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Abstract - In this investigation, the mixed convective heat transfer from a horizontal isothermal elliptic cylinder has been 
experimentally studied. Three different elliptic test cylinders with the same perimeter and length (same surface area) are 
studied giving axis ratio (minor to major ratio) equal 1, 0.709 and 0.496. The buoyancy is due to the temperature difference 
between the test cylinder surface and incoming air. The corresponding Grashof number for the three test sections geometry 
are 9.8105, 1.5106, and 2.1106 respectively. In addition by varying the incoming air velocity, the Reynolds number varies 
from 111 to 1306. Consequently, the corresponding Richardson number was in the range of 1 to 102. The combined effect of 
natural and forced convection has been executed for angle of attack from 0° (assisting flow) to 180° (opposing flow) with an 
interval of 30°. The experimental results are presented in the form of average Nusselt number around the elliptic cylinder. It 
has been concluded that as the axis ratio decreases the average Nusselt number increases, in addition, increasing the angle of 
attack from 0° to 180° decreases the average Nusselt number considerably. New empirical correlation is obtained for the 
average Nusselt number as a function of the axis ratio, Richardson number and the attack angle. 
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NOMENCLATURE 
 

 
 
I. INTRODUCTION 
 
Circular tubes are generally utilized in the 
construction of most thermal equipment because of 
the manufacturing easiness. The problem with the 
circular tubes is that causes separation, wakes which 

increases the pressure drop and reduces the heat 
transfer rate[1-3]. In recent years non circular tube 
elliptical, square and cam shaped are used as heat 
transfer element in the construction of thermal 
equipment [4-6]. In thermal applications, various heat 
transfer modes may take place ranging from forced 
convection dominated regime to free convection 
dominated mode. Combined (free and forced) heat 
transfer mode may also take places when inertia and 
buoyancy forces are comparable.  
 
For circular cylinders, Oosthuizen [7] investigated the 
limits at which the buoyancy effects should be 
involved in forced convective heat transfer 
calculations. The study indicated that the major effect 
of the buoyancy force is to move the point where the 
flow is separated from the cylinder. Oosthuizen [8] 
numerically considered assisting mixed, natural and 
forced convection from horizontal cylinders in low 
Reynolds number flows. The study showed that the 
heat transfer coefficient in assisting flow increases 
over either the dominant forced or dominant natural 
convection values in the mixed convection regime. 
Abu-Hijleh [9] investigated numerically the problem 
of laminar mixed convection from an isothermal 
circular cylinder. The average Nusselt number was 
calculated at different values of Reynolds number, 
Grashof number and incoming free stream angle of 
attack. Ball and Farouk [10] predicted numerical  and  
experimental studies on the mixed convective flow 
aver  a rotating isothermal circular cylinder. They 
reported that the average Nusselt number was largely 
reduced with the rise in the rotational speed. Buyruk 
et al. [11] performed a numerical and experimental 
study of the laminar flow and heat transfer 
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characteristics of  a cross flow. The study was 
performed for an isothermally heated single tube in a 
duct with different blockage ratios. Merkin [12] 
investigated the combined convection boundary layer 
on a horizontal circular cylinder in a stream flowing 
vertically upwards in both cases of a heated and 
cooled cylinder.  
 
Heat transfer by convection from the elliptic 
cylinders was a subject of several examinations not 
only because of its fundamental nature but also 
because of its growing engineering applications. 
Ibrahim and Gomaa [13] studied experimentally and 
numerically the thermo-fluid characteristics of the 
elliptic tube bundle in cross flow. Their results 
showed that increasing the angle of attack clockwise 
until 90o improves the convective heat transfer 
coefficient greatly. Ota et al. [14] measured the local 
and overall heat transfer characteristics from an 
elliptic cylinder and concluded that the heat transfer 
rate is higher than circular cylinders  Ota et al. [15] 
performed experimental investigation to calculate the 
heat transfer between two elliptic cylinders having an 
axis ratio 0.5. They were placed in tandem 
arrangements and the angle of attack was varied from 
0° to 90°. It has been concluded that the heat transfer 
features vary significantly with the angle of attack 
and also with the cylinder spacing.  
 
Badr [4, 16] investigated numerically the two-
dimensional laminar forced and mixed convection 
heat transfer from an isothermal elliptic cylinder to 
air (Pr = 0.7). He predicted the effect of Reynolds 
number (20–500), angle of inclination (0°-90°) and 
aspect ratio (0.4–0.9) on heat transfer. The influence 
of fluctuations in the free-stream velocity on the 
mixed convection heat transfer from an elliptic 
cylinder has been studied by Ahmad et al [17]for 
three values of the Re of 50, 100 and 150 and Grashof 
numbers as 20,000, 30,000 and 50,000.  Raithby et 
al.[18] predicted the problem of laminar and turbulent 
free convection from an elliptic cylinder, vertical 
plate and horizontal circular cylinder as special cases. 
Fieg and Roetzel [19] reported that the elliptical 
deformation increases the heat transfer coefficient 
during their analytical study on laminar film 
condensation on inclined elliptical cylinders.  
 
Recently, the theoretical investigations outweigh the 
experimental studies of mixed convection heat 
transfer from the elliptic cylinders. Sadeghi et al. [20] 
studied numerically the pool boiling heat transfer on 
isothermal elliptical tubes with different aspect ratios. 
They reported a novel correlation for the Nusselt 
number for different elliptic tubes diameter and 
aspect ratio. Patel et al.[21] investigated numerically 
the characteristics of forced convection heat transfer 
in Bingham plastic fluids from a heated elliptical 
cylinder of several aspect ratios. Liao et al.[22] 
investigated numerically the natural and mixed 

convection from an isothermal elliptic cylinder and 
square enclosure domain by using an immersed-
boundary method. The investigated parameters in the 
study included Rayleigh number, axis ratio and 
inclination angle of the elliptic cross-section. 
 
According to the above survey, it is observed that 
there is no experimental published data on mixed 
convection heat transfer from an isothermal elliptical 
cylinder with different angles of forced flow direction 
(angle of attack) and different axis ratio. 
Consequently, the present investigation is devoted to 
study the effect of Reynolds number, Richardson 
number, axis ratio, and the attack angle on the mixed 
convection from the elliptic cylinder. 

1. Experimental apparatus. 
 
Fig.1 shows a schematic view of the test rig. The 
apparatus consists of a steam generator, steam 
separator, superheater, elliptic test cylinder, air duct, 
ducts and instruments. The steam generator is 
provided by an electric heater element 10 A, 220 V 
and 2 KW maximum capacity. The steam passes 
through the regulator valve and is conveyed to a 
steam separator by a copper tube of 8 mm inside 
diameter. The steam separator is used to separate the 
water droplets from the produced steam. The outer 
surface of the tube that conveys the saturated steam 
after the steam separator is surrounded by two electric 
coils, which are used to dry the steam before entering 
the test cylinder.  

 

 
Fig.1.Schematic diagram of the experimental test rig for 

assisting flow case. 
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The formed test elliptic cylinders as shown in 
Fig.2have an axis ratio of 0.496, 0.709 and 1 
respectively, which was formed from a circular 
cylinder having 54 mm outer diameter and 1.8 mm 
thickness, such that all test sections have equal 
perimeter and outer surface area. The total length of 
the cylinder is 1400 mm in which 950 mm as the test 
section and the rest on both ends is insulated for 
fixation with the air duct walls. 
 
The duct containing the elliptic cylinder is a 
rectangular cross-sectional channel having 950×450 
mm with 2010 mm length. The duct walls are 
constructed from aluminum sheets of 2 mm thickness 
and insulated from the outer surfaces. The test 
cylinder horizontally crosses the duct from the middle 
of the 450 mm side. There are 29 copper-constantan 
(T-type) thermocouples (TC.) of 0.5 mm diameter at 
different location to measure the temperature of all 
the points of the experiments. The first twelve 
thermocouples are distributed on equal 
circumferential intervals at specified section on the 
outer surface of the test cylinder. These twelve 
thermocouples are imbedded into grooves and 
notches along the test cylinder wall allowing the 
average wall temperature to be determined. The 
readings of the thermocouples are taken by means of 
a calibrated digital temperature reader (data logger) 
with a resolution of 0.1 °C. The surface temperature 
of the test cylinder is kept constant due to the two 
phase flow of steam inside the test cylinder. The 
surface emissivity’s of the tests cylinder and air duct 
wall are determined using Infra-Red thermometer and 
found to be 0.26 and 0.14 respectively  while the 
black epoxy points were 1 .  

 
Fig.2. The elliptic section geometry. 

 
The duct walls are constructed from aluminum sheets 
to reduce both the duct weight and the radiation 
losses from the test cylinder. Air is fed to the air duct 
through a rounded hood attached to one end. The 
other duct end is connected through a rectangular 
contraction slot to a 90° cylindrical elbow of 250 mm 

diameter and 700 mm length, which is manufactured 
from a galvanized steel sheet having 1 mm 
thickness.This elbow is connected to a galvanized 
steel tube tapered from 250 mm to 150 mm with 500 
mm length. A 150 mm diameter, and 2800 mm length 
reinforced flexible rubber tube is connected between 
the tapered tube and a PVC tube having 120 mm 
inside diameter by a reduction joint. The PVC tube 
includes the used orifice to measure the mass flow 
rate of the air in the air duct. The construction of the 
orifice metering part is achieved according to the 
ASME standards [23]. The air from the orifice 
metering tube enters a cylindrical damping tank 
which eliminates the oscillations in the air stream as a 
result of the sporadic action of the blower blades.  
The outlet of the damping tank is connected to the 
suction tube of the blower by means of rubber sleeve 
to isolate the apparatus from the blower vibration. 
The mass flow rate of the air stream and the value of 
the Reynolds number at the test cylinder of the air 
duct are controlled by a 120 mm hand gate valve 
inserted between the blower suction and the damping 
tank. To measure the air mass flow rate via the orifice 
meter arrangement, the pressure difference between 
the downstream and upstream taps, as well as the 
absolute pressure at the upstream tap must be 
measured. These pressures are measured by a U-tube 
water manometer connected to the orifice taps. The 
mass flow of the water condensate is collected from 
the steam trap by a light cup. The collection time is 
counted by a digital stopwatch having a 0.01-second 
resolution. The collected condensate is then weighed 
by a digital electronic balance (Mettler instrument 
PE6000) having 0.1 gram resolution. The attack angle 
of the air moving toward the test cylinder is adjusted 
by the inclination angle of the air duct. This angle is 
predicted by a protractor mechanism which is joined 
to the external surface of the air duct. Electric power 
required for steam generator and the electric 
superheater is given by AC variable power supplies. 
The AC input power is regulated by two variable 
single-phase transformers made by Matsunaga 
Manufacturing Co., with a rating of 0–240 V. The 
apparatus needs approximately 2 hours to attain the 
steady state condition of each run. Once the steady 
state condition is established, all measured 
parameters are recorded. 
 
III. RESULTS AND DISCUSSION. 
 
3.1 Comparison between the present and previous 
published work for circular cylinder. 
To confirm the reliability of the present experimental 
work, the mixed convection heat transfer from a 
circular cylinder (AR=1) in assisting flow ( = 0°) is 
compared with Oosthuizen [7]. The comparison is 
performed for wide range of Richardson number (1 to 
12.28) while the Grashof number is held constant at 
9.8105. As shown in Fig.3, a good agreement 
between the present experimental data and 
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Oosthuizen [7] has been found, where the maximum 
deviation was 14.1% at Ri =12.28. 

 
Fig.3. Comparison between present and previous work for 

AR=1, Gr =9.8×105 and   = 0°. 
 
3.2 Heat transfer modes from the test cylinders. 
The amounts of heat transfer by convection, 
conduction, and radiation as a ratio of the total heat 
transfer rate for the three different values of Grashof 
number of 9.8 ×105, 1.5 ×106 and 2.1 ×106 (AR =1, 
0.709 and 0.496) are shown in the Fig.4. These ratios 
are calculated at different attack angles of 0°, 30°, 
60°, 90°, 120°, 150°, and 180° with the range of 
Reynolds number of 111 to 1306.  It is clear that the 
heat transfer by convection is higher for  = 0° 
(assisting flow) and lower for  = 180° (opposing 
flow) in the range of Re and Gr. The heat transfer by 
radiation and conduction from the cylinder is 
relatively small in compare with the convection heat 
transfer rate.    

 
3.3 Average Nusselt number. 
In mixed convection heat transfer applications, 
Richardson number (Ri = Gr/Re2) is usually used. 
This represents the weight effect of both natural (Gr) 
and forced convection (Re). The experimental results 
for the average Nusselt number are presented in 
Fig.5, Fig.6 and Fig.7 versus Richardson number in 
the range of 1 ≤ Ri ≤ 102 for three values of Grashof 
number of 9.8 × 105, 1.5 × 106 and 2.1 × 106 
respectively and seven values of angle of attack (ψ) 
from 0° to 180° with an interval of 30°. This wide 
range is necessary to correlate the results for use in 
more heat transfer applications. As shown in the 
figures, the average Nusselt number sharply 
decreases with Ri at low range of Ri (Ri<17)  where 
forced convection is dominant while only  slightly 
decreases with Ri at the high range Ri range (Ri> 17) 
where natural convection is dominant. In addition, it 
is clear that, increasing the angle of attack from 0 ° to 
180 ° leads to a decrease in the average Nusselt 

number over the range of Ri. This is due to the 
gradual decrease of the aiding forced convection 
component from ψ=0° to 90°, and gradual increasing 
opposing component from ψ = 90° to 180°. On the 
other side hand, decreasing the axis ratio (AR) from 1 
to 0.469 leads to an increase in the average Nusselt 
number due to the increase of the convective heat 
transfer as indicated in Fig.4.   

 
3.4 Correlation of the present results. 
The results of the average Nusselt number for the 
laminar mixed convection from horizontal isothermal 
elliptic cylinders over the wide range of Richardson 
number (Ri), different axis ratio (AR) and the angle 
of attack() (total of 147 test points) are correlated. 
The correlation is given by 
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This correlation is valid over the entire range of the 
studied parameters as: 
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The maximum deviation from the correlation is 10.6 
% with an average deviation of 4.45 %. Fig.8 
represents the present average Nusselt number versus 
the correlated Nusselt number. 
 
CONCLUSIONS 
 
The laminar mixed convection from an isothermal 
horizontal elliptic cylinder to air (Pr=0.7) is studied 
experimentally. The study considers the effect of key 
design parameters such as Richardson number, axis 
ratio and the angle of attack of forced flow direction. 
The study is based on different axis ratio of 0.496, 
0.709 and 1 which gives Grashof number of 2.1106, 
1.5106 and 9.8105 respectively. The results are 
carried out for Reynolds numbers of 111 to 1306, 
Richardson number of 1 to 102 and the angle of 
attack of 0°(assisting flow) to 180°(opposing flow) 
with 30° intervals. The experimental results show 
that: 
 
 The average Nusselt number sharply decreases 

with Ri at low range of Ri (Ri<17)  where forced 
convection is dominant while only  slightly 
decreases with Ri at the high range Ri range (Ri> 
17) where natural convection is dominant 

 An empirical correlation for the average Nusselt 
number is developed as a function of key design 
parameters such as Richardson number, axis ratio 
and the angle of attack of forced flow direction. 
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Fig.4. Modes of heat transfer from the test cylinder versus Re at various attack angles for different Gr. 

 

 
Fig.5. Experimental average Nusselt number versus Ri for Gr 

=9.8 ×105with different attack angle. 
 

Fig.6. Experimental average Nusselt number versus Ri for 
Gr=1.5×106 with different attack angle. 



International Journal of Mechanical And Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 5, Issue-12, Dec.-2017, http://iraj.in 

Experimental Study of Mixed Convection from Horizontal Isothermal Elliptic Cylinders at Different Aspect Ratios 
 

102 

 
Fig.7. Experimental average Nusselt number versus Ri for Gr 

=2.1×106 with different attack angle. 

 
Correlation of present results.  

Fig.8. Correlation of present results. 
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