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Influence of Free Stream Turbulence Intensity on
Heat Transfer and Flow Around Four In-Line

Elliptic Cylinders in Cross Flow

Ramadan Y. Sakr Dr., Nabil M. Berbish Dr., and Ali A. Abd-Aziz

Abstract

Effect of free stream turbulence intensity on heat transfer and flow character-
istics around four in-line elliptic cylinders in cross flow was experimentally and
numerically investigated. The elliptic cylinders examined had an axis ratio (b/c)
of (1:3), with zero angle of attack (major axis is horizontal) and they were heated
under constant heat flux condition. Three different sizes of free stream turbulence
producing grid (screen) inserted 300 mm upstream the test cylinders are used to
study the effect of the free stream turbulence. The turbulence intensities levels of
5.6%, 8.3% and 10.5% are obtained from the grid sizes. The effect of cylinder
spacing ratio (L/c) were examined within Reynolds number (based on free stream
velocity and major axis length) ranged from 3640 to 66240. It was observed that
the local and average Nusselt numbers of the tested elliptic cylinders increase
with increasing the free stream turbulence intensity. The results showed that the
maximum enhancement ratio for the average Nusselt number (average Nusselt
number of the tested cylinder with grid/ average Nusselt number of a single ellip-
tic cylinder without grid) was found to be about 1.93, and was obtained for the
second elliptic cylinder in four in-line cylinders at L/c=1.5, Re=6150 with free
stream turbulence intensity of 10.5%. Also, the flow characteristics were varied
drastically with varying both the longitudinal spacing ratio and the inserted grid
(screen). Moreover, an empirical correlation for the average Nusselt number of
the second elliptic cylinder of four in-line cylinders was obtained as function of
Reynolds number and free stream turbulence intensity.

KEYWORDS: Free stream turbulence, Turbulence intensity, In-line arrangement,
Four elliptic cylinders, Cross flow



1. INTRODUCTION  

The exploration of compact and high-performance heat exchanger for 

conserving energy is a very important and urgent problem. Heat exchangers made 

of tubes of circular cross section are commonly used in industry. However, flow 

over these tubes is not always perpendicular to the tube axis which makes the tube 

cross-section in the direction of flow to have an elliptic shape. In general, the 

elliptic tube geometry can represent the circular tube and can also represent a very 

thin plate depending on the value of the axis ratio. Moreover, it is found that their 

drag coefficient at small angles of attack is lower than that of a circular cylinder. 

This may be an advantage feature when using elliptic tubes as a heat transfer 

surface element, since the pumping power needed for fluids to flow around them 

may become very small and the heat exchanger may be more compact [1-4]. 

The literature on forced convection heat transfer from elliptic cylinders 

without grid (screen) showed a good number of investigations. The first 

measurements of the local heat transfer coefficient were reported by Seban and 

Drake [5] and by Drake et al. [6]. Who investigated their experimental studies for 

cylinders of axis ratio of 1:4 and 1:3, respectively at small angles of attack (0
o
, 5

o
, 

and 6
o
 only). Ota et al. [7] performed experimentally forced convection from 

elliptic cylinder of axis ratio 1:3, placed in a uniform stream of air in the Reynolds 

number ranged from 8000 to 79000 and for angles of attack varying from 0
o
 to 

90
o
. The angle of attack was found to have a strong influence on the overall heat 

transfer enhancement ratio.  Nishiyama et al. [2] conducted experimentally forced 

convective heat transfer from elliptic cylinders of axis ratio 1:2, placed in tandem 

arrangements. The study was performed for four cylinders at various values of 

Reynolds number ranged from about 15000 to 70000.  

 Badr [8] studied numerically forced convection heat transfer from a single 

elliptic cylinder. It was found that, the maximum Nusselt number occurs at zero 

angle of attack and small axis ratio. Khan et al. [9] investigated experimentally 

forced convection cross flow heat transfer of hot air over an array of in-line 

elliptical tubes carrying cold water. It was found that the Nusselt number and 

hence, the heat transfer rate, increased with increasing both water and air 

Reynolds numbers. Abdel Aziz et al. [4, 10] carried out experimental and 

numerical studies on heat transfer and flow characteristics around a single elliptic 

cylinder, two elliptic cylinders in-line, and three staggered cylinders in cross flow 

of air. It was found that, the average Nusselt number for the downstream cylinder 

was higher by about 15-84% than that of the single elliptic cylinder, depending on 

the cylinders arrangement and spacing ratios. Berbish [11] investigated 

experimentally and numerically forced convection heat transfer and flow around 

four staggered elliptic cylinders in cross flow of air. The results showed that the 

maximum average Nusselt number enhancement ratio for the downstream elliptic 
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cylinder in four staggered cylinders was found to be about 2.0, and was obtained 

for spacing ratios of   Sx/c =2.5, Sy/b=2.5 at Re=32000. 
         The effect of free stream turbulence on heat transfer coefficient at a surface 

of a plate is reviewed by Kandjoyan et al. [12]. The influence of free stream 

turbulence on the heat transfer from circular cylinders in cross flow has formed 

the subject of numerous experimental investigations, but few works have 

performed for elliptic tubes. For example, the influence of turbulence intensity on 

heat transfer from elliptic cylinder has been performed by Seban [13], the axis 

ratio of the cylinder was 1:4 and 56000<Re<236000. His results indicate that the 

local heat transfer increase with the free stream turbulence intensity. However, 

Seban did not measure the turbulence intensity and gave only the characteristics 

of the grids that are used to promote turbulence. The combined effect of free 

stream turbulence and tunnel blockage on average Nusselt numbers of circular 

cylinders was reviewed by Morgan [14]. The influence of turbulence intensity on 

heat transfer coefficient of circular cylinders was investigated by Dyban and 

Epick [15], Dyban et al. [16], and Lowery and Vachom [17]. These works 

demonstrate that the heat transfer coefficient increases with turbulence intensity 

and that this effect is more intense when the Reynolds number is higher. For a 

circular cylinder in a cross flow of high turbulence intensity, Simmons et al. [18] 

and Ching and O'Brien [19] have reported fluctuations in heat transfer from 

measurements in the stagnation region of the cylinder. However, no 

measurements were reported for other locations on the cylinder circumference. 

        Haung et al. [20] conducted experiments to investigate the effects of free 

stream turbulence and unsteady wake on conductive heat transfer coefficient of a 

heated cylinder.  

         They found that the higher wake passing frequency produces more frequent 

velocity fluctuations, more broad velocity profiles, and a storage degree of 

turbulence intensity which are caused by the upstream wake generator and 

turbulence grid to enhance heat transfer. Terekhov et al. [21] studied 

experimentally the hydrodynamic features of the gas flows past a rib and past a 

downward step in characteristics separation-flow regime, and distribution of 

pressures, temperatures and heat transfer coefficients behind obstacles in such 

flows are presented. They also examined the effect of enhanced external 

turbulence on thermal and dynamic characteristics of the separated flows. The 

effects of turbulence integral length scale and turbulence intensity on the 

convective heat transfer rate from a heated circular cylinder were investigated 

experimentally by Sak et al. [22]. Tests were conducted at a Reynolds number of 

27700, relative turbulence intensity ranges from 2.9% to 8.3% and turbulence 

integral length scale to cylinder diameter ranges from 0.5 to 1.47. They found for 

integral length scale of 0.78 heat transfer increases with the increase of turbulence 

intensity and for turbulence intensity of 6.9% heat transfer rate decreased with 

2



increasing turbulence length scale. The effect of free stream turbulence on heat 

transfer and pressure coefficients of a turbine blade was investigated in low 

Reynolds number flow by Choi et al. [23]. Cascade inlet Reynolds number based 

on blade chord length was varied from 15700 to 105000 and turbulence intensity 

was varied from 0.68% to 15.31%. Their study documents the effect on increasing 

Reynolds number and free stream turbulence in suppressing separation, promoting 

boundary layer transition, and enhancing heat transfer on blade surface.  

Kondjoyan and Daudin [24] performed experimentally the effects of free 

stream turbulence intensity on heat and mass transfer at the surface of a circular 

cylinder and an elliptical cylinder, axis ratio 1:4. It was found that the influence of 

the elliptical cylinder ratio on the mean transfer coefficients values was much less 

than the effect of the air flow properties. Also, the local heat transfer coefficient is 

much higher at the stagnation point of an elliptical cylinder than elsewhere at the 

surface. Scholten and Murray [25, 26] investigated experimentally unsteady heat 

transfer and velocity of a cylinder in cross flow with low and high free stream 

turbulence. It is observed that, the level of heat transfer fluctuations for the high 

turbulence tests is higher in the region where the turbulent boundary layer exists, 

but it is lower in the wake region at the very back of the cylinder. This local 

region of low heat transfer fluctuations is a consequence of less mixing of the 

fluid within the wake region due to the narrower wake associated with delayed 

separation of the boundary layer. Ahmed and Badr [27] investigated numerically 

heat transfer from an inclined elliptic tube in a convective environment with 

fluctuations in the free stream including the effect of buoyancy forces. It was 

found that the time average of the Nusselt number was increased with increasing 

amplitude of the fluctuations and with decreasing frequency. 

The influence of free stream turbulence on heat transfer and flow around 

elliptic cylinders is not studied extensively. Therefore, the main purpose of the 

present study is to clarify the heat transfer coefficients and flow behavior around 

four in-line elliptic cylinders in cross flow, with different values of free stream 

turbulence intensity. The tested elliptic cylinders having an axis ratio 1:3 and they 

are placed in-line arrangement with zero angle of attack. Moreover, the effects of 

Reynolds number and longitudinal spacing ratio are examined. 

 

2. EXPERIMENTAL SETUP, INSTRUMENTATIONS AND 

PROCEDURES 

The experimental setup is a suction type wind tunnel, designed to give air 

flow across a heated horizontal elliptic cylinder in in-line arrangement with other 

three unheated elliptic cylinders. The heated elliptic cylinder may be placed at 

first, second, third or fourth in the in-line arrangement. The setup consists mainly 

of a centrifugal blower, air passage, test section, and measuring instruments as 

shown in Fig. (1). A centrifugal type air blower is driven by an alternating electric 
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current motor of 5.0 hp, is used to supply the required air flow. The air flow 

discharge is controlled at the outlet of the air blower by means of a variable area 

outlet gate. Various values of Reynolds number based on cylinder major axis 

length are utilized in the experiments which ranged from 3640 to 66250. 

 The working section of the wind tunnel is 200 mm wide, 200 mm height, 

and 1200 mm long. For clean tunnel (without grid), the working section free 

stream turbulence intensity at the centerline of the tunnel in potential core is about 

1%. Air enters through a smooth bell-mouth to the test section, after which air 

passes through a transition duct ending with a circular section of 140 mm 

diameter. Air flows then through a straightener (honey comb) before reaching the 

orifice-meter. The elliptic cylinders examined have an axis ratio (b/c) of 1:3, the 

major axis length (c) being 45 mm and the span-wise length 200 mm (aspect ratio 

of 4.44). They were made of wood (high smooth surface) with the aid of an 

elliptic edge cutter tool. Heating of the downstream test cylinder was conducted 

by means of an electric current passed through a nickel-chrome tape of 0.2 mm 

thickness, 5 mm width and 16.5 Ω total resistance, which is wound helically 

around the tested elliptic cylinder with a pitch of 1 mm; this provided 

approximately the condition of constant heat flux. The details of the heating 

elliptic cylinder are indicated in Fig. (2). 

 Twenty-two copper-constantan thermocouples (0.4 mm wire diameter) are 

distributed circumferentially, embedded on the cylinder surface of the central 

section, and fixed at the back of the nickel-chrome heater tape to measure the 

surface temperature of the heated elliptic cylinder. To confirm a uniform 

temperature distribution, three thermocouples are installed at the two ends and at 

mid span of the tested cylinder to measure the axial temperature. Air temperature 

entering and leaving the test section are measured by using two thermocouples.  

A digital thermometer with a minimum reading of 0.1
o
C is employed for all 

the temperature measurements. Openings are located in the two side walls of the 

test section in order to change the spacing ratios (L/c) to take values of 1.5, 2.5 

and 4.0 respectively. The spacing (L/c), is defined as the ratio between stream-

wise distance between two centers of the cylinders to the major axis of the elliptic 

cylinder. The cylinders are arranged with zero angle of attack (α), where the 

major axis is horizontal. Three grids of 40x40 mm, 30x30 mm, and 20x20 mm 

were used to get different free stream turbulence values as shown in Fig. (3). 

These grids were located normal to the flow at distance of 300 mm from the 

elliptic cylinders arrangement. Also, the grids are formed from wooden smooth 

bars of 9 mm diameters. These grids give free stream turbulence level of 5.6%, 

8.3% and 10.5% respectively. The free stream turbulence is defined as a ratio of 

free stream root mean square value of stream-wise velocity fluctuations urmso to 

the free stream mean velocity Uo,  Tu= urmso/ Uo. 
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Fig. (1) The experimental setup 
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Fig. (2) Details of heated elliptic cylinder 

 

The free stream mean velocity was measured at the centerline of the test 

duct using a Pitot tube connected to a micromanometer with a minimum reading 

of 10 Pa. The streamwise mean velocity and root mean square value of 

streamwise velocity fluctuations were measured with a Dantec 56C01 constant 

1. A.C. electric motor.    6.   Straightener                 11. Turbulence grid. 

2. Air blower.                              7.   Transformation duct.  12. Main duct. 

3. Exit duct.                                 8.   Flanges.              .        13. Bell-Mouth intake. 

4. Air gate controller.                9.   Elliptic cylinders         14. Micromanometer. 

 5. Flow orifice meter                 10. Test section                                                         
. 

1.  Nickel-Chrome tape 

2.  Thermocouple junction 

3.  Wooden elliptic cylinder 

4.  Heating element 

5.  Thermocouple leads 

6.  A.C. power leads 

7.  Thermocouple leads 

8.  A.C. power leads 
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temperature anemometer CTA with a Dantec 55P04 single-wire probe of 5 µm 

diameter platinum-plated tungsten wire. The hot wire probe has been mounted on 

a two-dimensional transverse mechanism of Dantec 56H100 model. The system is 

digitally controlled and easily interfaced to the computer and it allows recording 

of measured values. The measurements of the streamwise mean velocity and root 

mean square value of streamwise velocity fluctuations were carried out without 

heating, i.e. before the heat transfer measurements.            

The input electric power is adjusted using a voltage regulator. It is 

calculated from the product of both the voltmeter and the ammeter readings. After 

steady state is achieved, the local heat transfer coefficient, h, and the 

corresponding local Nusselt number, Nux, are calculated, respectively, as follows: 

)
xf,

T
x

(T
w

q

x
h

−
=                                         (1) 

K / c 
x

h
x

Nu =                           (2) 

where wq , Tx, Tf,x, c, and K are the heat flux, local surface and film air 

temperatures, cylinder major axis length, and air thermal conductivity, 

respectively. The film temperature Tf,x is calculated as: Tf,x = 0.5(Tx+To).  

Moreover, the average Nusselt number over the whole circumference of the 

elliptic cylinder, Num, is calculated from integration of the local Nusselt number. 

The uncertainty of the heat transfer coefficient or Nusselt number is 

estimated to be about ± 4.6 %. Also, uncertainty of about ± 2.2 % is found in 

measuring the flow velocity or reported Reynolds number. 
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Fig. (3): Details of grids that producing free stream turbulence intensities 
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3. NUMERICAL APPROACH AND PROCEDURES  
         In the present experimental work, Reynolds number based on the major axis 

of the elliptic cylinder, c, ranges from 3640 to 66250. So, the flow can be 

considered turbulent flow. Turbulence is characterized by fluctuating quantities, 

e.g. velocity, temperature etc., the velocity fluctuations impact transport of 

quantities such as mass, momentum, and energy.  

         Direct simulation of all scales of velocity fluctuation is not computationally 

practical. Therefore, simplifications for turbulent flow solutions are necessary. 

Types of approaches for handling turbulent flows are through Reynolds averaging 

or filtering Navier Stokes equations. However, both methods introduce unknown 

terms into Navier Stokes equations; therefore, additional turbulence modeling is 

required to achieve the closure of the flow equations.  

          A number of different turbulence models can be applied when solving 

turbulent flow fields. The RNG k-ε (Renormalization Group theory) is selected 

for this analysis. The primary reasons for using the RNG k-ε turbulence model are 

that it allows for variation in the turbulent Prandtl number as a function of flow 

conditions, it provides a means for including low Reynolds number effects in the 

effective viscosity formulation, and it includes an extra, Rε, in the ε equation to 

better model separated flows. The conservation equations for RNG k-ε turbulence 

model are given below, [28]: 
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The Gk is the generation of turbulent kinetic energy due to mean velocity 

gradients, Gb is the generation of turbulent kinetic energy due to buoyancy, Sε and 

Sk are user defined source terms, YM is the contribution of fluctuating dilatation to 

the dissipation rate and S is the modulus of the mean rate of strain tensor. The 

quantities αk and αε are the inverse effective Prandtl numbers derived analytically 

by the RNG theory. 
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Turbulent viscosity 

 
ε

ρµ µ

2

 
k

Ct =                           (5) 

The model constants C1ε, C2ε, αk, αε, ηo, β, and Cµ in the above equations are as 

follows, (Fluent user manual, 2001):  

C1ε=1.42, C2ε=1.68, αk=αε≈ 1.393, ηo=4.38, β=0.012 and Cµ=0.0845. 
Fluent numerical code, version 6.2.16 is employed for all numerical simulations. 

Gambit 2.2.30 is used for the development of the computational grid.  

The arrangement of the four elliptic cylinders and the computational 

domain are shown in Fig. (4). The computational domain resulted from the 

subtraction of the four elliptical cylinders sections from the rectangular duct 

section. The grid is made up of triangular elements to improve the quality of the 

numerical prediction near the curved surfaces. The number of finite volume faces 

ranges from 29700 to 42700 according to (L/c) is employed for the entire flow 

domain to attain grid independent solutions.  

Finite volume discretization method is employed for solving the governing 

equations using a semi-implicit method for pressure linked equations, which is 

referred to as the SIMPLE procedure with segregated solver. To reduce numerical 

errors, second order upwind discretization schemes are used in the calculations. In 

Fluent code, there are four turbulence specification methods; (a) turbulence 

intensity and hydraulic diameter. (b) k and ε, (c) Turbulence intensity and length 

scale, and (d) turbulence intensity and turbulent viscosity ratio. In the present 

investigation the first method is used as it is recommended for flows downstream 

perforated plates or grids.  

Each computational iteration, the governing equations are solved 

implicitly. The convergence of the computational solution is determined on scaled 

residuals for the continuity, energy equation and for many of the predicted 

variables. The total residual for a given variable is based on the imbalance in an 

equation for conservation of that variable summed over all computational cells. 

The settings for the scaled residuals for solution convergence are set to 10
-3

 for 

nearly all computed residuals. The only exception is the residual for the energy 

equation which is set   10
-6

. The solution is considered to be converged when all 

of the scaled residuals are less than or equal to these default settings. Less than 

400 iterations are generally needed for convergence.    
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Fig. (4) Physical model and computational grid 

 

4. EXPERIMENTAL RESULTS AND DISCUSSION 

Heat transfer and flow around four in- line elliptic cylinders having an axis 

ratio (b/c)  of 1:3 with zero angle of attack are investigated and explained within 

the range of Reynolds number (based on free stream velocity and major axis 

length) from 3640 to 66250. The effects of free stream turbulence intensity and 

cylinder spacing ratio are examined. 
 

4.1. Local heat transfer results 

The test heated elliptic cylinder may be placed at first, second, third or 

fourth in four cylinders in-line arrangement. Variation of local Nusselt number 

distributions around the whole circumference of the four elliptic cylinders with 

dimensionless surface path distance (S/c) are plotted without grids for different 

Reynolds numbers at various cylinders spacing (L/c) having values of 1.5, 2.5 and 

4 in Figs. (5) – (16). The circumferential distance at upper (positive S) and lower 

(negative S) sides of the elliptic cylinder is extended along the abscissa in a non-

dimensional path distance (S/c). At the smallest cylinder spacing ratio L/c=1.5, 

the local Nusselt number of the first cylinder reaches a maximum at the upstream 

stagnation point (leading edge) as shown in Fig. (5). Also, two shear layers are 

separated from the upstream cylinders and attached to the immediate downstream 
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cylinders. Then the Nusselt number attains maximum at the two attachment points 

on each cylinder.  

The flow inside the wake region bounded by two neighboring cylinders 

and two separated shear layers is stagnant and thus the Nusselt number is low. 

Downstream of the attachment point, Nusselt number decreases with the surface 

distance due to the boundary layer development. Nusselt reaches a minimum near 

the separation point and then reaches a nearly constant value or increases slightly 

in the separated flow region, as indicated in Figs (6)-(8). At tested larger cylinder 

spacing ratio L/c=2.5 and 4.0, a considerable variation of the local Nusselt 

number distribution occurs for the 2
nd

, 3
rd

, and 4
th

 cylinders. That is, Nu attains a 

maximum at the leading edge, decreases with the surface distance, and reaches a 

minimum. Subsequently Nu increases slightly in the wake region as shown in 

Figs. (9)-(16). Such a drastic variation of Nu may be due to a change of the flow 

pattern around the 2
nd

, 3
rd

, and 4
th

 cylinders. That is, the cylinder spacing is wide 

enough for the shear layers separated from the 1
st
, 2

nd
, and 3

rd
 cylinders to roll up 

upstream of the 2
nd

, 3
rd

 and 4
th

 cylinders respectively. Accordingly, the main flow 

at the free stream temperature is entrained onto the front surface of the 2
nd

, 3
rd

, 

and 4
th

 cylinders. Also, at L/c=4.0, it is observed that the profiles of Nu for all 

four cylinders are almost similar to those at L/c=2.5. Moreover, it is found that the 

local Nusselt number distribution for the first cylinder shows no essential 

variation with the cylinder spacing as presented in Figs. (5), (9), and (13).              

However, the flow separates and the local Nusselt number reaches a 

minimum value close to S/c=±0.7 independently of Reynolds number. Then 

reaches a nearly constant value upto S/c=±1.1 for Re ≤ 21420. At high Reynolds 

number (Re ≥31750), the local Nusselt number begins to increase slightly 

downstream of the position of S/c=±0.8, as indicated in Figs. (5)-(16). It may be 

reasonable to consider that the tested Reynolds number range is included within 

the subcritical flow regions, since the heat transfer distribution shows no essential 

change with Reynolds number [4, 7]. 

Three grids of different sizes 40x40, 30x30 and 20x20 mm are used for 

producing three free stream turbulence intensities of 5.6%, 8.3%, and 10.5% 

respectively. At L/c=1.5, the local Nusselt number distributions around the 

circumference of the second  heated elliptic cylinder are plotted against the 

dimensionless surface path distance (S/c) at different Reynolds numbers and for 

the tested free stream turbulence values of 5.6%, 8.3% and 10.5%, as shown in 

Figs. (17), (18) and (19), respectively. The results show that the local Nusselt 

number is significantly increased with increasing the free stream turbulence 

intensities.    
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Fig. (5) Variation of local Nusselt number versus path distance (S/c) for first 

elliptic cylinder without grid at L/c=1.5 
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Fig. (6) Variation of local Nusselt number versus path distance (S/c) for second 

elliptic cylinder without grid at L/c=1.5 
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Fig. (7) Variation of local Nusselt number versus path distance (S/c) for third 

elliptic cylinder without grid at L/c=1.5 
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Fig. (8) Variation of local Nusselt number versus path distance (S/c) for fourth 

elliptic cylinder without grid at L/c=1.5 
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Fig. (9) Variation of local Nusselt number versus path distance (S/c) for first 

elliptic cylinder without grid at L/c=2.5 
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Fig. (10) Variation of local Nusselt number versus path distance (S/c) for second 

elliptic cylinder without grid at L/c=2.5 
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Fig. (11) Variation of local Nusselt number versus path distance (S/c) for third 

elliptic cylinder without grid at L/c=2.5 
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Fig. (12) Variation of local Nusselt number versus path distance (S/c) for fourth 

elliptic cylinder without grid at L/c=2.5 
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Fig. (13) Variation of local Nusselt number versus path distance (S/c) for first 

elliptic cylinder without grid at L/c=4.0 
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Fig. (14) Variation of local Nusselt number versus path distance (S/c) for second 

elliptic cylinder without grid at L/c=4.0 
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Fig. (15) Variation of local Nusselt number versus path distance (S/c) for third                

elliptic cylinder without grid at  L/c=4.0 
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Fig. (16) Variation of local Nusselt number versus path distance (S/c) for fourth 

elliptic cylinder without grid at L/c=4.0 
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Fig. (17): Variation of local Nusselt number versus path distance (S/c) for second                  

heated elliptic cylinder with grid 40x40 (Tu=5.6%) at L/c=1.5  
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Fig. (18): Variation of local Nusselt number versus path distance (S/c) for second                 

heated elliptic cylinder with grid 30x30 (Tu=8.3%) at L/c=1.5 
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Fig. (19): Variation of local Nusselt number versus path distance (S/c) for second                 

heated elliptic cylinder with grid 20x20 (Tu=10.5%) at L/c=1.5 

 

4.2. Average heat transfer results 

A preliminary series of experiments for a single elliptic cylinder of axis 

ratio 1:3 with zero angle of attack without grid was conducted to check the 

accuracy of the experimental setup. The average Nusselt number for the single 

elliptic cylinder Nus,m was correlated with Reynolds number, Re=Uoc/ν,  for 

3640≤Re≤66250 and the following correlation was obtained:  

 
528.0

, Re612.0=msNu               (6) 

  

           A comparison between the present correlation for a single elliptic cylinder, 

Eq. (6), and the correlation proposed by Ota et al. [7], and fair agreement was 

observed as shown in Fig. (20). Also, the figure illustrated that the results for the 

circular cylinder presented in [29] which has lower values than those for the 

elliptic tube. The comparison ensures the reliability and the validity of the present 

experimental setup and the methods of calculations.  

           The variation of the average Nusselt number for the heated second 

and fourth cylinders without grid versus Reynolds number at different cylinder 

spacing ratios are presented experimentally and numerically in Figs. (21)-(23) and 

are compared with the experimental results of four in-line cylinders obtained by 

Nishiyama et al. [2] and good agreement is obtained. 
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             It can be observed that the average Nusselt number increases with 

increasing Reynolds number, due to the decrease in the boundary layer thickness 

and the strong mixing of fluid in the separated region. It is found that the average 

Nusselt number for the second cylinder is higher than that of the other tested 

cylinders for all tested spacing ratios. This may be attributed to that the 2
nd

 

cylinder is located in a highly turbulent and wide wake flow. The variation of the 

average Nusselt number of the 2
nd

 cylinder versus Reynolds number at L/c=1.5 

and for different free stream turbulence intensity values is illustrated 

experimentally and numerically in Fig. (24). Also, the figure shows the result of a 

single elliptic tube of axis ratio, c/b=1:4 at Tu=11% that obtained by [24]. It is 

observed from the figure that the results of ref [24] are lower than the present 

results for the 2
nd

 heated elliptic cylinder and this may be attributed to the 

additional turbulence produced by the first cylinder in the present tube 

arrangement. Also, the results show that increasing trend for the average Nusselt 

number with the increase in the free-stream turbulence. The heat transfer 

enhancement (Num with grids / Num without grid) is about 10%, 14% and 16% for 

free stream turbulence of 5.6%, 8.3% and 10.5% respectively, as shown in Fig. 

(25). From Figs (24, 25), it is observed that the numerical predictions are in good 

agreement with the experimental results. It is concluded that, the maximum 

enhancement ratio for the average Nusselt number (average Nusselt number of the 

tested cylinder with grid/ average Nusselt number of a single elliptic cylinder 

without grid) is found to be about 1.93, and is obtained for the second elliptic 

cylinder in four in-line cylinders at L/c=1.5, Re=6150 with free stream turbulence 

intensity of 10.5%. 

  

Moreover, empirical correlation for the average Nusselt number of the second 

elliptic cylinder in four in-line cylinders is obtained for L/c=1.5 as function of 

Reynolds number, and free stream turbulence intensity, and the following 

correlation is obtained: 

  089.0445.0Re73.1 TuNum =             (7) 

Where, the constant in the above equation are obtained by the least square method 

using the present measured data. The maximum deviation of the present data from 

Eq. (7) is about ±10% within the ranges of 3640≤ Re≤66250, 5.6 ≤ Tu%≤10.5. 

The velocity vectors for different spacing (L/c) values of 1.5, 2.5 and 4 at 

Re=12070 and Re=47540 respectively are illustrated in Fig. (26). The figure 

shows that only the second cylinder is subjected to highly turbulent flow region as 

a result of flow interaction of the first cylinder.  
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Fig. (20): Comparison of present predictions, experimental results for average                

Nusselt number of a single elliptic and circular cylinders without grids of [7, 8]  
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Fig. (21): Comparison of the present predictions, experimental results for the 

average Nusselt number with experimental results of [2] for L/c=1.5   
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Fig. (22): Comparison of the present predictions, experimental results for the 

average Nusselt number with experimental results of [2] for L/c=2.5   
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Fig. (23): Comparison of the present predictions, experimental results for the 

average Nusselt number with experimental results of [2] for L/c= 4   
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Fig. (24): Variation of the average Nusselt number versus Reynolds number for 

the second cylinder, L/c=1.5  at different grid size  (experimental results and 

present predictions) 
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Fig. (25): Variation of the enhancement factor versus Reynolds number for the 

second cylinder, L/c=1.5 at different grid size 
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Fig. (26) Velocity vector for different spacing ratios at Re=12070 and Re=47540 
 

5. CONCLUSIONS 

Effect of free stream turbulence intensity on heat transfer and flow 

characteristics around four in-line elliptic cylinders in cross flow was 

experimentally and numerically investigated. The elliptic cylinders examined 

were heated under constant heat flux condition within Reynolds number (based on 

free stream velocity and major axis length) ranged from 3640 to 66250. The 

experimental runs were carried out at different cylinder spacing ratios (L/c) for 

three different free stream turbulence intensities levels of 5.6%, 8.3% and 10.5%. 

From the above discussion, the following points can be concluded: 

 

1. It is found that the local Nusselt number distribution for the first cylinder 

shows no essential variation with the cylinder spacing.  

2. The local Nusselt number reaches a minimum value close to S/c=±0.7 

independently of Reynolds number. Then reaches a nearly constant value up 

to S/c= ±1.1 for Re ≤ 21420. At high Reynolds number (Re ≥31750), the local 

Nusselt number begins to increase slightly downstream of the position of 

S/c=±0.8. 

3. The local Nusselt number is significantly increased with increasing the free 

stream turbulence intensities. 

4. The average Nusselt number for the single elliptic cylinder, Nus,m, is 

correlated within Reynolds number, Re=Uoc/ν, ranged from 3640 to 66250 

and the following correlation is obtained: 

  528.0

, Re612.0=msNu  
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5. It is found that the average Nusselt number for the second cylinder is higher 

that of the other tested cylinder for all tested spacing ratios. 

6. It is concluded that, the maximum enhancement ratio for the average Nusselt 

number (average Nusselt number of the tested cylinder with grid/ average 

Nusselt number of a single elliptic cylinder without grid) is found to be about 

1.93, and is obtained for the second elliptic cylinder in four in-line cylinders at 

L/c=1.5, Re=6150 with free stream turbulence intensity of 10.5%. 

7. It is found that the heat transfer enhancement (Num with grids / Num without 

grid) is about 10%, 14% and 16% for free stream turbulence of 5.6%, 8.3%, 

and 10.5% respectively. 

8. Empirical correlation for the average Nusselt number of the second elliptic 

cylinder of four in-line cylinders is obtained as function of Reynolds number, 

and free stream turbulence intensity, and the following correlation is obtained: 

  089.0445.0Re73.1 TuNum =  

NOMENCLATURE 

b minor axis length of elliptic cylinder, m  

c major axis length of elliptic cylinder, m 

EF       enhancement factor, Num, with grid/Num, without grid 

H duct height, m 

h local heat transfer coefficient,  W/m
2
.
o
C 

hm average heat transfer coefficient to air stream, W/m
2
.
o
C  

K fluid thermal conductivity, W/m.
o
C 

k turbulent kinetic energy, m
2
/s

2
 or J/kg 

L longitudinal spacing distance, (longitudinal distance between two cylinder 

centers), m  

Nu   local Nusselt number 

Num  average Nusselt number around the tested elliptic cylinder 

Nus,m   average Nusselt number around a single elliptic cylinder 

qw net heat flux, W/m
2
 

Re Reynolds number = Uoc/ν 

S surface distance from the leading edge, taken as positive along the upper 

side, m 

T local surface temperature, 
o
C 

To average inlet air temperature, 
o
C 

Tu   relative turbulence intensity, %  

u stream-wise velocity component, m/s 

Uo upstream mean velocity, m/s 

v transverse velocity component, m/s 

x stream-wise coordinate, m 
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y normal coordinate, m 

ε rate of dissipation of turbulent kinetic energy 

ν kinematic viscosity, m
2
/s        

µt turbulent dynamic viscosity, N.s/m
2
 

ρ density, kg/m
3
 

 

Subscripts 

 
b bulk 

o upstream flow 

s   single cylinder 

w wall  

x local distance in the axial direction  
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