another method by
inserting porous substrates at both sides of the inner tube wall,
the thermal performance of a conventional concentric tube heat
exchanger can be improved. The improvement was investigated
numerically and the results showed that inserting the porous sub-
strate may enhance the effectiveness of the heat exchanger consid-
erably, although it increases the pressure drop within the heat
exchanger at the same time. Kuznetsov [8] numerically studied
the heat transfer of turbulent flow in a composite porous/fluid duct
with porous media attached to the duct wall by using a two-layer
k–e model to account for interface roughness. The results showed
that the roughness of the porous/fluid interface significantly im-
pacts turbulent flow in the clear fluid region as well as overall heat
transfer in the duct, and an unexpected feature that there is a min-
imum of dependence of the Nu number on the position of the inter-
face was found and explained. Experimental works in this area
were also performed. Hetsroni et al. [9] experimentally investi-
gated the heat transfer and pressure drop in a rectangular channel
with low porosity sintered porous inserts. The results showed that
the heat sink has good performance of heat transfer, when it also
leads to a drastic increase in the pumping power. Angirasa [10]
experimentally studied the effectiveness of metallic fibrous with
high porosity (above 90%) in heat transfer enhancement by mount-
ing a fibrous heat block in a wind tunnel with air flow, demon-
strated that the metallic porous heat dissipaters can achieve
substantial heat transfer augmentation when compared to plain
flat plate.

Actually, many scholars have studied heat transfer enhance-
ment methods which are directed at the core region of a tube,
but no one had developed the concept of enhanced heat transfer
in the core flow. Mohamad [11] numerically investigated the prob-
lem of heat transfer enhancement for a laminar flow in a pipe fully
or partially filled with porous medium inserted at the core of the
conduit. It was shown that with the porous material partially filling
in the core of a conduit, the rate of heat transfer from the wall can
be increased with a reasonable pressure drop, and the thermally
developing length can be reduced by 50% or more. This partially
filling method works better than the fully filled one. Yang and
Hwang [12] numerically investigated the turbulent fluid flow
behavior and heat transfer enhancements in a pipe fully or par-
tially filled with porous medium inserted at the core of the conduit.
The impact of Re number, Da number and porous radius ratio on
heat transfer performance was analyzed in detail. Chen and Sutton
[13] numerically proposed and solved a developing duct flow with
a porous insert in the center. The effect of both convection and
radiation were taken into account and the radiative transfer is sim-
ulated by a special integral equations developed by themselves
[14,15] with high accuracy. The results showed that the porous in-
sert enhance both convective and radiative transfer. Pavel and
Mohamad [16] further investigated the enhanced heat transfer ef-
fect of metallic porous materials that are inserted into the core of a
pipe with a constant and uniform heat flux experimentally and
numerically. The results obtained showed that compared with
the clear flow case where no porous materials was used, higher
heat transfer rates can be achieved using porous inserts whose
diameters approach the diameter of the pipe and it is very impor-
tant to get the accurate physical parameters of a porous material
from the experiment for a successful numerical simulation. Wang
et al. [17] experimentally and numerically investigated heat trans-
fer enhancement by inserting metallic filament in a square channel
without contact with the channel wall. The results indicated that
the temperature profiles of fluid flowing over the filament become
more uniform and the fluid temperature drops more sharply near
the channel wall so that heat transfer was enhanced. Bharadwaj
et al. [18] experimentally investigated the thermal performance
of water flow in a 75-start spirally grooved tube with twisted tape
insert. It is found that compared to smooth tube, the heat transfer
enhancement due to spiral grooves is further augmented by inserting
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twisted tapes, and the direction of twist (clockwise and anticlock-
wise) also influences the thermo-hydraulic characteristics.

Based on the concept of enhanced heat transfer in the core flow,
the present study investigates the heat transfer enhancement and
the flow resistance of air flow through a tube with porous medium
inserts emplaced in the core of it under the constant uniform heat
flux condition. The porous insert is developed to directly improve
the uniformity of temperature profile in the tube and consequently
to enhance convective heat transfer. Both numerical and experimen-
tal studies are performed to examine the effect of the porous insert
on heat transfer for laminar to fully developed turbulent tube flow.
The present work differs from previous work of Pavel and Mohamad
[16] in few aspects: (a) characteristics of the turbulent flow are mea-
sured for the first time; (b) the performance evaluation criteria (PEC)
is used to evaluate the integrated effect of the porous inserts on heat
transfer enhancement intuitively; (c) the porous media used exper-
imentally are different from theirs in terms of porosity, permeability,
material used as well as porous radius ratio.

2. Problem definition

The problem is schematically presented in Fig. 1, in which the air,
with a uniform inlet velocity and temperature, flows through a tube
partially filled with porous media, and is heated by the tube wall
with a constant and uniform heat flux. Both experimental and
numerical study investigate the heat transfer enhancement over a
range of Reynolds numbers about 1000–19,000 covering laminar,
transitional, and the turbulent regime (for convenience, the transi-
tional flow and turbulent flow are collectively referred to as turbu-
lent flow in the following statement), and the heat flux is
determined to make the temperature of the air rise about 10 �C after
it flows through the tube. The porous media used for experiments are
developed by cutting the commercial copper screen (8978 kg/m3 in
density and 387.6 W/(m2 K) in thermal conductivity) to many circu-
lar pieces with a same diameter, inserting them on a thin copper rod
evenly from the center then soldering to fix them together. The
screens have 10 meshes in one inch and the wire diameter is
0.49 mm, meaning that the size of the meshes is 2 mm�2 mm. The
internal diameter of the stainless steel tube Di for experiments is
17 mm and its external diameter Do is 19 mm. To partially fill the
tube with porous media, the copper screens are cut out at a diameter
Dp of 16 mm; that is, the thickness of the channel d between the por-
ous media and the wall is 0.5 mm and the porous radius ratio Rrad

(Rrad = RP/Ri; RP is radius occupied by porous media while Ri is the
internal radius of the tube) is about 0.94. Three different porous
medium inserts are made by varying the distance S between two
adjacent screens, which are 5 mm, 10 mm and 20 mm, respectively.
The porosity eof each porous medium is calculated by the volume ra-
tio of the porous insert to all the screens on it. There are e = 0.951,
0.966 and 0.975 correspond to the three different porous media in-
serts of S = 5, 10 and 20 mm, respectively.

3. Experimental apparatus and procedure

Experiments are conducted in a rig with air as the working fluid.
Its schematic diagram is depicted in Fig. 2. The rig is composed of
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Fig. 1. Schematic diagram of the problem.
several stainless steel tube sections which joint together by flanges.
Air is continuously supplied by a three-lobe Roots Blower (2) with
discharge pressure of 44.1 kPa and flow capacity of 1.35 m3/min.
In order to minimize vibrations and flow pulsations, a 500 mm long
stainless steel hose (4) and a tank (5) of about 0.2 m3 in volume
with two layers of semi-circular plate inside are successively con-
nected with the air blower. The volume flow rate Qv through the
test section is measured by the vortex precession flow meter (8)
which has ±1% accuracy and it is protected by the 90 l-filter
(7).The flow rate of air flowing inside the rig is regulated by two
ways: (a) change the rev of the blower by transducer (1) which con-
trols the AC frequency of the electric power required by the blower;
(b) regulate the valve (6) in the bypass section. A rectifier (9) com-
posed of two screens 100 mm apart from each other is installed at
the entrance of the calming section (10) to remove eddies and pro-
vide a more uniform velocity profile. The calming section is 1.5 m
long for the air flow can be hydrodynamic fully developed. The
300 mm length test section (12) follows the calming section. Two
pressure taps are welded in the proximity of the exit and entrance
flanges of the test section so that pressure drop through the test
section can be measured by connecting them to the ports of the dif-
ferential pressure transmitter (11) which has ±1% accuracy. The test
section is heated at the exterior over its entire length with a uni-
form heat flux, which is generated by winding heater wire on the
tube without any spacing between successive turns. The heater
wire is covered with porcelain sleeves of 2 mm OD for insulation.
The heating power can be regulated by the voltage regulator (14)
connected to the heater wire. Then a voltage stabilizer (15) is con-
nected between the local power network and the voltage regulator
to remove the voltage fluctuation of the local power network when
experiments proceed. To prevent heat loss from the environment,
two layers of insulation materials are put on the test section. Firstly,
the insulated heater wire is covered by an 80 mm thick asbestos
tightly. Then dozens of sponge stripes are wound around the asbes-
tos layer and the total thickness of the insulation materials is about
130 mm. The axial conduction loss from the connecting flanges is
prevented by using double-decked PTFE spacers. Temperatures of
the air entering and leaving the test section and those of the surface
of the test section tube wall are measured by 10 K-type thermocou-
ples which are all calibrated with an uncertainty of about ±0.5% in
the operating temperature range. Five of them are soldered on the
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1. Transducer 2. Roots blower 3. Valve 4. Stainless steel hose 5. Tank 6. Regulatory valve
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Fig. 2. Experimental rig layout.
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tube wall with equal interval along the length of the test section
and four are placed at flow cross-section at the exit of the test sec-
tion with different radial positions of 0, 3, 6 and 8 mm, respectively
to measure the temperature of the heated air accurately. All the
electrical signals generated by the sensors are transmitted to the
signal conditioning unit (16) and the resulting signals are further
converted into digital signals by a DAQ card installed into a PC
(17) so that the values including current, voltage, temperatures,
pressure drop and flow rate can be recorded with an application
associated with the signal conditioning unit. The whole acquisition
system has an uncertainty of ±0.05%.

The experiments were carried out at different flow rates of air un-
der constant wall heat flux conditions. The power input changes
with the variation of the flow rate to make the temperature of the
air rise by about 10 �C after it flows through the test section. The
experimental procedures are as follows. Air with an initial flow rate
was supplied to the experiment rig by the blower and a relevant
power input was also supplied to the test section. The volume flow
rate of air, the current and voltage of the power input, the tempera-
ture of the outside tube wall and the air at the inlet and outlet of the
test section as well as the pressure drop were continuously moni-
tored with a scanning frequency of 0.1 Hz. Generally it took approx-
imately 7–8 h to reach steady-state condition for laminar flow of the
initial experiment, and 4–5 h for turbulent flow. The steady-state
condition here means that the temperatures indicated by the ther-
mocouples do not vary by more than ±0.2 �C within a period of about
30 min. To effectively remove the noise specific to each sensor as
well as the noise induced in the electric wires by the surrounding
electromagnetic fields, each data point was obtained by averaging
200 discrete values acquired in almost 30 min. After collecting a
set of data at steady-state condition of the initial flow rate, the fre-
quency of the transducer was increased so that the air flow rate
was changed to next value. It usually took a period of approximately
1.5 h to reach the steady-state again and then a new set of data was
collected.
4. Data processing

As mentioned above, the volume flow rate of air Qv, the current
of the power input I, the voltage of the power input V, the average
temperature of the outside tube wall Tw,o,m (evaluated by taking
arithmetic average of the five temperatures measured by the ther-
mocouples soldered on the tube wall), the bulk temperatures of the
air at the inlet Ta,i and outlet Ta,o of the test section, as well as the
pressure drop Dp can be gained from a set of experiment data.
Then the average velocity um of the air can be evaluated from
um = Qv/A, and the nominal cross-sectional area A = pDi

2/4. The
Reynolds number is defined based on nominal diameter as

Re ¼ qumDi=l; ð1Þ

and the friction factor is defined as

f ¼ Dp
L

2Di

qu2
m
; ð2Þ

where L is the length of the test section. The sensible heat gained by
air can be evaluated using relation

Q ¼ QvqðTa;o � Ta;iÞCp; ð3Þ

and the heat balance can be checked by comparing Q with the exte-
rior heat input to air Qe which is defined as Qe = IV. The heat balance
errors of all the experiment results were limited to less than 5%.
Then the average convective heat transfer coefficient of the test sec-
tion is evaluated as
h ¼ Q
pDiL

1
L

Z L

0

dz
ðTw;i � Ta;mÞ

; ð4Þ

where Ta,m is the average air temperature in the test section, here
Ta,m = (Ta,o – Ta,i)/2, and Tw,i is the inside tube wall temperatures. It
can be evaluated from the outside tube wall temperatures in this
case using one-dimensional heat conduction equation

Tw;i ¼ Tw;o �
Q � lnðDo=DiÞ

2pkwL
; ð5Þ

where Tw,o is the temperatures measured by thermocouples sol-
dered on the tube wall and kw is thermal conductivity of stainless
steel evaluated at Tw,o,m. The averaged Nusselt number is then eval-
uated as

Nu ¼ hDi=ka: ð6Þ

All the physical properties of air are evaluated at Ta,m by linear
interpolation and the International System of Units is used for all
the physical values.

According to the uncertainties of measurement above (see Sec-
tion 3), the uncertainty in the data calculation is analyzed based
on Ref. [19]. The uncertainties in determining the physical parame-
ters of the air and physical dimensions of the tube are estimated as
0.2% and 1.0%, respectively. Therefore, the maximum uncertainties
of non-dimensional parameters are ±5.93% for Nusselt number,
±10.96% for friction factor and ±2.75% for Reynolds number. Fur-
thermore, to verify the accuracy of experimental data, heat transfer
experiments of smooth tube were done and the results of average
Nusselt number and friction factor were compared to the results
of corresponding traditional empirical relations (see Fig. 3). The
accuracy of the experimental data is satisfactory for the relative er-
rors are less than 3% compared to the results of empirical relations.
The following equations are used as the empirical relations for ver-
ification. For friction factor of laminar flow (1000 < Re < 2300), it is

fs ¼ 64=Re; ð7Þ

and for friction factor of turbulent flow (3000 < Re < 20,000), the
Blasius equation is

fs ¼ 0:3164=Re0:25: ð8Þ

For verification of Nusselt number, the Gnielinski equation is used
for turbulent flow

Nus ¼ 0:0214ðRe0:8 � 100ÞPr0:4 � ½1þ ðDi=LÞ2=3�ðTa;m=Tw;i;mÞ0:45
; ð9Þ

and for laminar flow, no empirical relation can apply to the exper-
iment situation in the test section, where velocity profile of the air
is fully developed but temperature profile under the constant wall
heat flux condition hasn’t been developed yet, so a numerical sim-
ulation of heat transfer with the same condition in this case were
done and the results are used to verify the Nusselt number of the
experiments in laminar flow condition. The accuracy of the numer-
ical model is checked by calculating the Nusselt number of a fully
developed laminar flow under the constant wall heat flux condition
and the results exactly equal to 4.364, which is the theoretical value
in this condition. The results of the numerical simulation are corre-
lated as

Nus ¼ 0:84562Re0:29137; ð10Þ

and the maximal fitting error is 0.6%.
As we know that in the numerical simulation, two physical

properties of the porous media have to be determined, they are
permeability K and inertia coefficient CF. In order to make the
numerical predictions more accurate, these two properties were
experimentally determined by using the Darcian equation with
Forcheimer revision



Fig. 4. Pressure drops measured at different flow velocities.

Fig. 3. Comparison of experimental results with the corresponding values of
empirical relations for clear flow: (a) Nusselt number; (b) friction factor.
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Dp ¼ lL
K

Ud þ
qLCFffiffiffiffi

K
p U2

d; ð11Þ

where Ud is the Darcian velocity. It is easy to find that the pressure
drop Dp is a quadratic function of the Darcian velocity Ud. It means
that pressure drops over the porous inserts in a tube with the same
diameter of the porous media at different Darcian velocities should
be measured and the permeability K and inertia coefficient CF can be
calculated by fitting second order polynomials of Dp versus Ud

through the experimental data. The pressure drops measured at
different flow velocities over the porous media are presented in
Fig. 4. The solid lines in the figure are the fitting curves of the
experimental data. The corresponding values of permeability
K (1.964 � 10�7 m2, 3.064 � 10�7 m2 and 5.721 � 10�7 m2) and
inertia coefficient CF (0.017, 0.016 and 0.015) have been calculated
for the three different porous media inserts of e = 0.951, 0.966 and
0.975, respectively.
5. Mathematic model of numerical simulation

The problem of numerical simulation has been described previ-
ously (see Fig. 1). The air with uniform inlet velocity and temper-
ature flows through a tube partially filled with porous media,
and is heated by the tube wall at a constant and uniform heat flux.
In the numerical simulation, the flow is considered to be two-
dimensional with symmetry about the centerline. In order to de-
velop the mathematic model, following assumptions are made:
(a) the porous media are homogeneous and isotropic with no dis-
tension or contraction; (b) the analysis domain is subjected to local
thermal equilibrium; (c) the heat generated by the viscous effects
is negligible; (d) the gravitational effect of the air flowing through
the tube is negligible; (e) steady-state flow is considered.
Continuity equation:

@

@z
ðquÞ þ 1

r
@

@r
ðrqvÞ ¼ 0 ð12Þ

Momentum equations in porous region:

1
e2

@

@z
ðquuÞþ 1

re2

@
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ðrqvuÞ ¼�@p
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�lu
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Momentum equations in non-porous region:
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Energy equation in porous region:

@

@z
ðquCpTÞ þ 1

r
@

@r
ðrqvCpTÞ ¼ @

@z
keff

@T
@z

� �
þ 1

r
@

@r
rkeff

@T
@r

� �
ð15Þ

where keff is the effective thermal conductivity of the medium
defined by

keff ¼ ð1� eÞkp þ e ka: ð16Þ

Energy equation in non-porous region:

@
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r
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� �
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ð17Þ

Boundary conditions:

z ¼ 0 : u ¼ Ui; v ¼ 0; T ¼ Ta;i ð18aÞ



Fig. 5. Experimental results of Nusselt number.
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z ¼ L :
@u
@z
¼ 0; v ¼ 0;

@T
@z
¼ 0 ð18bÞ

r ¼ 0 :
@u
@r
¼ 0; v ¼ 0;

@T
@r
¼ 0 ð18cÞ

r ¼ Ri : u ¼ 0; v ¼ 0; ka
@T
@r
¼ q ð18dÞ

The partial differential Eqs. (12)–(18) are solved by the control
volume, finite difference approach and the SIMPLER algorithm is
used for pressure-velocity coupling. The discretization of the
momentum and energy equations employs the second order upwind
format. The k–e model of double equations is used for turbulent flow
cases. In turbulent flow simulation, following assumptions are
made: (a) steady-state condition is considered; (b) the variation of
the air thermal properties is neglected for the relative small temper-
ature range encountered; (c) there is no energy transfer by conduc-
tion in the tube wall. The spatial mesh points are set as 2300 � 52 in
the computational domain. The criteria for convergence are to con-
serve mass, momentum and energy globally and locally. As one of
the convergence criteria, relative variations of velocity and temper-
ature between two iterations are set to be smaller than 10�8. For a
typical computation, 5000–6000 iteration steps are required to meet
the accuracy. The meshes in boundary layer region are refined for
accurate simulation. In order to check the grid independence of the
results, meshes in different sizes of 1150 � 27, 2300 � 52 and
4600 � 90 in axial and radial directions, respectively, were em-
ployed in the grid test, where e = 0.951, Rrad = 0.94, and Re = 1000
for laminar flow and 10,000 for turbulent flow were used. Average
temperature of the heating tube wall and pressure drop of the test
section were selected as the parameters for error analysis in the grid
test. According to the test results, the mesh size of 2300 � 52 was
used for all computations because the differences of the two error
parameters were less than 0.0004% and 0.0295% respectively for
laminar flow, and 0.0053% and 0.1400% for turbulent flow, compared
to the case with mesh size of 4600� 90. Moreover, the mesh size of
2300� 52 has been validated by calculating the Nusselt number of a
fully developed laminar flow under the constant wall heat flux con-
dition and the results exactly equaled to 4.364, which has been men-
tioned in Section 4.

After finding out velocity and temperature fields, heat transfer
coefficient of tube flow can be calculated as

hðzÞ ¼ q
Tw;iðzÞ � Ta;mðzÞ

; ð19Þ

where Ta,m(z) is the cross-sectional bulk temperature of air inside
the tube, and is evaluated by

Ta;mðzÞ ¼
Z Ri

0
uTrdr

�Z Ri

0
urdr: ð20Þ

Then the Nusselt number and friction factor can be calculated as

NuðzÞ ¼ hðzÞDi=ka; ð21Þ

f ðzÞ ¼ 2
dp
dz

Di

�
qumðzÞ2 ð22Þ

where um(z) is the cross-sectional average velocity defined as

umðzÞ ¼ 4
Z Ri

0
2purdr

�
pD2

i : ð23Þ
Fig. 6. Experimental results of friction factor.
6. Experimental results and discussions

The results of average Nusselt number calculated from the
experimental data are presented in Fig. 5. It can be seen that the
average Nusselt number of all three porous medium inserts in-
creases with the rise of Re in both laminar and turbulent flow over-
all. The values in turbulent flow regime are apparently larger than
the ones in laminar flow regime, with the maximum reached
approximately up to 120 obtained at about Re = 19,000. The varia-
tion in porosity e has a strong influence upon the Nusselt number.
Smaller e leads to higher Nu value, which is the very characteristic
of porous medium heat transfer. It is because a smaller e makes the
cross-sectional area available for fluid flow smaller and thus results
in a higher flow velocity for heat transfer enhancement. In the
experiment condition, smaller e also means that more air tends
to flow through the annular channel between the porous medium
and the tube wall, which leads to a higher velocity in the vicinity of
the tube wall and enhances the heat transfer significantly. From
Fig. 5 it can also be seen that the Nusselt number for e = 0.966 is
closer to the one for e = 0.975 than e = 0.951 in laminar flow, which
is considered to be the result of the smaller difference in e value.
But this is not the case for turbulent flow, where the Nusselt num-
ber for e = 0.966 is closer to the one for e = 0.951, especially in large
Reynolds numbers. It suggests that for different Reynolds numbers,
the heat and momentum interactions are complex, and for turbu-
lent flow, a further increase in e value has greater negative influ-
ence on the heat transfer performance than for laminar flow
when e is relatively large. Fig. 6 displays the variation of friction
factor for different Reynolds numbers and porosities. As the char-
acteristic of a flow in a rough tube, the friction factor decreases
with the increase of Re in the whole range of velocity experimen-
tally tested, and the trends tend to gentle as the Re increases. When



Fig. 7. Increase of heat transfer compared with smooth tube.

1170 Z.F. Huang et al. / International Journal of Heat and Mass Transfer 53 (2010) 1164–1174
Re > 10,000, the friction factor is going to be constant for the same
porosity. For the same Re value, the friction factor decreases when
the porosity increases, which is expected because the smaller the
porosity, the larger the pressure drop over the porous medium in-
sert. It can also be seen that the impact on the friction factor of the
porosity is less noticeable in the turbulent flow than in the laminar
flow. Generally speaking, adopting porous medium insert with
higher porosity is positive for lowering pressure drop of fluid, but
negative for improving heat transfer rate between fluid and tube
wall, which can be clearly observed in Figs. 5 and 6.

The comparison of thermal and hydrodynamic performance be-
tween the tube with porous medium inserts and the smooth tube
is made by calculating the ratios of Nu/Nus and f/fs. The results are
presented in Figs. 7 and 8, respectively. In Fig. 7, it can be seen that
inserting porous medium in the core of tube can heighten the heat
transfer rate greatly compared to a smooth tube. The largest increase
in the Nusselt number is higher than 5 times achieved by e = 0.951 in
the laminar flow. However, the heat transfer augmentation in turbu-
lent flow regime is much worse than the laminar flow, and the
change of the ratio of Nu/Nus with Reynolds number is not obvious
in part of the turbulent flow range when Re > 15,000. This is because
the relatively high flow velocity and a more uniform temperature of
the turbulent flow, which weaken the enhanced effect for heat trans-
fer of inserting porous medium in the core of tube. Fig. 8 shows the
ratios of f/fs in both laminar flow and turbulent flow. It is seen that
great increase in flow resistance is gained by the use of porous
Fig. 8. Increase of friction factor compared with smooth tube.
medium inserts and it is more terrible in laminar flow than in turbu-
lent flow. The ratio remains nearly constant along with Re in turbu-
lent flow while there is a minimum at about Re = 1400 in laminar
flow. Additionally, the impact of the porosity on the friction factor in-
crease, arise from the use of porous inserts, is much less for turbulent
flow than laminar flow.

In order to assess the heat transfer enhancement under con-
stant pumping power, the following formula of performance eval-
uation criteria is employed [20]

PEC ¼ Nu=Nus

ðf=fsÞ1=3 : ð24Þ

Fig. 9 displays the variation of PEC value at different Reynolds
numbers and porosities. In laminar flow, the PEC values for all
the porosity are larger than 1, which means that the augmentation
of heat transfer can cover the penalty arising from the increased
flow resistance and this is a sign of good performance in heat trans-
fer, but it is not the case in turbulent flow where nearly all the PEC
values are less than 1. It suggests that although heat transfer rate is
increased by the application of porous media, the flow resistance
increases even more in turbulent flow, which weaken the inte-
grated performance. The PEC values decreases with the increase
in Re while it is more complicated for the relation between PEC
and the porosity e, which corresponds to the distance S between
two adjacent screens. The best performance is obtained when
e = 0.951 in almost the whole range of Re experimentally tested ex-
cept Re > 13,000. It is worth noting that in the laminar flow, PEC
values for e = 0.975 are somewhat higher than those for e = 0.966,
which means that the PEC values do not have linear change with
e (or S) in laminar flow. There may be an optimal e (or S) value
for enhancing heat transfer in the laminar flow. In the turbulent
range of Re, however, PEC values for e = 0.966 exceed those for
e = 0.975 and even being the highest when Re > 15,000. It is consid-
ered that flow and temperature fields in the tube have very com-
plex interactions and there are many factors influencing the
integrated performance of enhanced heat transfer.

It can be found from the analysis of the experimental results
that, for turbulent flow, the impact of porosity on every perfor-
mance parameters used above is less than that for laminar flow.
As we know, the porosity e is an important parameter of porous
media and a crucial factor to the media’s ability of dissipation
and uniformity, then in turbulent flow, as the flow velocity is high-
er and the temperature is more uniform than those in laminar flow,
the dissipation and uniformity effect from using porous inserts is
weakened; consequently, the impact of the porosity on heat trans-
fer performance is diminished.
Fig. 9. PEC values versus Reynolds number.
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7. Numerical results and discussions

In order to verify the correctness of the concept of enhanced
heat transfer in the core flow, thermal and hydrodynamic perfor-
mance for different porous radius ratios Rrad are investigated
numerically to make up deficiencies in experiments. The perme-
ability K and inertia coefficient CF of the porous media in numerical
investigation are determined by experimental data (see Section 4)
as described earlier. Furthermore, the principle of field synergy
(presented by Guo et al. [21]) is applied to analyze the synergy be-
tween temperature profiles and velocity profiles in the fluid flow.
At last, numerical simulation with the same condition of the exper-
iments is done for comparison.
7.1. Influence of Rrad

Fig. 10 presents the dimensionless temperature difference and
velocity profiles of the fluid at the middle cross-section of the test
section for different Rrad values compared to clear flow cases,
which is impossible to be obtained from experiments. The dimen-
sionless temperature difference here is defined as

h ¼ ðTw;i � TaÞ=ðTw;i � Ta;mÞ: ð25Þ

It is readily seen in Fig. 10(a) that the employment of a porous
medium made the temperature distribution uniform at the core of
tube (namely the region with porous media), it is because that the
thermal conductivity of the porous solid matrix is much larger than
Fig. 10. Dimensionless profiles at the middle cross-section for different radius ratio
of: (a) temperature; (b) velocity.
the air and therefore the effective thermal conductivity at the core of
tube is modified greatly. Moreover, because of the uniform temper-
ature in the core flow, a great dimensionless temperature gradient
compared to the case of clear flow is formed in the vicinity of the tube
wall, which will lead to a high heat transfer rate. It is also seen that
the increase in porous ratio Rrad enlarges the core flow region with
uniform temperature, and consequently raises the temperature gra-
dient near the wall. When Rrad value is up to 0.94, the temperature
profile is constant in most part of the cross-section and makes the
thermal boundary layer very thin. It is expected that the method of
enhanced heat transfer in the core flow will work better in a fully
developed flow cases where no thermal boundary layer exists, be-
cause an equivalent thermal boundary layer could be formed in this
way to gain better thermal performance.

The dimensionless velocity profiles are shown in Fig. 10(b). As ex-
pected, because of the decrease in the cross-section area, partially
filling the tube with porous medium increases the velocity gradient
near tube wall compared to clear flow case, which will increase not
only the heat transfer rate but also the flow resistance. It can also be
seen that due to Darcian resistance from the solid matrix of porous
media, more air flows through the annular channel between porous
matrix and the tube wall, which leads to a peak of velocity at the core
of the channel. The maximum velocity of the fluid increases and
shifts toward the tube wall with the increase in Rrad up to 0.67, after
which the peak values decrease and the velocity profiles turn to uni-
form. When Rrad = 0.94, the peak of velocity even disappears, which
is positive for decreasing growth rate of the flow resistance. It is con-
sidered to be resulted from the increase in flow resistance of the
annular channel with the increase in Rrad (namely the decrease in
size of the annular channel). The ratio of flow resistance between
the annular channel and porous region apparently influences the
velocity profile of the flow.

Fig. 11 displays the influence of Rrad on heat transfer perfor-
mance for Re = 1000 and e = 0.966. Both Nusselt number and fric-
tion factor ratios increase along with Rrad and the gradients
become larger and larger, except the case in friction factor that Rrad

value changes from 0.89 to 0.94 where the growth rate keeps the
same trend with the anterior case. This may be due to the disap-
pearance of the velocity peak located near the tube wall (see
Fig. 10(b)). In Fig. 11(b) it is easy to find that the PEC values decline
as the Rrad increases until Rrad reaches 0.67, then begins to increase
after that and furthermore a sharp increase appears when
Rrad = 0.94. In this case, the augmentation of heat transfer is greater
than the increase in friction factor. It means that the effect of tem-
perature uniformity on integrated performance of heat transfer be-
comes more and more obvious along with the Rrad increase when
Rrad > 0.67, and a good PEC value of approximately 1.27 is obtained
when Rrad = 0.94. However, the value of Rrad should be less than 1 to
avoid a great increase in flow resistance, which is demonstrated by
Mohamad [11]. All this can be summed up into two conclusions:
(a) it is the improvement of the uniformity of temperature profile,
instead of the change of velocity field, that plays a major role in
heat transfer enhancement, it is the basis of the core flow enhance-
ment; (b) when using porous inserts for enhancing heat transfer,
the value of Rrad should be large enough (but less than 1 of course)
and this value relates to the physical properties of the porous med-
ium including porosity e and permeability K, which impact on the
Darcian resistance of the porous. So the value of Rrad and e should
be chosen moderately for use in enhancing heat transfer.

7.2. Field synergy analysis

According to the principle of field synergy, the convection term
in the energy Eqs. (17) and (19) can be corresponded to the heat
source term in the conduction equation. Heat transfer can be
enhanced through a source enhancement. It is reflected in the



Fig. 12. Variation of local synergy angle with radius ratio.

Fig. 13. Variation of average synergy angle with Re when Rrad = 0.94 and e = 0.951.

Fig. 11. Influence of Rrad on heat transfer performance: (a) ratios of Nu and f with
smooth tube; (b) PEC values.

1172 Z.F. Huang et al. / International Journal of Heat and Mass Transfer 53 (2010) 1164–1174
synergy between velocity field and temperature field of fluid,
namely the synergy angle a between fluid-velocity vector and tem-
perature gradient vector in the flow field, which is expressed as

cos a ¼
~U � rT

j~Uj � jrTj
: ð26Þ

Reducing synergy angle a can enhance heat transfer. Fig. 12 dis-
plays the local synergy angle distributions at the middle cross-sec-
tion of the test section for different Rrad compared with the smooth
tube, it is seen that the local synergy angle in the region with por-
ous material decreases notably, by which heat transfer is enhanced
largely. Further increase in the Rrad enlarges the region with small
synergy angle and the average synergy angle in the whole domain
will be reduced, so the Nu number will consequently increase at
the same time. This evince that unlike the traditional boundary
enhancement, the core enhancement is an effective way for
enhancing heat transfer.

The variation of average synergy angle of the test section with
Re number when Rrad = 0.94 and e = 0.951 is shown in Fig. 13. As
expected, the average synergy angles in turbulent flow regime of
a ranging from 25� to 65� approximately are obviously larger than
the ones in laminar regime. The change of the angles along with Re
is nonlinear for turbulent flow, while the gradient gets smaller as
Re increases. The comparison of the average synergy angle be-
tween laminar and turbulent flow once again illustrates that the
integrated heat transfer performance of this type of porous inserts
in turbulent flow regime is dissatisfactory and far way from the
case for laminar flow.
7.3. Comparison

The comparison of Nusselt number and friction factor between
experimental results and numerical predictions is presented in
Table 1. It can be found that both experimental and numerical
results show the similar tendency for Nu and f, and most numerical
results agree well with the measured data, which is manifested by
the fact that error of 75% of the Nu-data is less than 20% and error
of 87% of the f-data is less than 10%. The error is considered to be
reasoned by three factors: (a) the porous model used in numerical
simulation is homogeneous and isotropic, where heat conduction
exists when fluid flows. While the porous inserts tested in experi-
ments are homogeneous but anisotropic as they were manufac-
tured by inserting different numbers of screens on metallic rods,
heat conduction in which is very weak. This will lead to the numer-
ical results larger than the experimental ones for Nu number. Fur-
thermore, the area contact with the fluid for experimental porous
inserts is smaller than the numerical continuous porous model be-
cause of their non-continuous structures, which will result in the
numerical results over predict the values of f for experiments; (b)
comparing to the numerical cases, the non-continuous structure



Table 1
Comparison between numerical predictions and experimental results.

e Re Nu (exp.) Nu (num.) Error (%) f (exp.) f (num.) Error (%) Re Nu (exp.) Nu (num.) Error (%) f (exp.) f (num.) Error (%)

0.951 1064 35.11 30.11 14.26 3.27 3.03 7.40 5234 54.13 42.21 22.03 1.39 1.42 2.39
1165 35.41 30.79 13.07 2.91 2.85 2.35 6184 60.93 46.62 23.48 1.32 1.31 1.31
1237 35.56 31.20 12.26 2.73 2.73 0.39 7318 66.59 52.54 21.11 1.29 1.21 5.93
1334 35.90 31.68 11.77 2.50 2.59 3.46 8276 72.51 57.94 20.10 1.27 1.16 9.37
1424 36.17 32.06 11.39 2.35 2.48 5.65 9444 80.46 64.86 19.39 1.22 1.11 9.13
1529 35.73 32.44 9.23 2.17 2.37 8.85 10,152 84.61 69.19 18.23 1.19 1.09 9.07
1661 37.02 32.83 11.33 2.10 2.25 7.01 11,317 91.94 76.43 16.87 1.16 1.06 8.92
1768 37.58 33.11 11.92 2.08 2.17 4.06 12,198 92.71 81.97 11.60 1.15 1.04 9.34
1887 38.10 33.38 12.41 1.99 2.08 4.25 13,124 95.06 87.83 7.61 1.12 1.03 9.19
1963 37.19 33.53 9.84 1.87 2.04 8.41 14,336 100.98 95.53 5.40 1.10 1.00 9.67
2001 37.17 33.61 9.61 1.87 2.01 7.16 15,082 104.64 100.31 4.14 1.09 0.98 9.96
2106 37.95 33.80 10.95 1.95 1.95 0.13 15,928 108.90 105.79 2.87 1.07 0.97 10.44
2219 38.79 33.98 12.41 1.90 1.90 0.53 16,977 113.05 112.70 0.32 1.05 0.95 10.19
3238 43.79 35.20 19.63 1.67 1.80 7.85 18,087 117.95 120.25 1.94 1.03 0.93 9.75
4172 48.48 38.04 21.55 1.50 1.60 5.88 19,049 121.54 127.10 4.57 1.01 0.92 8.34

0.966 1086 26.74 31.06 16.16 2.28 2.10 8.00 5059 45.37 37.33 17.72 1.01 1.01 0.06
1207 26.68 31.63 18.55 1.97 1.96 0.49 6075 51.57 40.32 21.81 0.95 0.94 1.22
1314 26.85 32.04 19.30 1.76 1.85 5.32 7060 56.82 43.97 22.61 0.92 0.88 3.59
1395 26.93 32.30 19.95 1.65 1.78 7.89 8142 61.46 48.61 20.91 0.90 0.84 5.84
1467 27.04 32.50 20.19 1.61 1.73 7.23 9019 64.26 52.70 17.98 0.87 0.82 5.72
1587 27.17 32.79 20.67 1.54 1.65 7.15 10,089 70.80 57.96 18.13 0.84 0.80 5.29
1679 27.42 32.97 20.24 1.49 1.59 6.79 11,174 75.39 63.44 15.85 0.83 0.78 6.50
1756 27.66 33.12 19.71 1.45 1.55 6.86 12,098 80.68 68.16 15.52 0.82 0.77 5.93
1851 28.18 33.28 18.10 1.43 1.51 5.22 12,895 86.53 72.23 16.53 0.81 0.76 5.47
1950 28.71 33.43 16.44 1.41 1.46 4.15 13,955 91.30 77.63 14.97 0.80 0.75 6.15
2057 29.45 33.57 13.99 1.39 1.42 2.25 15,051 94.55 83.21 11.99 0.79 0.73 7.58
2170 29.82 33.71 13.07 1.36 1.38 1.89 15,880 98.46 87.44 11.19 0.78 0.72 7.81
2267 30.22 33.82 11.91 1.33 1.35 1.48 17,065 104.47 93.61 10.40 0.76 0.71 7.26
3033 34.13 34.74 1.79 1.19 1.25 4.91 18,140 109.77 99.44 9.40 0.75 0.70 6.22
4052 40.24 35.39 12.05 1.07 1.11 3.81 19,001 113.49 104.40 8.01 0.74 0.70 5.74

0.975 1068 22.83 31.24 36.86 1.36 1.28 5.95 5126 37.20 36.05 3.10 0.63 0.66 4.79
1171 22.82 31.63 38.62 1.20 1.21 1.28 6144 41.55 38.20 8.08 0.59 0.61 3.22
1254 22.85 31.89 39.56 1.10 1.16 5.66 7134 44.96 40.85 9.15 0.58 0.58 0.93
1346 23.00 32.14 39.72 1.01 1.11 9.77 7962 48.28 43.38 10.15 0.57 0.55 2.56
1448 22.93 32.36 41.11 0.94 1.06 13.32 9023 51.90 46.92 9.60 0.55 0.54 3.38
1542 23.36 32.54 39.32 0.93 1.03 10.81 10,035 56.52 50.50 10.66 0.54 0.52 4.17
1656 23.75 32.72 37.76 0.90 0.99 10.27 11,025 59.93 54.10 9.74 0.53 0.51 3.25
1752 24.80 32.86 32.46 0.88 0.96 8.54 11,959 62.88 57.53 8.52 0.52 0.50 3.76
1869 25.22 33.00 30.84 0.86 0.93 7.11 12,971 66.85 61.24 8.40 0.51 0.50 2.92
1994 25.17 33.14 31.68 0.85 0.89 4.97 14,116 71.85 65.39 8.98 0.50 0.49 2.41
2085 25.51 33.23 30.23 0.84 0.87 4.08 15,024 75.05 68.66 8.51 0.50 0.48 4.10
2156 25.92 33.29 28.43 0.82 0.86 4.88 15,995 78.10 72.15 7.61 0.49 0.47 4.92
2214 26.22 33.34 27.17 0.82 0.85 3.76 17,073 81.82 76.07 7.03 0.49 0.46 5.25
3075 27.76 34.26 23.42 0.74 0.81 10.23 18,076 86.34 79.82 7.55 0.48 0.46 5.20
4112 33.26 34.67 4.25 0.67 0.72 8.63 19,078 90.13 83.77 7.06 0.48 0.46 3.99
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of experimental porous inserts also increases flow disturbance,
especially in large range of Re. This will enhance not only heat
transfer but also flow resistance, so the experimental results are
going to be larger than the numerical ones both for Nu and f values
motivated by this reason; (c) contact of some screens with the tube
wall may exist in the test section, so conductive heat transfer may
take place between the tube wall and the porous inserts in exper-
iments, but it is not the case in numerical simulation. Based on this
point it is reasonable to expect the numerical results under predict
the values of Nu obtained experimentally, but it has only a little
impact on friction factor.

The errors between experimental results and numerical simula-
tions result from the combined effect of the three factors above. It
can be found in Table 1 that the numerical results of Nu are from
smaller to larger than the experimental results in laminar flow
range of Re and increases along with porosity e. A larger e means
a larger distance S between two adjacent screens and its degree
of anisotropic and non-continuous is deepen, so the effect of factor
(a) will be more obvious than the factor (b) and (c). This inference
can also be proved by the fact that experimental results of Nu is
larger than numerical ones in turbulent range of Re for all cases
of e, since a large Re number is going to make up for the deficiency
of weak heat conduction in the experimental porous matrix. This
means the experimental porous inserts are more similar to the
numerical porous models in large Re. In addition, factor (b) is more
active when Re increase, thus the numerical results of Nu are under
predicted compared to the experimental ones in large range of Re.
On the other hand, the regularities of errors in friction factor f are
similar for different porosities (see Table 1). The experimental re-
sults are smaller than the numerical ones for the laminar flow since
the effect of factor (a) prevails over factor (b) in this range of Re
and, due to the effect of factor (b) comes more and more strong
as Re number increases, the opposite regularity is observed in tur-
bulent flow.

8. Conclusions

(1) Inserting a porous medium at the core of tube is experimen-
tally proved to be an effective way for heat transfer enhance-
ment. The heat transfer rate of the tube with porous inserts
whose diameters approach the diameter of the tube is about
1.6–5.5 times larger than the smooth tube cases in laminar,
transitional and turbulent ranges of Reynolds numbers.
However, the flow resistance increases at the same time.
The experimental results of PEC indicates that the method
has good integrated performance of heat transfer enhancement



1174 Z.F. Huang et al. / International Journal of Heat and Mass Transfer 53 (2010) 1164–1174
in laminar flow where the PEC values are larger than 1 with
the maximum value of about 1.44 obtained in Re = 1000 and
e = 0.951.

(2) The measurements indicate that flow and heat transfer in
the tube with porous medium inserts are influenced by com-
plex interactions between momentum and heat transfer in
the fluid flow, resulting in non-monotonic behavior of PEC
values with porosity e. It is that the PEC values progressively
decrease for e = 0.951, 0.975 and 0.966 in turn in laminar
flow, while in turbulent flow the sequence is e = 0.951,
0.966 and 0.975. Furthermore, the integrated performance
is better for small Reynolds numbers than large ones.

(3) Good agreement lies between numerical and experimental
results. The numerical results show that the application of
porous inserts effectively makes the temperature profiles
of fluid flow become more uniform at the core of tube, which
play a major role in heat transfer enhancement. Moreover,
the porous radius ratio Rrad should be large enough but less
than 1 to obtain a good integrated performance by using
porous inserts for enhancing heat transfer. As a result, heat
transfer is enhanced greatly with an acceptable flow resis-
tance increase. It shows that unlike the traditional boundary
enhancement, the core flow enhancement is an efficacious
method for enhancing heat transfer. This is also verified
according to the principle of field synergy by the fact that
average synergy angles of the fluid flow can be reduced
notably by the usage of porous inserts compared to the clear
flow cases.

(4) The employment of porous media leads to a great increase
in heat transfer rate; however, due to the structural fea-
tures of the porous media, its employment also enlarges
the contact area between the porous media and the fluid
flow at the same time, thus increases the flow resistance
significantly. As a result, the effect of enhanced heat trans-
fer is relatively poor for turbulent flow. Nonetheless,
according to the concept of heat transfer enhancement in
the core flow, it is possible to develop inserts for enhancing
heat transfer in tube flow with better integrated perfor-
mance in large flow rates.
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