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a b s t r a c t

In this work, the thermofluid characteristics of the elliptic tube bundle in crossflow have been investi-
gated. Experimental and numerical investigations of the turbulent flow through bundle of elliptic tubes
heat exchanger are carried out with a particular reference to the circular tube bundle. The investigation
covers the effects of key design parameters of Reynolds numbers (5600–40,000), minor-to-major axis
ratios (0.25, 0.33. 0.5 and 1) and flow angles of attack (0–150�). Five bundles of elliptic tube heat
exchangers with different axis ratios were designed and manufactured in staggered manner. Numerical
CFD modeling using finite volume discretization method was conducted to predict the system perfor-
mance extensively. Four methods were presented to resort a metric that expresses the thermal perfor-
mance criteria of the elliptic tube bundle. The results indicated that, increasing the angle of attack
clockwise until 90� enhances the convective heat transfer coefficient considerably. The maximum
thermal performance under constraint of a fixed pumping power or a mass flow rate was obtained at
a zero angle of attack and the minimum thermal performance occurred at an angle of attack equals 90�.
The best thermal performance of the elliptic tube heat exchanger was qualified with the lower values of
Reynolds number, axis ratio and angle of attack.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

The increase in energy demand in all sectors of the human
society requires an increasingly more intelligent use of available
energy. Many industrial applications require the use of heat
exchangers with different tubes’ arrangements, either finned or
non-finned, as in air conditioning systems, refrigeration, heaters,
radiators, etc. Such devices have to be compact, lightweight and
high performance. Crossflow heat exchanger with elliptic tube
arrangement is receiving increase attentions that produce
enhanced heat transfer surface compared with circular tube
arrangement. It is important at the outset to recognize that the
enhancement of heat transfer can lead to an increase in pumping
power. As a result, it is very important to determine the evaluation
criteria that can be developed to obtain the performance of the heat
exchange devices based on the trade between the enhancement of
the heat transfer and the cost of pumping power.

There are a number of studies dealing with the performance of
the elliptic tubes heat exchanger in crossflow. Terukazu et al. [1]
encompassed the flow in the neighborhood of an elliptic cylinder
with an axis ratio of 0.33. They concluded that the elliptical tube
performs better than the circular configuration in terms of reduced
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drag coefficient and pressure drop. Jang and Li [2] performed
a numerical analysis of two-dimensional laminar flow over an
elliptic tube bank. They concluded that a higher thermal perfor-
mance achieved by elliptic tube bank and an appropriate arrange-
ment of the elliptic tube enhances the heat transfer performance of
the tube bank. Rocha et al. [3] found the elliptical configuration
with axis ratio of 0.86 and a ratio of semi-minor axis to the length of
tube row of 0.23 is the most efficient one. This is for a constant
Prandtl number of 0.70 and Reynolds number ranged from zero to
1600. Badr [4] investigated a numerical study on the effects of axis
ratio and angle of attack on the heat transfer at constant surface
temperature of a single elliptical cylinder. Reynolds number was
varied from 20 to 500. The maximum Nusselt number was found to
be occurred at zero angle of attack and at small axis ratio. Matos
et al. [5] reported a 13% relative heat transfer gain due to elliptic
configuration for the same flow obstruction cross-sectional area
with an axis ratio of 0.75 and Reynolds number ranges from 300 to
800.

Bouris et al. [6] studied a numerical evaluation of alternate tube
configurations for particles deposition rate reduction for inline tube
bundles. They found that the elliptic tube has a promising indica-
tion to allow an increase in the transfer surface area and a reduction
in the pressure drop. Harris and Goldschmidt [7] investigated the
effects of axis ratio and angle of attack on the overall heat transfer
from combustion gases confined within an elliptical tube heat
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Nomenclature

a ellipse minor axis, m
Af face area of the cell, m2

Aff free flow area, m2

Afr frontal area, m2

AGF area goodness factor, dimensionless
Ar axis ratio (a/b), dimensionless
As transfer surface area, m2

b ellipse major axis, m
Cp specific heat, J kg�1 K�1

D circular tube diameter, m
Dh hydraulic diameter, m
f friction factor, dimensionless
h heat transfer coefficient, W m�2 K�1

j heat transfer Colburn factor, dimensionless
k thermal conductivity, W m�1 K�1

_m mass flow rate, kg s�1

NR number of tube rows, dimensionless
Nu Nusselt number (hDh/k), dimensionless
Pr Prandtl number (Cpm/k), dimensionless
R measured parameter
Re Reynolds number (ruDh/m), dimensionless
SL longitudinal tube-pitch, m
St transverse tube-pitch, m

St Stanton number (Nu/RePr), dimensionless
T temperature, �C
u velocity vector (uiþ vjþwk), m s�1

umax air velocity at minimum free flow area, m s�1

V volume, m3

Greek symbols
a angle of attack, degree
Dp pressure drop, N m�2

3 heat transfer per unit pumping power, dimensionless
h efficiency index, dimensionless
m dynamic viscosity, N s m�2

q logarithmic mean temperature difference, K
r density, kg m�3

s contraction ratio, Aff/Af

Subscripts
a air
av average
CV control-volume
eff effective
i inlet
max maximum
o outlet
w water
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exchanger. They concluded that, an axis ratio of 0.30 or less should
be achieved to realize any appreciable change in the overall heat
transfer coefficient (10%) over the circular tube. Khan et al. [8]
studied the forced convection heat transfer on one inline of elliptic
tubes row with an axis ratio of 0.33 and at zero angle of attack. The
results revealed that the heat transfer rate increased with the
increase of both water and air flows. A three-dimensional numer-
ical and experimental geometric optimization investigation to
maximize the forced convection heat transfer rate between
a bundle of finned tubes was carried out by Matos et al. [9,10]. The
studies were conducted for circular and elliptic configurations with
12 tubes. Air was used as external fluid in the laminar flow regime
for Re¼ 852 and 1065. In addition, the tube-to tube spacing,
eccentricity and fin-to-fin spacing were investigated in the heat
exchanger geometry. A heat transfer gain up to 20% was reported
for the optimal elliptic arrangement in compared to the optimal
circular one.

Li et al. [11] studied the two-dimensional computational
modeling of the elliptical tubes with axis ratios of 0.3, 0.5, and 0.8.
Laminar flow was assumed with Reynolds number ranged from 500
to 10,000 and a constant surface temperature. They concluded that
the elliptical cylinder with an axis ratio of 0.5 and zero angle of
attack reduces the pressure drop by 30–40% compared with
a circular cylinder while Nusselt number was found to be 15% lower
than the circular tube.

Li et al. [12] treated the fluid flow inside the elliptic tube. They
studied the friction factor and the heat transfer of the fully devel-
oped flow inside an elliptic tube configuration. Results indicated
that the heat transfer performance of the elliptic tube is much better
than for round tube under a constant pumping power. Recently, Tao
et al. [13] investigated numerically the laminar heat transfer and
fluid flow characteristics for circular and elliptic tube arrangements.
They concluded that a 30% gain of the heat transfer and conse-
quently 10% increasing in the friction factor have been obtained.

From the preceding review, the performance evaluation criteria
of the elliptic tube heat exchanger with the key design parameters
are not presented. However, numerous factors that affect the
performance of heat exchangers may be designed to provide
different performance criteria; this has motivated the present
investigation. A local point of this work is the thermal performance
criteria under the constraint of a constant pumping power or mass
flow rate, which includes possible enhancement of the heat
transfer or a possible reduction of the heat exchanger size for
a given duty or a possible reduction of the temperature difference
approach. To achieve these goals, experimental and numerical
studies of heat transfer characteristics over an elliptic tube bundle
in crossflow are investigated in turbulent flow regime. The inves-
tigation covers the effects of wide ranges of key design parameters
involving Reynolds number (Re¼ 5300–40,000), minor-to-major
axis ratio (Ar¼ 0.25, 0.33. 0.5 and 1) and flow angle of attack (a¼ 0�,
30�, 60�, 90�, 120� and 150�). Four methods are presented to resort
a metric that expresses the thermal performance criteria of the
elliptic tube bundle with the particular reference of the traditional
circular tube bundle. These methods are depending on what is held
fixed (heat duty, mass flow rate and pressure drop) and what is the
desired objective (heat transfer enhancement, frontal area and
pumping power reduction).

2. Experimental apparatus and procedures

The experiments were conducted in a Plexiglas wind tunnel. The
experimental test rig consists of a square duct of 0.3 m� 0.3 m and
5 m length equipped with a suction centrifugal fan as shown in
Fig. 1. The fan has a power of 3.67 kW and it was linked with
a variable speed inverter having a capability to fine tuning the air
velocity. The average air velocity in the test section is varied from
3.8 m/s to 20 m/s corresponding to Reynolds number of 5300–
28,000, respectively.

Four elliptic tubes’ bundles with different axis ratios (Ar¼ 0.25,
0.333, 0.5 and 0.666) in addition to a circular tube bundle (Ar¼ 1)
were designed and manufactured in staggered manner. The tubes
were connected with two copper headers located at the top and the
bottom of the bundle to form one unit of a heat exchanger. The tube
arrays (Fig. 2a) were constructed to be 5� 5 rows with transverse
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Fig. 1. Schematic diagram of the experimental test rig.
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tube-pitch (St¼ 0.03 m), longitudinal tube-pitch (SL¼ 0.026 m),
equivalent to a circular tube diameter (D¼ 0.0127 m) and tube
length¼ 0.2 m, as a typical design of Thermal Transfer Technology
LTD.

The tube arrays were fixed in the test section with a special
mechanism having the capability of changing the angle of attack.
The angle of attack, as illustrated in Fig. 2b, was adjusted by turning
the tube arrays around a vertical axis at the center of a flat surface
from 0� to 150� (0�, 30�, 60�, 90�, 120� and 150�) using a protractor
mechanism. Details of the elliptic tube configurations are presented
in Table 1. The tube bundle was heated by hot water that was
supplied from an electric boiler using a centrifugal pump of
0.55 kW.
Air flow
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Fig. 2. (a) Schematic diagram of the elliptic tube b
2.1. Measuring techniques

The hot water was controlled and supplied to the heat
exchanger with a temperature of 80� 2 �C. The inlet and the outlet
temperatures of the waterside were measured using four shelled
pre-calibrated k-type thermocouples. A three and nine grid points of
the k-type thermocouple probes were fixed on the upstream and
downstream of the test section, respectively to measure the air
temperature. All thermocouples were connected via switching box to
a digital thermometer. The water flow rate was measured using
a flowmeter. The velocity profile of the air through the duct section
was identified by hotwire anemometer. The pressure drop across the
heat exchanger was measured using digital micromanometer. Suffi-
cient time was allowed to get the experimental measuring parame-
ters stabilization, which was observed to be about 40–50 min.

2.2. Measurements’ uncertainties

The experimental error analysis indicates the implication of
error of the measured parameters on the uncertainty of the results.
A detailed analysis of the various experimental uncertainties is
carried out using the differential approximation method for error
analysis [14]. The maximum uncertainties in measuring parameters
under investigation are: temperature �1.23%, air velocity through
the duct section, pressure drop across the heat exchanger and water
volume flow rate �4.84%, �1.21% and 1.43%, respectively. However,
the maximum uncertainties of the results that have been obtained
from the measured parameters for heat transfer coefficient, Nusselt
number, friction factor and heat transfer per unit pumping power
are �12.5%, �12.5%, �11.2% and �10.3%, respectively.
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Table 1
Details of the elliptic tube configurations.

Specimen
no.

a
(mm)

b
(mm)

Ar a (degree) Re, experimental Re, numerical

Circular 6.4 6.4 1 0� 5300–28,000 5600–40,000
Elliptic I 5.2 7.8 0.66 0� , 30� , 60� , 90� ,

120� and 150�
5300–28,000 5600–40,000

Elliptic II 4.5 9 0.5 0� , 30� , 60� , 90� ,
120� and 150�

5300–28,000 5600–40,000

Elliptic III 3.7 11 0.33 0� , 30� , 60� , 90� ,
120� and 150�

5300–28,000 5600–40,000

Elliptic IV 3.2 12.7 0.25 0� , 30� , 60� , 90� ,
120� and 150�

5300–28,000 5600–40,000

Fig. 3. Adaptive meshing of the numerical model.

T.A. Ibrahim, A. Gomaa / International Journal of Thermal Sciences 48 (2009) 2148–2158 2151
3. Mathematical model

The governing equations that describe the airflow through the
tube arrays are a set of non-linear partial differential equations
(PDEs). The airflow is governed by the mass, the momentum and
the energy equations. A finite volume discretization method using
a SIMPLEC-based solution algorithm of the velocity–pressure
coupling was applied with a segregated solver. The numerical
modeling of the turbulent flow through the tube bundle heat
exchanger was solved using FLUENT-6.2 CFD program. The
momentum and energy equations were solved by the second order
upwind scheme. The airflow and the heat transfer through the tube
arrays were treated using k–3 RNG ‘‘renormalization group’’
turbulence model. The RNG model is accurate and reliable for
a wider class of flow than the standard k–3 model [15]. The trans-
port equations of the RNG k–3 model are given by the following
equations:

v
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The model constants C13, C23, ak, a3, xo and q in Eqs. (2) and (3) are

C13 ¼ 1:42; C23 ¼ 1:68; ak ¼ a3z1:393; xo ¼ 4:34; and

q ¼ 0:012

The term Gk represents the generation of turbulence kinetic energy
due to the mean velocity gradients and Gb describes the generation
of turbulence kinetic energy due to buoyancy. The quantities of ak
and a3 are the inverse of Prandtl numbers for both k and 3,
respectively.

The numerical solution transforms the set of partial differential
equations into a discretised algebraic form and solves them to
obtain a set of flow-field values at discretised points in time and
space. The discretised form of a non-linear governing equation is
linearised to produce a system of equation for the dependent
variables in every computational cell. The resultant linear system is
then solved to yield an updated flow-field solution. For a given
variable, the unknown value in each cell is computed using a rela-
tion that includes both the existing and the unknown values from
neighboring cells. Therefore, each unknown will appear in more
than one equation in the system, and these equations must be
solved simultaneously to give the unknown quantities. The
computational domain is discretised into a set of control volumes,
which are arranged into a grid as illustrated in Fig. 3.

The governing equations can be expressed in a general form of
a general variable 4 as presented in the following equation:

vðr4Þ
vt
þ divðr4uÞ ¼ divðG grad 4Þ þ S4 (3)

where vðr4Þ=vt is the rate of the change of variable 4, divðr4uÞ is
the convective term, divðG grad 4Þ is the diffusive term and S4 is the
source term.

This general equation can describe the mass, momentum and
energy equations of the airflow by setting the general variable 4

equal to 1, (u,v,w) and T, respectively. This equation is used as
a starting point for the computational procedures. Discretization of
the governing equations can be illustrated by considering the
integration of Eq. (3) on a control-volume representing Eq. (4).

Z
CV

vðr4Þ
vt

þ
Z
CV

divðr4uÞ ¼
Z

CV

divðG grad 4Þ þ
Z

CV

S4 (4)

Eq. (5) is applied to each cell in the domain, which yields algebraic
equation on a given cell.

XNfaces

f

uf 4f Af ¼
XNfaces

f

G4ðdiv 4Þn Af þ S4V (5)

Preliminary simulation was carried out with different grid
densities in order to get a grid-independent solution. Considering
both accuracy and economics of the solution, computations were
performed with a grid-cell size of 0.1 mm (30,000 nodes). Solution
with adaptive-grid refinement of hanging nodes technique was
adopted to increase grid density based on the evolving flow field,
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and thus provides the potential for more economical use of grid
points as shown in Fig. 3. The convergence criterion for all runs was
specified to be less than 10�4.
3.1. Boundary conditions

The numerical solution of the turbulent flow through the tube
bundle array was treated as steady, incompressible and two-
dimensional with neglecting the buoyancy force. The hatched area
in Fig. 2a designates the computational domain, where periodic
conditions were specified on the midplane of two successive rows
of the domain. The periodic condition presented in the problem
allows the computational time to be reduced. In order to apply
periodic boundaries, a mesh hard link between the identical pair of
faces to which the boundary condition was created as indicated in
Fig. 2a. At the upstream boundary that located three times of the
circular tube diameter (3D), a uniform flow velocity was specified.
At the downstream boundary that located six times of the circular
tube diameter (6D), the pressure was set to be zero. However, at the
solid surfaces, no-slip conditions as well as constant wall heat flux
were specified [5].
3.2. Data reduction

In the experiment, the steady state flow condition was assumed.
The fluid properties for both air and water were determined at
a mean film temperature. A heat balance on the test section
control-volume was performed. The waterside heat transfer coef-
ficient as well as the friction factor is calculated from the correla-
tions mentioned in Eq. (6) [16].
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�
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� �
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� 1000
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Prwðfw=8Þ
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ffiffiffiffiffiffiffiffiffiffi
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ReDw

�
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��2 ð6Þ

The airside heat transfer coefficient and the average Nusselt
number in the airside can be obtained from Eq. (7) and Eq. (8),
respectively.

ha ¼
_maCpaðTao � TaiÞ

Asq
; q ¼ ðTwi � TaiÞ � ðTwo � TaoÞ

lnððTwi � TaiÞ=ðTwo � TaoÞÞ
(7)

Nu ¼ haDh

ka
(8)

The hydraulic diameter is justified as an equivalent circular
diameter of the elliptic tube [6] and consequently the Reynolds
number (Re) and the heat transfer Stanton number (St) are
acquired. Another quantity characterizing the flow across the tube
arrays is the friction factor, Eq. (9) [17].

f ¼ 2DP
ru2

maxNR
(9)

The temperature and the pressure at any section of the
numerical model can be computed numerically from the following
equation:

T ¼

Z
Tr u!$d A

!

Z
r u!$d A

! ; p ¼

Z
pr u!$d A

!

Z
r u!$d A

! (10)
4. Results and discussion

The velocity vector plots across both the circular and the elliptic
tube bundle with the angle of attack a¼ 0�, 60� and 90� are illus-
trated in Fig. 4. The airflow is strongly accelerated in the passages
between two tubes with maximum velocities lateral to the deeper
rows of the elliptic tube bundle. Comparing with the circular tube,
the elliptic tube with a¼ 0� is characterized by less drag due to its
better aerodynamic shape which offers lower hydraulic resistance.
The airflow separation at the circular tube surface is started at early
stage than that of the elliptic tube with a¼ 0�.

As the angle of attack increases from 0� to 60� and to 90�, the air
leaves the first row as jets, which possessing a great amount of
momentum at a fixed axis ratio. The tubes of the second row lie in
the axis of these jets, which accelerated and redirected the jet
streams to the inter-passage of the next rows. This condition
increases the level of turbulence through the tube array passage
and forming vortex shedding which enhances the heat transfer
coefficient, however higher pressure drop is expected. The effects
of the vortex formation and shedding on the velocity and thermal
fields are more pronounced in the case when the angle of attack
tends to be a right angle with a lower value of the axis ratio.

The turbulent kinetic energy increases as the angle of attack
increases clockwise direction until a¼ 90�. Fig. 5 represents the
turbulent kinetic energy per unit mass of the elliptic tube array
with a¼ 0� and 90�, respectively. It was found that the maximum
values of the turbulent kinetic energy are taken place at the angle of
attack a¼ 90�, while the minimum values occurred at a¼ 0�. At the
angle a> 0�, the turbulence kinetic energy was larger in magnitude
in the case of the lower axis ratio and higher Reynolds number.
This, in turn, enhances the convective heat transfer coefficient and
consequently increases Nusselt number.

4.1. Thermal performance

The numerical results of Nusselt number and the friction factor
were validated against the corresponding experimental results.
For clarity, samples of these validations are presented in Fig. 6b
and Fig. 8a. There is a good agreement between the experimental
and the numerical results and the differences may be attributed to
the uncertainties of the measuring instruments.

The Nusselt number versus Reynolds number for the angle of
attack (a¼ 0�, 30�, 60�, 90�, 120� and 150�) and for axis ratio
(Ar¼ 0.5 and 0.25) involving experimental and numerical results is
illustrated in Fig. 6a and b, respectively. At the axis ratio¼ 0.5, the
average Nusselt number for the angle of attack a¼ 90� is greater
than that of a¼ 0� and 30� by 30.5% and 18%, respectively.
Comparing with the circular tube array, Nusselt number of the
elliptic tubes is higher than that of circular tubes by 17% and 19% for
angle of attack a¼ 60� and 90�, respectively. At a zero angle of
attack, Nusselt number is 14% lower than that of the circular tube
array. At a certain axis ratio, Nusselt number increases as the angle
of attack increases from 0� to 90�, then Nusselt number decreases
as the angle of attack ranges 90� < a< 180� as shown in Fig. 7.

At a certain Reynolds number, the highest value of Nusselt
number occurred at a¼ 90� while the lowest value is obtained at
a¼ 0�. It can be seen that, the Nusselt number decreases when the
angle of attack deviates from 90�. For all values of Reynolds
numbers with the axis ratio Ar¼ 0.5, the variations of Nusselt
numbers are gradually smooth. However, at Ar¼ 0.25, a bell shape
can be observed. This can be attributed to the level of turbulence
intensity and the induced secondary flow which is more
pronounced when the tube tends to be more flat (Ar< 0.5) with the
angle of attack a> 0�. The angle of attack affects the flow mixing
positively due to the change of the free flow area and a good flow



Fig. 4. Velocity field at different angles of attack and Re¼ 17,000.
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mixing that occurred at the angle of attack tends to be right angle.
This can interpret the increase of Nusselt number with the angle of
attack however; a higher flow resistance is expected.

The effects of the flow angle of attack on the friction factor at
a certain values of the axis ratio (Ar¼ 0.25 and 0.5) are depicted in
Fig. 8. At a certain axis ratio, the friction factor increases with the
angle of attack when it ranges 0� � a� 90�, then it decreases as
angle of attack ranges 90� < a< 180�. The increase in the friction
factor with higher values of the angles of attack is due to the
Fig. 5. Turbulent kinetic energy at differe
increase of the airflow resistance that occurred when the angle of
attack tends to be right angle.

At an axis ratio of 0.5, the friction factor for angle of attack
a¼ 90� is greater than that of a¼ 0� and 30� by 92% and 80%,
respectively. Comparing with the circular tube array (Ar¼ 1), the
friction factor of elliptic tubes with the angle of attack a¼ 60� and
90� is higher than that of circular tubes by 55% and 65%, respec-
tively. At the angle of attack, a¼ 0�, the friction factor is 79% lower
than the circular tube array. This can be attributed to the better
nt angles of attack and Re¼ 17,000.
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aerodynamic shape of the elliptic tube with a¼ 0� which, in turn,
produces less drag force.

In practice, the elliptic tube bundle arrangement promoted
turbulent mixing and lengthened the air flow-path through tube
array. The size and the strength of the turbulence level and reversed
flow region are characterized by the angle of attack, the axis ratio
and Reynolds number. As the oncoming flow perpendicular to the
tube-major axis or close to, the flow passage acts as jet impinge-
ment to the next row. The flow passes at the early stage of the
thermal boundary-layer development, which enhances the heat
transfer coefficient. A higher value of Nusselt number is achieved
when the angle of attack tends to be right angle with a lower value
of the axis ratio and a higher value of Reynolds number. At these
conditions, an increase in the friction factor is a penalty. It is sug-
gested that an appropriate arrangement of the elliptic tubes is
required to obtain better global performance, which can be
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minimized together. An evaluation criterion is required to resort
a metric that expresses the heat transfer performance against
friction loss performance.

Correlations for both Nusselt number (Eq. (11)) and friction
factor (Eq. (12)) were predicted based on experimental results at
wide range of validity of different angles of attack, axis ratios and
Reynolds numbers with a maximum deviation of �10% and �12%,
respectively.
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Fig. 8. Friction factor versus Reynolds number at different tube axis ratios (experimental–numerical results validation).

T.A. Ibrahim, A. Gomaa / International Journal of Thermal Sciences 48 (2009) 2148–2158 2155
5300 � Re � 28;000; 0:25 � a
b
� 1; 0� � a � 150�

4.2. Thermal performance criteria

Thermal evaluation criteria is very important aspect in the heat
exchanger design, since the competing effects of escalating heat
transfer as well as increasing pressure drop, make it difficult to
determine the relative good of such design. The appropriate
selection of the evaluation factor is a point of interest. There are
different factors, which enter the decision, making process to use
an augmentative technique including heat duty increase, area and
pumping power reduction. The thermal evaluation criteria depend
on what is held fixed (heat duty, mass flow rate and pressure drop)
and what is the desired objective (heat transfer enhancement,
frontal area and pumping power reduction). Four methods are
presented to resort a metric that expresses the global performance
of the elliptic tube bundle heat exchanger with the particular
reference of the traditional circular tube bundle. These methods
play as key design factors of the heat exchanger whilst incorpo-
rating an economic indicator, which are:

1. Direct comparison between the heat transfer coefficient and
the pressure drop at a fixed mass flow rate is conducted. This
criterion allows quantifying the heat transfer enhancement for
different tube bundle configurations with equivalent total
pressure drops independently on the tube cross-sectional
shape [18].

2. Scope of possible enhancement of the heat transfer per unit
pumping power at a fixed mass flow rate, which is expressed by
Eq. (13) [19].

3 ¼ rCpðTao � TaiÞ
DP

(13)

This criterion is more significant when the overall performance
of the heat exchange surfaces is needed, while the cost of the
heat transfer enhancement is in the same order of magnitude as
the pumping power reduced.

3. The area goodness factor ðAGFÞ, which is expressed as the scope
of possible reduction of the frontal area of the heat exchanger
at a given duty. The tube bundle having a higher ‘‘AGF’’ as the
ratio of the Colburn factor to the friction factor is ‘‘good’’
because it requires a lower frontal area of the heat exchanger,
Eq. (14) [20].

AGF ¼
�

s2j=f
	
¼
 

Aff

Afr

!2�
Nu

Re Pr1=3

��
ru2

maxNR

2DP

�
(14)

This criterion is more significant when the availability of the
space is critical and the heat exchanger size should be mini-
mized for a given heat duty.

4. The efficiency index (h) expresses the heat transfer perfor-
mance against the friction loss performance of the elliptic tube
bundle based on the circular tube bundle performance [21].
The efficiency index (h) is defined as the ratio between the
Stanton number enhancement ratio ðSt=StoÞ to the friction
factor ratio ðf =foÞ at a fixed mass flow rate, Eq. (15).

h ¼ ðSt=StoÞ
ðf =foÞ

(15)

Fig. 9 shows the heat transfer coefficient versus the pressure
drop at different angles of attack with Ar¼ 0.5 and 0.25, respec-
tively under a constant mass flow rate. The maximum heat transfer
coefficient (under the constraint of mass flow rate and a fixed
pressure drop) is achieved when the oncoming flow is parallel to
the tube-major axis (a¼ 0�). While, the worst performance is
obtained when the approaching flow is parallel to the tube minor
axis (a¼ 90�). Comparing with the circular tube bundle, a better
thermal performance of the elliptic tube bundle is achieved when
a¼ 30� or 150� and 0.5� Ar� 0.66. Conversely, the circular tube
bundle has a higher heat transfer coefficient than that of the elliptic
tube bundle in the range of 0.25� Ar< 0.5 and 30� < a< 150�.

The heat transfer enhancement per unit pumping power of the
axis ratio¼ 0.5 is illustrated in Fig. 10. Although the heat exchanger
with the angle of attack¼ 90� having the highest values of Nusselt
number, it has the lowest values of the heat transfer per unit
pumping power. While the elliptic tube array with the angle of
attack¼ 0� has the highest values of the heat transfer per unit
pumping power. The effect of the ellipticity (tube axis ratio) at the
optimum angle of attack (a¼ 0�) is presented in Fig. 11. The results
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Fig. 9. Heat transfer coefficient versus pressure drop at different tube axis ratios (numerical results).
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indicated that, a better thermal performance per unit pumping
power of the elliptic tube involving considerable order of magni-
tude is achieved when compared with the circular tube for all cases
of axis ratios. The maximum thermal performance is achieved
when the elliptic tube tends to be more flat.

The heat transfer per unit pumping power versus the angle of
attack for tube axis ratios¼ 0.5 and 0.25 is represented in Fig. 12. It
is clear that the maximum thermal performance (under constraint
of a fixed pumping power) occurred at a¼ 0� and the minimum
thermal performance occurred at a¼ 90�. The best thermal
performance of the elliptic tube heat exchanger is qualified at the
lower range of Reynolds number, axis ratio and a¼ 0�. To optimize
the thermofluid characteristics of heat exchangers, it is important
to recognize not only the enhancement of the heat transfer (passive
or active techniques) but also the minimization of the pumping
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Fig. 10. Heat transfer per unit pumping power for tube axis ratio¼ 0.5 (experimental
results).
power usage. The heat transfer per unit pumping power can be
correlated in terms of Reynolds number, Prandtl number, tube axis
ratio and the angle of attack with a maximum deviation of�14% for
a wide range of validity as presented in Eq. (16).

3 ¼ 1:41Re�2:65Pr0:33
�a

b

	�1:11
ðsinðaþ 10ÞÞ�15:33 (16)

5600 � Re � 40;000; 0:25 � a
b
� 1; 0� � a � 150�

The scope of possible reduction of the frontal area of the heat
exchanger for a given duty, which is expressed as the area
goodness factor is introduced. Fig. 13 shows the area goodness
factor versus Reynolds number for axis ratios¼ 0.5 and 0.25,
respectively. Based on the circular tube, the elliptic tube with
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Fig. 11. Heat transfer per unit pumping power for angle of attack¼ 0� (numerical
results).
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zero angle of attack has a maximum area goodness factor for all
values of axis ratio. A better area goodness factor can be obtained
also with the elliptic tube having a¼ 30� and 150� when the axis
ratio ranges from 0.5 to 0.66. The elliptic tube bundle produced
a considerable frontal area reduction of heat exchanger at a¼ 0�

with 0.25� Ar< 1, as well as at a¼ 30� with 0.5� Ar� 0.66.
These results permitted also a possible reduction to the transfer
surface area when fins attached to the tube and hence saving
materials, which is pronounced to a manufacturing cost of the
heat exchanger.

The heat transfer performance against the friction loss perfor-
mance of the elliptic tube bundle based on the circular tube bundle
performance which is expressed as the efficiency index (h) is pre-
sented. The ratios between the Stanton number enhancement ratio
(elliptic/circular) and the friction factor ratio (elliptic/circular) at
the same mass flow rate versus Reynolds number are illustrated in
Fig. 14. It is evident that the elliptic tube with zero angle of attack
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Fig. 13. Area goodness factor versus Reynolds numbe
has the highest value of efficiency index for the axis ratio range of
0.25� Ar< 1 followed by the angle of attack¼ 30� for the axis ratio
range of 0.5� Ar� 0.66. The heat exchangers employing elliptic
tube arrangement contribute significantly to the energy conserva-
tion. In most applications, the heat exchanger is a part of the whole
thermal system and hence the qualitative and quantitative
assessments of this energy conservation come together with the
overall evaluation of the energy consumption by the system.

5. Conclusions

The thermal performance criterion of the elliptic tube bundle
heat exchanger in crossflow has been quantitatively addressed.
Experimental and numerical investigations of the turbulent flow
through bundle of elliptic tubes heat exchangers were carried out.
The investigation covers the effects of key design parameters of
Reynolds number, minor-to-major axis ratio, and flow angle of
Ar = 0.25
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r at different tube axis ratios (numerical results).
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Fig. 14. Efficiency index versus Reynolds number at different tube axis ratios (numerical results).

T.A. Ibrahim, A. Gomaa / International Journal of Thermal Sciences 48 (2009) 2148–21582158
attack. Four methods are presented to resort a metric that
expresses the thermal performance criteria of the elliptic tube
bundle with the particular reference of the traditional circular tube
bundle. These methods are depending on what is held fixed (heat
duty, mass flow rate and pressure drop) and what is the desired
objective (heat transfer enhancement, frontal area and pumping
power reduction). Correlations of Nusselt number, friction factor as
well as the heat transfer per unit pumping power against design
parameters are presented.

The main conclusions are:

1. The increase of angle of attack clockwise until 90� enhances
the convective heat transfer coefficient considerably. The
maximum heat transfer coefficient at a certain mass flow rate is
achieved when the oncoming flow is parallel to the major axis
of the tube (a¼ 0�) while, the worst performance is obtained
when the oncoming flow is parallel to tube minor axis
(a¼ 90�).

2. The elliptic tube bundle with zero angle of attack has the
maximum area goodness factor for all values of axis ratios
followed by the angle of attack¼ 30� for a given duty. This
produced a considerable frontal area reduction of the heat
exchanger, which is also permitted to a possible reduction
of the transfer surface area when fins are attached to the
tube.

3. The maximum thermal performance under a fixed pumping
power is obtained at a¼ 0� and the minimum thermal
performance occurred at a¼ 90�. The best thermal perfor-
mance of the elliptic tube heat exchanger is qualified with the
lower values of Reynolds number, axis ratio and zero angle of
attack.

4. The elliptic tube heat exchanger with zero angle of attack has
the highest value of the efficiency index for the axis ratio
ranges 0.25� Ar< 1 followed by the angle of attack¼ 30� for
the axis ratio ranges 0.5� Ar� 0.66.

5. The heat exchanger employing elliptic tube arrangement
contributes significantly to the energy conservation.
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