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Abstract—An experimental and numerical study has been 

conducted to clarify heat transfer characteristics and effectiveness of 

a cross-flow heat exchanger employing staggered wing-shaped tubes 

at different angels of attack. The water-side Rew and the air-side Rea 

were at 5 x 102 and at from 1.8 x 103 to 9.7 x 103, respectively. The 

tubes arrangements were employed with various angles of attack θ1,2,3 

from 0° to 330° at the considered Rea range. Correlation of Nu, St, as 

well as the heat transfer per unit pumping power (ε) in terms of Rea, 

design parameters for the studied bundle were presented. The 

temperature fields around the staggered wing-shaped tubes bundle 

were predicted by using commercial CFD FLUENT 6.3.26 software 

package. Results indicated that the heat transfer was increased by 

increasing the angle of attack from 0° to 45°, while the opposite was 

true for angles of attack from 135° to 180°. The best thermal 

performance and hence η of studied bundle was occurred at the 

lowest Rea and/or zero angle of attack. Comparisons between the 

experimental and numerical results of the present study and those, 

previously, obtained for similar available studies showed good 

agreements. 

 

Keywords—Wing-shaped tubes, Cross-flow cooling, Staggered 

arrangement, and CFD.  

I.  INTRODUCTION 

EAT exchangers have been playing a vital role in energy 

applications for a long time. Economical and 

environmental issues progressively place the needs for 

compactness and performance improvement of such systems. 

In this regard, tubes of various shapes and arrangements have 

been studied experimentally and numerically.  

Zukauskas and Ulinskas [1] suggested correlations for heat 

transfer and pressure drop for in-line and staggered banks of 
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circular tubes. Their study covered the range of 1≤Rea≤ 

2x10
6
, and 0.7≤Pr≤500, as well as a wide range of relative 

transverse and longitudinal pitches. They suggested an 

efficiency factor for the evaluation of heat transfer surfaces 

efficiency in further improvement of heat exchangers 

constructions. Fluid flow and heat transfer characteristics in 

semi-circular tube placed in cross flow, for a wide range of 

Rea, have been numerically and experimentally investigated 

by Nada et al. [2]. They mentioned that the semi-circular tube 

has higher Nua than that of the circular one. Comparisons of 

circular and elliptical tubes, as the essential elements of heat 

exchangers, have been reported in several studies, for 

example, Brauer [3] reported 18 % of relative reduction in the 

pressure drop for elliptical tubes compared to circular ones. 

Horvat et al. [4] studied the transient heat transfer and fluid 

flow for circular, elliptical, and wing-shaped tubes with the 

same cross sections. Comparing the three types of tubes, they 

reported that the values of the average Stanton number Sta 

were lower for the ellipsoidal and the wing-shaped tubes than 

those for the cylindrical ones.  

The effects of cylinders spacing and angles of attack on heat 

transfer for elliptical tubes in tandem arrangement were 

investigated by Nishiyama et al. [5]. They found that the angle 

of attack, as well as, the cylinders spacing influenced the local 

heat transfer. They concluded that the cylinders spacing and 

the angles of attack should be arranged as small as possible to 

minimize the drag and to achieve higher heat transfer rate and 

compactness of the system. Harris and Goldschmidt [6] 

investigated the effects of the variation of the tube axis ratios 

and angles of attack on overall heat transfer for Rea ranging 

from 7.4×10
3
 to 7.4×10

4
. Both Rea and Nua were based on the 

length of the major axis. They concluded that an axis ratio of 

0.30 or less must be achieved to realize any appreciable 

change in the heat transfer coefficient (e.g. greater than 10%) 

over the circular tube. Ibrahim and Gomma [7] have 

performed experimental and numerical studies of the turbulent 

flow over bundle of elliptical tubes. Their investigation 

covered a range of Rea from 5.6x10
3
 to 40x10

3
 with four axis 

ratios considered (0.25, 0.33, 0.5 and 1) and the flow angles of 

attack were varied from 0
°
 to l50

°
. Their results showed that 

the thermal performance obtained under a fixed pumping 
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power was the best at 0
°
 and the worst at 90

°
 flow angles of 

attack. Ibrahim et al. [8] conducted an experimental 

investigation of the performance of a bundle of semi-circular 

tubes. Rea was ranged from 2×10
4 

to 16.5×10
4
, the angles of 

attack were varied from 0
°
 to 270

°
 and the relative longitudinal 

pitch SL/d was at 1.35 and 2.69, while the relative transverse 

pitch was kept at ST/d=1.35. They concluded that the highest 

and the lowest values of Nua and effectiveness, for all values 

of SL/d, were occurred at 270
°
 and 0

°
 angle of attack, 

respectively.  

An experimental study of air cooling and dehumidification 

process around a bank of in-line elliptical tubes of cross flow 

heat exchanger was conducted by Ibrahiem et al. [9]. They 

concluded that; (a): the Colburn j-factor increases with the 

angle of attack α for constant relative transverse pitch for the 

given range of relative longitudinal pitch, (b): the 

effectiveness (ε) of the wet surfaces of the tested bundle 

increases with α. Forced convection cross-flow heat transfer of 

hot air over an array of cold water-carrying elliptical tubes has 

been, experimentally, studied for airside and waterside by 

Khan et al. [10]. The results showed that the heat transfer rate 

increased with the increase of both water and air flows. The 

forced convective heat transfer characteristics for 

incompressible fluids past a bundle of circular cylinders have 

been, numerically, investigated by Mangadoddy et al. [11]. 

Their results showed that the values of Nua obtained for the 

constant heat flux conditions were higher than those for 

isothermal conditions. An experimental investigation has been 

conducted by Ibrahim and Moawed [12] to clarify heat 

transfer characteristics and entropy generation for individual 

elliptical tubes with longitudinal fins. The investigated 

geometrical parameters included the placement of the fins at 

the frontal, the rear and both frontal and rear portions of the 

tubes. The results indicated that the use of fins affected the 

results of heat transfer coefficient, friction factor and 

irreversibility ratio. Sayed Ahmed et al. [13], experimentally 

and numerically, studied the flow and heat transfer 

characteristics of a cross flow heat exchanger employing 

staggered wing-shaped tubes with zero angle of attack. Hot air 

was forced to flow over the external surfaces of the tubes and 

exchanged heat with the cold water flowing inside. The results 

indicated that, the bundle of wing-shaped tubes has better 

performance over other bundles for similar parameters and 

conditions.  

It can be noticed from the above discussion, to the author’s 

knowledge, that the available data on forced convection for 

wing-shaped tubes are not enough. Therefore, the aim of the 

present study was to investigate the average heat transfer 

characteristics for wing-shaped tubes bundle in cross-flow 

with various angles of attack. To achieve these goals, 

experimental and numerical studies have been conducted. The 

tubes arrangements were employed with various angles of 

attack θ1,2,3 from 0
°
 to 330

°
 at the considered Rea range. 

II. EXPERIMENTAL DETAILS AND DATA COLLECTION 

The experiments were conducted in an open-suction-type 

wind tunnel of 2780mm length, as shown in Fig. 1. The tunnel 

is capable of producing an air velocity up to 7.3m/s. Plexiglas 

test section of (305×305)mm
2
, and 780mm long is mounted in 

the middle of the wind tunnel. The cross-sectional dimensions 

of wing-shaped tube, drawn from 1mm thick, 22.5mm outer 

diameter circular copper tube with 305 mm long, is shown in 

Fig. 2 (a). The tested tube bundle, shown in Fig. 2 (b), consists 

of 22 wing-shaped tubes distributed through three successive 

rows in addition to four half dummy ones. The tubes of the 

bundle could be fixed in the test section with a special 

mechanism having the capability of changing the flow angle 

of attack (θ1,2,3), while the longitudinal (SL) and transverse (ST) 

tube-pitches of 37mm were kept constant. The flow angle of 

attack, as illustrated in Fig. 3, could be adjusted by turning the 

tube, clockwise, around a vertical axis at the center of a flat 

surface using a protractor mechanism. When θ was kept 

constant for all tubes of the same row it denoted as the row 

flow angle of attack (θi), where i = 1, 2 and/or 3. 

Different tubes arrangements for various θ1,2,3 were 

considered. θ1,2,3 was changed from 0
°
 to 315

°
 (0

°
, 45

°
, 135

°
, 

180
°
, 225

°
, and 315

°
) experimentally and from 0

°
 to 330

° 
(0

°
 

[Fig. 2 (b)], 30
°
, 45

°
, 135

°
, 150

°
, 180

°
, 210

°
, 225

°
, 315

°
, and 

330
°
) numerically at the considered Rea range. Air was heated 

via 4kW electrical heater installed in the entrance of the wind 

tunnel. Air at 56.5±1.5
°
C dry bulb and 26±1.5

°
C wet bulb 

temperature entered the test section and passed over the tubes 

bundle. A 134A refrigeration system was employed for 

keeping the, flowing inside tubes, water at 10.8±1.5
°
C. 

A.  Measuring Techniques 

T-type thermocouples were used to measure the 

temperatures. Water flow inlet, Twi and exit, Twe temperatures, 

were measured by means of a single point measurement. Air 

flow inlet, Tai and exit, Tae average temperatures, were 

measured via 8 thermocouples arranged uniformly on two 

grids at the entrance and the exit of the test section. The wet 

bulb temperatures at the inlet and the exit were measured by 

using alcohol thermometer with wet wick surrounded bulb. 

The surface temperatures of the tubes, Ts were measured by 

attaching 2 thermocouple probes on the outer surface of each 

tube of the tested bundle. The average temperature of every 

tube was taking to be as the average of the two probes 

attached to its surface. A hand-held digital thermometer with 

an uncertainty of ±0.2
°
C with ±0.1

°
C sensitivity was used to 

record the temperatures. The airflow pressure drop (∆Pa) 

caused by the studied bundle was measured via an electrical 

micro-manometer of ± 0.1mm H2O accuracy of full scale, 

(manufactured by Furness controls company, model FC 001, 

and serial number (FN 2561), which was connected to 4 

pressure taps as depicted in Fig. 4. 

Sufficient time, from about 120 to 160min., was allowed for 

getting the desired air temperature stabilization. Experimental 

data was involved the temperature measurements of the tubes 

surfaces, air inlet and exit and water inlet and exit as well as 

the water mass flow rates corresponding to four predetermined 

values of mean air velocity in the wind tunnel.  

Four different cold-water mass flow rates (mw) of 0.205, 

0.26, 0.35 and 0.43kg/s were considered. The water flow rates 
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were measured, at the beginning of each test run, using bucket 

stopwatch method. The mean velocity (Vai

varied from 1.33 to 7m/s, yielding Re

9.7×10
3 

while Rew = 5x10
2
. The air velocities for subsequent 

experiments were measured at a single point around the 

Fig.

 

(a) 

 

(b) 

Fig. 2 (a) Wing- Shaped Tube Cross Sectional Dimensions (b) 

Schematic Plane of the Test Section, θ1,2,3 

 

4 half 

 

were measured, at the beginning of each test run, using bucket 

ai) of the air flow was 

yielding Rea from 1.8×10
3 

to 

. The air velocities for subsequent 

experiments were measured at a single point around the 

entrance-center of the test section with a 3

using the same electrical micro

pressure drop measurement. 

conducted at the same inlet conditions with Re

based on the tube equivalent diameter D

 

Fig. 1 Schematic Drawing of The Experimental Setup 

 

 

Shaped Tube Cross Sectional Dimensions (b) 

1,2,3 = 0°, (Case 1) 

B. Data Reduction 

Steady state flow conditions were achieved during the 

experiments. The fluid properties, for both air and water, were 

determined from tables given by Cengel [14]. If not mentioned 

otherwise, all the thermo-physical properties 

evaluated at the air film temperature.

variation of temperature between the outer surface of the 

tubes and the approaching air, the air film temperature was 

deduced as follows: 
af

T T
T

 = 
 

temperature, Twb. 

Fig. 3 The adjusting of flow attack angle

4 half-dummy tubes

 

er of the test section with a 3mm Pitot static tube 

using the same electrical micro-manometer as used in the 

pressure drop measurement. All of the experiments were 

conducted at the same inlet conditions with Rea and Rew, 

based on the tube equivalent diameter Deq.  

 

Steady state flow conditions were achieved during the 

experiments. The fluid properties, for both air and water, were 

determined from tables given by Cengel [14]. If not mentioned 

physical properties for air were 

evaluated at the air film temperature. Considering a linear 

variation of temperature between the outer surface of the 

tubes and the approaching air, the air film temperature was 

2

ai sT T+ 
 
 

, while for water at bulk 

 

 

adjusting of flow attack angle 
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Fig. 4 The locations of the pressure taps 

1.  Fluid Flow Considerations 

 Mean inlet air velocity was calculated from the measured 

data by the standard Pitot tube through the following 

relationship: 

 

ai
,

V  2 ,    ( / )w
dyn

a f
g h m s

ρ
ρ

 = ∆ 
          (1)

 

 

where, 
dynh∆  is the head difference between the total and 

static pressure heads through Pitot tube, m H2O, while ρw and 

ρa,f are the average densities for water and air respectively, 

kg/m
3
. 

The pressure drop coefficient, Pdc, as defined below in (2), 

represents the ratio of the total pressure drop of the moving air 

over the tube bundle to its dynamic pressure 

 

2

2

.

a
dc

af ai

p
P

Vρ

∆
=

                          (2)

 

 

where, the pressure drop through the tube bundle, 
a
p∆  was 

measured by the electrical micro-manometer via pressure taps, 

and 
af

ρ is the air film density. 

2. Heat Transfer Rate Considerations 

By applying heat balance on the test section control volume, 

the overall heat transfer rate from the air or to the cooling 

water can be expressed as, 

 

overall convection radiation condensationQ Q Q Q Q= = + +
        (3)

 

 

The water-side and air-side heat transfer rates were 

estimated as: 

 

( )w w pw we wi w pw wQ m c T T m c T= − = ∆
       

(4) 

( )
af afa a p ai ae a p aQ m c T T m c T= − = ∆

       
(5) 

 

where, mw and ma (kg/s) are the mass flow rates for water and 

air, respectively. Twi, Twe, Tai, Tae are the water and air inlet 

and exit temperatures, respectively. 

The heat transfer rates at waterside were compared with 

those of the airside. Thus in the analysis, the overall heat 

transfer rate, Q , was set to the arithmetic average of the 

airside and waterside heat rates in the following form, 

 

2

Q Qa w
Q

+
=

                                  (6)

 

 

The influence of radiation heat transfer between the tubes 

surfaces and the surrounding environment inside the test 

section was ignored (i.e. 0Q radiation ≈ ).  

During the tests, the temperatures of the tubes surfaces were 

kept higher than the dew point temperature of the flowing air, so 

the condensation of the flowing air moisture was avoided (i.e. 

0c o n d e n s at io nQ ≈ ). Thus, heat transfer between air and 

water was occurred, mainly, due to the forced convection 

mechanism. Therefore, by setting the overall heat transfer rate, 

o v e ra l lQ , to the average heat transfer rates at waterside and 

airside, (3) could be rewritten as: 

 

lnoverall convection a soQ Q Q h A T= ≈ = ∆
    (7)

 

 

where, Aso, is the total outer surface area for the tubes and, 

∆Tln is the logarithmic mean temperature difference. 

 

ln

ln ( )

ai ae

ai s

ae s

T T
T

T T

T T

−
∆ =

−
−

                      (8)

 

 

The air-side average heat transfer coefficient was 

determined as: 

 

ln
a

so

Q
h

A T
=

∆
                           (9)

 

 

The Reynolds number, Rea was given by: 

 

Re
af ai eq

a
af

V Dρ

µ
=

                         (10)

 

 

The Nusselt number was attributed as: 

 

a eq
a

af

h D
N u

k
=

                         (11)

 

 

where, Deq is the outer equivalent diameter of the tube and kaf 

is the air thermal conductivity, W/m.K. The experimental error 

analysis indicated the implication of error of the measured 

parameters on the uncertainty of the results.  
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III. NUMERICAL INVESTIGATION

A.  Problem Description and Boundary Conditions

Since, the tube length is much greater than its equivalent 

diameter, the flow across the tube bundle is considered two

dimensional. The geometry of the numerical model includes 

entrance section, tube bundle section, and exit section beside 

the boundary conditions, are shown in Fig. 

solution is carried out by solving the governing equations of 

mass, momentum and energy under the following 

assumptions; the flow is incompressible, steady and turbulent, 

fluid properties are constant, the effect of buoyancy force and 

radiation are neglected, Fluent [15]: 

 

ix

∂
∂

 

Fig. 

B.  Mesh Generation and Discretization

The geometry and mesh of the computational model that 

described in the previous section were generated separately 

using GAMBIT 2.4.6. Quad/Map, Tri/Pave and boundary 

layer meshing scheme was used in the present study with 

refining the mesh near walls and beside sharp edges.

and 7 show the configuration of the computational domain 

mesh. A finite volume discretization method using second 

order upwind schema for momentum, turbulent kinetic energy, 

and turbulent dissipation rate was applied, besides using 

simple-based solution algorithm of the velocity

coupling with a segregated solver. 

considered converged when the scaled residual of the energy 

equation reaches 10
−7

 and the scaled residuals of other 

equations reach 10
−4

. 
 

(a) θ1,2,3 = 0° 

 

Quad/Map mesh 

 

NVESTIGATION 

Problem Description and Boundary Conditions 

Since, the tube length is much greater than its equivalent 

diameter, the flow across the tube bundle is considered two-

dimensional. The geometry of the numerical model includes 

be bundle section, and exit section beside 

, are shown in Fig. 5. The numerical 

solution is carried out by solving the governing equations of 

mass, momentum and energy under the following 

steady and turbulent, 

fluid properties are constant, the effect of buoyancy force and 

(  ) 0 .0i
i

V
x

ρ
∂

=  (12) 

( )i j
j i j

V V
x x x

ρ
∂ ∂

∂ ∂ ∂

[ ( )i
i i i

V E p k
x x x

ρ
∂ ∂ ∂

+ =
∂ ∂ ∂

 

where, i: is a tensor indicating 1 and 2,

tensor, and k is the fluid effective thermal conductivity.

Commercial CFD software FLUENT 6.3.26 was used to 

solve the governing equations. RNG κ

utilized to solve the complicated turbulent thermal flow field 

with Enhanced Wall Function approach in the near

regions to fit the wall boundary conditions, Fluent [15].

Fig. 5 Boundary conditions for the numerical domain 

 

Mesh Generation and Discretization 

The geometry and mesh of the computational model that 

described in the previous section were generated separately 

ri/Pave and boundary 

layer meshing scheme was used in the present study with 

refining the mesh near walls and beside sharp edges. Figs. 6 

the configuration of the computational domain 

mesh. A finite volume discretization method using second 

r upwind schema for momentum, turbulent kinetic energy, 

and turbulent dissipation rate was applied, besides using 

based solution algorithm of the velocity–pressure 

upling with a segregated solver. The solution was 

scaled residual of the energy 

and the scaled residuals of other 

 

(b) θ

Fig. 6 Mesh configurations for

Fig. 7 Mesh details around

 

( )
ij

j i j

p

x x x

τ∂∂ ∂
= − +

∂ ∂ ∂
         

 (13) 

]( )
i i i

T
V E p k

x x x

 ∂ ∂ ∂
+ =  

∂ ∂ ∂        

 (14) 

: is a tensor indicating 1 and 2, ij
τ is the viscous stress 

tensor, and k is the fluid effective thermal conductivity. 

Commercial CFD software FLUENT 6.3.26 was used to 

solve the governing equations. RNG κ−ε turbulent model is 

utilized to solve the complicated turbulent thermal flow field 

with Enhanced Wall Function approach in the near-wall 

regions to fit the wall boundary conditions, Fluent [15]. 

 

 

(b) θ1,2,3 = 45° 

Mesh configurations for the domain of the tubes bundle 

 

 

ils around the wing-shaped tube 
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IV. RESULTS AND DISCUSSION

A.  Heat Transfer Characteristics Over 

Shaped Tubes 

Temperature contours for the air flowing across

are depicted in Fig. 8. For, the comparatively, low Re

noticed that the thermal boundary layer is thicker than that for 

 

Fig. 8 Temperature contours for different arrangements, [(a) & (b) for θ

1.  Effect of Reynolds Number Rea on Heat Transfer

The numerical results of the present study were validated 

with the corresponding experimental ones

experimental and numerical validation of Nu

first case. Results show that the thermal resistance of the air 

and hence the Nua at the lower Rea are higher than those 

obtained at the higher Rea. Also, the figure shows that both 

numerical and experimental results have, nearly, the same 

values and the same trend. The average estimated error 

between the numerical and experimental results is 

other words, increasing angle of attack agitates 

layer, further increasing angle of attack leads to progressively 

lesser boundary layer alteration. It is clear, also, from the 

figure that Nua increases with Rea and/or angle of attack. 

is may be attributed to the increase of turbulent in

leading to the amplification of the convective heat transfer.

The highest and lowest values of Nua are obtained at

45
°
, 135

° 
and at θ1,2,3 = 0

°
, 180

°
, respectively.

 

ISCUSSION 

Heat Transfer Characteristics Over the Bundle of Wing-

Temperature contours for the air flowing across the tubes 

. For, the comparatively, low Rea it is 

noticed that the thermal boundary layer is thicker than that for 

the higher Rea. This is attributed to the separation of the flow 

over the tubes surfaces leading to the increase of h

with Rea. It is seen from the figure, also, that the hea

rate for arrangement with θ1,2,3 

θ1,2,3 = 0
°
.  

3

aRe = 1.8 x 10
 

3

aRe = 9.7 x 10  

contours for different arrangements, [(a) & (b) for θ1,2,3 = 0°], [(c) & (d) for θ

 

Heat Transfer 

The numerical results of the present study were validated 

perimental ones. Fig. 9 shows the 

experimental and numerical validation of Nua with Rea for the 

first case. Results show that the thermal resistance of the air 

are higher than those 

. Also, the figure shows that both 

numerical and experimental results have, nearly, the same 

values and the same trend. The average estimated error 

between the numerical and experimental results is ≈ 6%. In 

other words, increasing angle of attack agitates the boundary 

layer, further increasing angle of attack leads to progressively 

lesser boundary layer alteration. It is clear, also, from the 

and/or angle of attack. This 

is may be attributed to the increase of turbulent intensity, 

leading to the amplification of the convective heat transfer. 

are obtained at θ1,2,3 = 

, respectively. 

(a) Numerical

 

. This is attributed to the separation of the flow 

over the tubes surfaces leading to the increase of ha, and Nua 

. It is seen from the figure, also, that the heat transfer 

1,2,3 = 45
°
 is higher than that with 

 

 

], [(c) & (d) for θ1,2,3 = 45°] 

 

(a) Numerical 
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(b) Experimental 

 

 

(c) Exp.-Num. validation  

Fig. 9 Validation of Nua versus Rea for different flow angles of attack 

 

Fig. 10 shows the validation of Nua versus angle of attack 

(θ1,2,3) at different Rea. It is seen from the figure that, at a 

certain Rea, the highest values of Nua are occurred at θ1,2,3 = 

45
°
, 135

°
, 225

°
, 315

°
, this can be attributed to the high level of 

turbulence intensity and the induced secondary flows. On the 

other hand the lowest values are occurred at θ1,2,3 = 0
°
, 180

°
.  

 

 

Fig. 10 Validation of Nua versus angle of attack (θ1,2,3) at different 

Rea 

 

Fig. 11 presents the experimental and numerical validation 

of Sta as a function of Rea for the angles of attack θ1,2,3 = 0
°
, 

30
°
, 45

°
, 135

°
, 150

°
, and 180

°
 numerically and θ1,2,3 = 0

°
, 45

°
, 

135
°
, 180

°
, 225

°
, 315

°
, experimentally. The results show that, 

the Sta always decreases with Rea increasing. The Sta first 

rapidly decreases with increasing Rea and then gradually 

decreases with Rea. This could be attributed to the fact that the 

rate of Nua increasing is lower than for Rea increasing. The 

highest value of Sta is occurred at θ1,2,3 = 45
°
, while the lowest 

value of Sta is occurred at 0
°
. The Sta distributions shows a 

good agreement between the numerical and the experimental 

values obtained for the whole range of Rea as shown in Fig. 11 

(c). The agreement demonstrates the correctness of the 

selected numerical approach. 

 

 

(a) Numerical 

 

 

(b) Experimental 

 

 

(c) Exp.-Num. validation 

Fig. 11 Experimental and numerical validation of Sta versus Rea at 

different flow angles of attack 
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 Fig. 12 shows the numerical and experimental validation 

of Sta versus various θ1,2,3 at different Rea. It is seen from the 

figure that at a certain Rea, the highest and lowest values of Sta 

are occurred at θ1,2,3 = 45
°
, 135

°
, 225

°
, 315

°
 and at θ1,2,3 = 0

°
, 

180
°
, respectively. At high Rea the variation of Sta are 

gradually smooth for smaller angles of attack, and at low Rea 

the Sta is rapidly. This means that the flow velocity increases 

faster than the convective heat transfer from the isothermal 

walls to the fluid. Therefore, the average outlet air temperature 

Ta,o decreases with increasing Rea.  

 

 

Fig. 12 Experimental and numerical validation of Sta versus angle of 

attack at different Rea 

Correlations for Nua and Sta based on the experimental 

results obtained for various θ1,2,3 and Rea, with a maximum 

deviation ≈ ±11%, were predicted by (15) and(16) as follows: 

 

( ) ( )
c

°
1b

3
a

90

a

θ
Re . Pr . 1+Nu =a.

θ °
°

 
  
         

(15) 

( ) ( )
c

°
-2b-1

3
a

90

a

θ
St Re . Pr . 1+=a.

θ °
°

 
  
           

(16) 

 

Table I shows all the constants for Nua and Sta. The 

excellent R
2
 values confirm the statistical goodness of the fit. 

The obtained correlations are applicable for 1.8 x 10
3
 ≤ Rea ≤ 

9.7 x 10
3
. Prandtl number of the flowing air, Praf, was, nearly, 

considered constant ( )0 .706≈ . 

 

 

 

 

 

 
TABLE I 

CONSTANTS AND R2
 FOR PROPOSED CORRELATION FOR NUSSELT AND STANTON NUMBERS 

 a b c R2 

0° ≤ θ1,2,3 ≤ 45° 0.52 0.567 0.272 0.986 

135° ≤ θ1,2,3 ≤ 180° 1.1323 0.5631 -0.6737 0.985 

180° ≤ θ1,2,3 ≤ 225° 0.2334 0.5732 0.6829 0.984 

315° ≤ θ1,2,3 ≤ 360° 2.327 0.5741 -0.9691 0.987 

 

B.  Comparison of the Present Study Heat Transfer Results 

with Others from the Literature 

The current proposed heat transfer correlations for the 

bundle of wing-shaped tubes, (15) and (16) were compared 

with others found in the literature. One of those was based on 

the experimental work for flow over circular staggered tube 

banks, Zukauskas [16] as referenced by Cengel, Y. A. [14] as 

the following 

 

0.2 0.6 0.36 0.25

5

Pr
0.35( ) Re Pr ( )

Pr

(1000 Re 2 10 )

afT
a a af

L s

a

S
Nu

S
=

≤ ≤ ×
      

(17) 

 

where, ST and SL are the transverse and longitudinal tube-

pitches, respectively. By applying a correction factor and other 

parameters from the present study, the above equation could 

be written as follows: 

 
0.6 5

0.31Re      (1000 Re 2 10 )a a aNu = ≤ ≤ ×
       

(18) 

0.4 50.44 Re      (1000 Re 2 10 )a a aS t −= ≤ ≤ ×         
(19) 

Ibrahim and Gomma [7] proposed a heat transfer correlation 

for elliptical tubes bundle in cross flow of air in the following 

form: 

 

0.537 0.33 0.079 0.20.452Re  Pr ( ) (sin(10 ))a a af

a
Nu

b
α−= +

      

(20) 

 

where, a and b are the minor and major axis of the elliptical 

tube, respectively. while, α is the flow angle of attack and Praf 

taken at the average Taf. To give the same surface area as wing 

shaped tube of the present study, a and b are substituted by 

0.0131 and 0.0301 m, respectively. By employing the present 

experimental condition and using the tube Deq, (20) could be 

reduced to: 

 

( ) ( )0.537 0.2
0.4302 Re . sin(10+ )     , (5300 Re 28000)

a a a
Nu α= ≤ ≤

      
(21) 

( ) ( )0.463 0.2
0.61 Re . sin(10+ )      ,(5300 Re 28000)aa aSt α

−
= ≤ ≤

     
(22) 

 

Other empirical correlations were established as proposed in 

(23) and (24), for heat transfer characteristics of a cross flow 

heat exchanger employing staggered wing shaped tubes with 

zero angle of attack, Sayed Ahmed et al. [13]. 
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0 .4 8 3 20 .9 4 R e ,     0 .9 5a aN u R= =        
(23) 

-0 .5 1 8 21 .3 2 R e ,    0 .9 6a aS t R= =
        

(24) 

3 3
1 .8 5 1 0 R e 9 .7 1 0a× ≤ ≤ ×

 
 

The Nua and Sta correlations with Rea obtained from the 

present study were compared with other results from previous 

studies as shown in Figs. 13 and 14. As seen from Fig. 13 (a), 

the correlations from the present study have satisfactory 

agreement with that proposed by Sayed Ahmed et al. [13] at 

zero angle of attack and for the given range of Rea. The 

studied bundle has increased values of Nua by about 24% and 

76% comparing with those obtained for circular and elliptical 

tubes, respectively, for zero angle of attack. 

Fig. 13 (b) shows that the values of Nua, obtained for θ1,2,3 = 

45° of the present study are more than those for the elliptical 

tube bundle by about 64 %.  

 

 

(a) For zero angle of attack 

 

 

(b) For 45° angle of attack 

Fig. 13 Comparison of present Nua vs Rea results with previous 

works for different tube shapes and angles of attack 

 

Fig. 14 shows the relationship between Sta and Rea for the 

wing-shaped, circular and elliptical tubes bundles. It can be 

seen from the figure that the studied bundle has the highest 

values of Sta comparing with the others. 

 

(a) For zero angle of attack 

 

 

(b) For 45° angle of attack 

Fig. 14 Comparison of present Sta vs. Rea results with previous works 

of different tube shapes and angles of attack 

C.  Thermal Performance Criteria 

Three methods are presented to resort a metric that 

expresses the global performance of the studied bundle heat 

exchanger of wing-shaped tubes with the particular reference 

of the traditional bundle heat exchangers with circular and 

elliptical tubes. These methods play as the key design factors 

of heat exchanger whilst incorporating an economic indicator, 

which are: 

1.  Direct Comparison Method 

Direct comparison between the heat transfer coefficient ha 

and the pressure drop ∆Pa at a fixed Rea is conducted. This 

criterion allows quantifying the heat transfer enhancement for 

different tubes bundle configurations with equivalent total 

pressure drops independently on the tube cross-sectional 

shape, Bergles et al. [17]. 

 Fig. 15 shows the effect of ∆Pa on ha and their validation. 

The highest values of ha were obtained for arrangement of 

θ1,2,3 = 0
°
 while lowest ones were obtained for θ1,2,3 = 45

°
, 135

°
 

for all values of Rea at certain ∆Pa.  
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(a) Numerical 

 

 

(b) Experimental 

 

 

(c) Experimental-numerical validation 

Fig. 15 Experimental-numerical validation of heat transfer coefficient 

versus pressure drop for different flow angles of attack 

 

 Fig. 16 shows the plot of ha versus ∆Pa for different tubes 

shapes. It is seen from the figure that, the agreement between 

the present study results and these proposed by Sayed Ahmed 

et al. [13] at zero angle of attack could be termed as good. 

Also the studied bundle has the highest values of ha at θ1,2,3 = 

0
°
 followed by 180

°
, and 30

°
, comparing with the circular and 

elliptical tubes bundles, at the same Rea and pressure drop. 

Conversely, the elliptical tubes bundle has a higher ha than 

that of the studied bundle at θ1,2,3 = 45
°
. The lower value of ha 

has related to the bundle with elliptical tubes at zero attack 

angle.  

 

 

(a) For θ1,2,3 = 0° and 180°.. 

 

 

(b) For θ1,2,3 = 30° and 45° 

Fig. 16 Heat transfer coefficient ha versus pressure drop ∆Pa for 

bundle heat exchangers with different tubes shapes 

2.  Effectiveness ε Method 

Effectiveness (ε) represents the heat transfer per unit 

pumping power as stated by Gomaa et al. [18] obtained (25) 

for ε as follows.  

 

( )
f

af p ai ae

a

c T T

P

ρ
ε

−
=

∆
               

(25) 

 

As seen from (25) ε presents the ratio between the amount 

of heat being transferred by the heat exchanger and the 

pumping power. 

Fig. 17 shows, experimentally and numerically, the effect of 

Rea on ε. It is seen from the figure that ε decreases with Rea 

increasing for all arrangements. Although the heat exchanger 

with arrangement of θ1,2,3 = 45
°
 has the highest values of Nua, 

as mentioned before, it has the lowest values of (ε). On the 

other hand, the wing-shaped tubes bundle with θ1,2,3 = 0
°
 has 

the highest values of ε. 
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(a) Numerical 

 

 

(b)Experimental 

Fig. 17 Effectiveness (ε) versus different flow angles of attack 

 

Fig. 18 shows the effect of angle of attack on the 

effectiveness (ε) at different Rea and their validation. It is clear 

from the figure that the highest and lowest values of (ε), for all 

the studied arrangements, are occurred at the lowest and 

highest values of Rea, respectively, while the highest and 

lowest values of (ε) at every Rea are occurred at θ1,2,3 = 0
°
, 180

°
 

and θ1,2,3 = 45
°
, 225

°
, respectively. Also, ε decreases from θ1,2,3 

= 0
°
 to 45

°
 and θ1,2,3 = 180

°
 to 225

°
 while increases from θ1,2,3 = 

135
°
 to 180

°
 and from θ1,2,3 = 315

°
 to 330

°
 for all considered 

Rea range.  
 

 

Fig. 18 Validation of effectiveness (ε) versus flow angles of attack at 

different Rea 

 

To optimize the thermo-fluid characteristics of heat 

exchangers, it is important to recognize, not only the 

enhancement of the heat transfer but also, the minimization of 

the pumping power usage. The effectiveness (ε) could be 

correlated in terms of Rea, Pr and θ1,2,3 with a maximum 

deviation of ±12 % for a wide range of validity as presented in 

(26). Table II shows all the constants for (26). 

 

1
3

90

  (Pr)  
θb cε = a  (Re ) (1+ )

θa
°

°

           (26)
 

1.8 x 10
3
 ≤ Rea ≤ 9.7 x 10

3
 

 
TABLE II 

CONSTANTS AND R2
 FOR (26) 

 a b c R2 

0° ≤ θ1,2,3 ≤ 45° 413.54x109 -2.421 -4.71 0.99 

135° ≤ θ1,2,3 ≤ 180° 100.64x105 -2.36 8.9723 0.99 

180° ≤ θ1,2,3 ≤ 225° 2.4473x1016 -2.3595 -10.714 0.99 

315° ≤ θ1,2,3 ≤ 360° 6.0264x10-2 -2.4193 18.357 0.99 

 

Ibrahim and Gomma [7] proposed a correlation of (ε) for 

elliptical tubes bundle in cross flow of air in the following 

form: 

 

2.65 0.33 1.11 15.331.41 Re  Pr ( ) (sin(10 ))a af

a

b
ε α− − −= +

    (27)

 

 

By applying the present experimental condition and using 

the Deq to define Re, (27) could be reduced to: 

 

2.65 15.333.164 Re  (sin(10 ))aε α− −= +
         

(28) 

 

Another empirical correlation (29) for staggered wing-

shaped tubes bundle with zero angle of attack was established 

by Sayed Ahmed et al. [13]. 

 

11 2.28 21.259 10 Re ,    R 0.97aε −= × =
 

 
3 31 .8 1 0 R e 9 .7 1 0a× ≤ ≤ ×

           (29)
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Fig. 19 shows the dependence of ε on Rea for heat 

exchangers with wing-shaped, elliptical and circular tubes. It 

is seen from the figure that the obtained results of ε for the 

present study are in good agreement with these obtained by 

Sayed Ahmed et al. [13]. Heat exchangers with wing-shaped 

and elliptical tubes have, approximately, the same values of ε 

at 45
°
 angle of attack. 

 

 

(a) θ1,2,3 = 0° 

 

 

(b) θ1,2,3 = 45° 

Fig. 19 Effectiveness ε correlation for bundles with different tubes 

shapes 

3.  The Efficiency Index η Method 

The efficiency index η expresses the relation between the 

heat transfer and the pressure drop characteristics for bundles 

with wing-shaped and elliptical tubes based on the relation 

obtained for the bundle with circular tubes. Afify et al. [19] 

proposed the following correlation: 

 

c

c

dc

dc

St
St

P
P

η

 
 
 =

 
 
                                     (30)

 

 

Fig. 20 illustrates the relationship between the efficiency 

index η and the Rea for bundles with wing-shaped and 

elliptical tubes at different flow angles of attack. It is seen 

from the figure that the present study results are in good 

agreement with these at zero angle of attack proposed by 

Sayed Ahmed et al. [13].  

It is evident that the wing-shaped tubes heat exchanger with 

zero angle of attack has the highest values of (η) followed by 

the angle of attack 30
°
 and 45

°
. The studied heat exchanger 

with zero angle of attack has the highest values of η 

comparing with these of elliptical ones at different flow angles 

of attack.  

 

 

(a) For θ1,2,3 = 0° and 180°. 

 

 

(b) For θ1,2,3 = 0°, 30°, 45° and 180°. 

Fig. 20 Efficiency index η versus Rea for bundles of wing-shaped and 

elliptical tubes with different flow angles of attack 

 

The above mentioned discussion showed that the wing-

shaped tubes bundle heat exchanger with zero-angle of attack 

has the best values of ha, ε and η and hence the best 

performance comparing with the other bundles.  

V. CONCLUSIONS 

Heat transfer characteristics and thermal performance 

criteria of wing-shaped tubes bundle placed in cross-flow have 

been numerically and experimentally investigated for 1.8 x10
3
 

≤ Rea ≤ 9.7 x10
3
. Different tubes arrangements for various 

θ1,2,3 were considered. θ1,2,3 was changed from 0° to 315° (0°, 

45
°
, 135

°
, 180

°
, 225

°
, 315

°
) experimentally and from 0

°
 to 330

°
 

(0
°
, 30

°
, 45

°
, 135

°
, 150

°
, 180

°
, 210

°
, 225

°
, 315

°
, and 330

°
) 

numerically at the considered Rea range. Also, the commercial 
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CFD software FLUENT 6.3.26 was utilized to predict the flow 

field around the wing-shaped tubes bundle. Temperature 

contours were conducted to investigate the effect of different 

parameters on the heat transfer characteristics. Comparisons 

between the experimental and numerical results of the present 

study and those, previously, obtained for similar available 

studies showed good agreements. The following conclusions 

are preferred: 

1. The results indicated that Nua increases with increasing 

Rea. In the contrary, Sta decreases as Rea increases 

following an inverse power low form. The highest and 

lowest values of Nua and Sta are occurred at θ1,2,3 = 45
°
, 

135
°
, 225

°
, 315

°
 and at θ1,2,3 = 0

°
, 180

°
, respectively. 

2. Correlations were developed from the experimental 

results for the bundle of wing-shaped tubes to give the 

average Nua and Sta in terms of Rea and angle of attack. 

The general form of the correlations are: 

 

( ) ( )
c

°
1b

3
a

90

a

θ
Re . Pr . 1+Nu =a.

θ °
°

 
  
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( ) ( )
c

°
-2b -1

3
a

90
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θ
S t R e . P r . 1+= a.

θ °
°

 
  
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3. The air flow heat transfer results of the present study were 

compared with previous correlations reported in literature, 

which having different tubes shapes, with the same surface 

area and similar parameters as for the wing-shaped ones. 

The studied bundle with zero angle of attack has increased 

values of Nua by about 24% and 76% comparing with 

those obtained for circular and elliptical tubes, 

respectively. While θ1,2,3 =45
°
, the values of Nua were more 

than those for the elliptical tubes bundle by about 64 %.  

4. The highest values of ha were obtained for arrangement of 

θ1,2,3 =0
°
 while the lowest ones were obtained for θ1,2,3 = 

45
°
, 135

°
 for all values of Rea at certain ∆Pa. Also, the 

studied bundle has the higher value of ha at θ1,2,3 =0
°
 

followed by 180
°
, and 30

°
, comparing with the circular and 

elliptical tubes bundles, at the same Rea and ∆Pa. 

Conversely, the elliptic tubes bundle has a higher ha than 

that of the studied bundle at θ1,2,3 = 45
°
. 

5. ε decreased with Rea increasing and the highest and lowest 

values of ε were occurred at Rea = 1.8 x 10
3
 and 9.7 x 10

3
, 

respectively.  

6. The highest and lowest values of ε, for all the studied 

arrangements, were occurred at the lowest and highest 

values of Rea, respectively, while the highest and lowest 

values of ε at every Rea are occurred at θ1,2,3 = 0
°
, 180

°
 and 

θ1,2,3 = 45
°
, 225

°
, respectively.  

7.  A correlation of ε for various θ1,2,3 at 1.8 x10
3
 ≤ Rea ≤ 9.7 

x10
3
 was obtained as follows:  

 

1
3

90

  (Pr)  
θb cε = a  (Re ) (1+ )

θa

°

°

 

8.  It is evident that the wing-shaped tubes heat exchanger 

with zero angle of attack has the highest values of (η) 

followed by the angles of 30
°
 and 45

°
. The studied heat 

exchanger with zero angle of attack has the highest values 

of η comparing with those of elliptical ones at different 

flow angles of attack. 

9.  The wing-shaped tubes bundle heat exchanger with zero-

angle of attack has the best values of ha, ε and η and hence 

the best performance. 

NOMENCLATURE 

Alphabet- Upper Case 

Aso  Total outer surface area of the tubes, m2 

Deq Equivalent circular diameter, m 

Nu Nusselt number, (h.Deq)/k  

Pdc Pressure drop coefficient, (2.∆Pa)/( ρaf.Va
2) 

Pr Prandtl number, (µ. cp)/k 

Q Heat transfer rate, W 

R2 coefficient of determination ranged from 0 to 1 

Re Reynolds number, (ρ.V.Deq)/µ 

St Stanton number, Nu/(Rea.Pr) 

T , KTemperature 

V Velocity, m/s 

Alphabet- lower Case 

cp Specific heat at constant pressure, J/kg.K 

h  Heat transfer coefficient, W/m2.K 

k Thermal conductivity, W/m.K 

m Mass flow rate, kg/s 

t  Tube thickness, m 

x Axial coordinate 

y The normal distance to the tube surface 

y+ 
Dimensionless normal distance to the tube surface  

Greek symbols  

ε Effectiveness, (ρaf.cpf (Tai-Tae))/ ∆Pa  

µ Absolute viscosity, Pa.s 
η Efficiency Index, (St/Stc)/(Pdc/Pdcc) 

ρ Density, kg/m3  

α or θ
 

Angle of attack, ° 

∆hdyn Dynamic head difference, m H2O 

∆Pa  Pressure drop across the bundle, Pa 

Subscripts: 

a Air 

c Circular  

e Exit 

f Film 

i Inlet, or row number 

o Outer or outlet 

w Water 

Abbreviations 

RNG Reynolds normalized group 
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