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Abstract

Experimental and numerical studies for natural convection in two dimensional
regions formed by a constant flux heat horizontal elliptic tube concentrically lo-
cated in a larger, isothermally cooled horizontal cylinder were investigated. Both
ends of the annulus are closed. Experiments were carried out for the Rayleigh
number based on the equivalent annulus gap length ranges from 1.12x107 up to
4.92x107; the elliptic tube orientation angle varies from 0o to 90o and the hy-
draulic radius ratio, HRR, was 6.4. These experiments were carried out for the
axis ratio of an elliptic tube (minor/major=b/c) of 1:3. The numerical simulation
for the problem is carried out by using commercial CFD code. The effects of the
orientation angle as well as other parameters such as elliptic cylinder axis ratio
and hydraulic radius ratio on the flow and heat transfer characteristics are inves-
tigated numerically. The numerical simulations covered a range of elliptic tube
axis ratios from 0.1 to 0.98 and for the hydraulic radius ratios from 1.5 to 6.4. The
results showed that the average Nusselt number increases as the orientation angle
of the elliptic cylinder increases from 0o (the major axis is horizontal) to 90o (the
major axis is vertical) and with the Rayleigh number as well. Also, the average
Nusselt number decreases with the increase of the hydraulic radius ratio. An in-
crease up to 1.75 and further increases in the hydraulic radius ratio leads to an
increase in the average Nusselt number. The axis ratio of the elliptic cylinder has
an insignificant effect on the average Nusselt number. Both the average and local
Nusselt number from the experimental results are compared with those obtained
from the CFD code.

Both the fluid flow and heat transfer characteristics for different operating and
geometric conditions are illustrated velocity vectors and isotherm contours that
were obtained from the CFD code. Also, two correlation equations that relate



the average Nusslet number with the Rayleigh number, orientation angle, and hy-
draulic radius ratio and axis ratio are obtained.

KEYWORDS: natural convection, heat transfer, elliptic cylinders, horizontal an-
nulus



1. INTRODUCTION  
 
The process of natural convection heat transfer in annular space was the subject of 
many theoretical and experimental studies because of their great importance in 
many engineering applications. This process is of technological importance in the 
design of heat exchanger device, solar collectors, nuclear reactor, cooling of 
electrical and electronic components, underground electric transmission cables 
using pressurized gas and others. The majority of these studies are related to 
cylinders, whose cross sections are circular and their walls are maintained at 
constant temperatures. Mack and Bishop [1] made a study in an annular space 
ranging between two horizontal concentric cylinders. They employed a power 
series truncated at the third power of the Rayleigh number to represent the stream 
function and temperature variables. Their results pertain to radius ratio from 1.15 
to 4.15 and Rayleigh number less than or equal to 3x103. Comprehensive review 
for natural convection heat transfer for concentric cylinders is made by Kuehn and 
Goldstein [2]. They compared the obtained experimental and numerical results 
using finite difference method. For natural convection in an annulus, Rayleigh 
number based on gap-width is normally used to determine if the flow is laminar or 
turbulent [3]. The transition gap-width Rayleigh number for turbulence is about 
106, [3-5]. For Rayleigh numbers greater than the transition value, the annulus 
internal flow conditions are characterized by a turbulent upward moving plume 
above the inner cylinder and turbulent downward flow against the outer wall [6]. 
The effect of vertical eccentricity and temperature dependent properties are 
investigated numerically by Shahraki [7]. Char and Lee [8] studied numerically 
the effect of maximum density on natural convection of micropolar fluids 
between horizontal eccentric cylinders. 
 The increasing interest in developing compact and highly efficient heat 
exchanger motivated researchers to study heat transfer from tubes of non-circular 
cross section. Special attention was focused on tubes of elliptic cross section since 
they found to create less resistance to the cooling fluid which results in less 
pumping power in case of forced flow. In case of power failure, natural 
convection becomes the dominant mode of heat transfer. Moreover, the elliptic 
tube geometry is flexible enough to approach a circular tube when the axis ratio 
approaches unity and approaches a flat plate when the axis ratio becomes very 
small. 
 The problem of free convection heat transfer from horizontal elliptic 
cylinder placed with its major axis vertical in a fluid of infinite extent is 
investigated by Bader and Shamsher [9]. Their problem was solved for Rayleigh 
number varies from 10 to 103, Pr=0.7, and the cylinder axis ratio (minor/major) 
varies from 0.1 to 0.964. Bader [10] studied the effect of elliptic cylinder 
orientation. The cylinder orientation varies horizontal to vertical major axis while 
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the axis ratio ranges from 0.4 to 0.98 at two Rayleigh numbers of 103 and 104. 
Moawed and Ibrahim [11] investigated experimentally free convection from the 
inside surface of an open ended elliptic tube heated uniformly. They studied the 
effect of axis ratio and orientation angle. Their experiments covered range of 
Rayleigh number from 6.5x105 to 1.13x108, axis ratio (major/minor) from 1.5 to 
3.5 and orientation angle from 0o to 90o. Laminar, transient, two-dimensional free 
convection heat transfer from the surface of a horizontal elliptic tube is 
investigated numerically by Mahfouz and Kocabiyik [12]. The investigation 
covers a Rayleigh number range up to 107. The axis ratio (minor/major) of the 
elliptic cylinder ranges between 0.05 and 0.998 and Prandtl number ranges 
between 0.1 and 10. Huang and Mayinger [13] investigated the steady free 
convection from isothermal elliptic tubes for different axis ratios. The local and 
the average Nusselt number were reported.  
 Comparatively, fewer publications were noticed for natural convection in 
non-circular domain. Lee and Lee [14] attempted to formulate the free convection 
problem in terms of elliptical coordinates for the symmetrical cases of oblate and 
prolate elliptical annuli and have performed experiments for this geometry. 
Elshamy et al. [15] studied numerically the case of horizontal confocal elliptical 
annulus and developed correlations for the average Nusselt number. Chmaissem 
el al. [16] simulated the case of natural convection in an annular space, having a 
horizontal axis bounded by circular and elliptical isothermal cylinders. They used 
finite element method that utilizes Cartesian coordinates, and vorticity-stream 
function formulation associated with an iterative technique to solve the matrix 
system. Cheng and Chao [17] employed the body-fitted curvilinear coordinate 
transformation method to generate a non staggered curvilinear coordinate system 
and performed numerical study for some horizontal eccentric elliptical annuli. 
Djezzar and Daguenet [18] solved Boussinesq equations of laminar thermal and 
natural convection in the case of two dimensional flow, in annular space between 
two confocal elliptic cylinders. They developed a new calculation code that 
utilizes the finite volumes with the primitive functions velocity-pressure 
formulation. The effect of Rayleigh number and the system inclination is 
investigated for Pr=0.7. Mota et al. [22] studied numerically natural convection 
heat transfer in a horizontal eccentric elliptic annuli containing saturated porous 
medium. They solved two-dimensional Darcy-Boussinesq equations n generalized 
orthogonal coordinates, using high order compact finite differences on a very fine 
grid.         
 In the present work, several experimental runs were carried out to show 
the effect of Rayleigh number and the orientation angle of the heated elliptic 
cylinder placed in an isothermal cooled circular cylinder. Also, these results are 
extended through the numerical simulation of the present problem to investigate 
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the effect of Rayleigh number, orientation angle, axis ratio of the elliptic tube and 
the hydraulic radius ratio between the circular and elliptic cylinders.          
 
2. EXPERIMENTAL SET UP 
 
The experimental set up used in the present study is shown schematically in      
Fig. (1). The test section mainly consists of three main parts; the heating system, 
the cooling system, and the measuring system. Two concentric horizontal 
cylinders are used to form an annular region. The outer cooling circular cylinder 
was made from a copper of 200 mm outer diameter, 2 mm thickness, and 300 mm 
length. The inner heating elliptic cylinder was made of beech wood (high smooth 
surfaces) with a major diameter (c) of 45 mm and length of 300 mm that had an 
axis ratio (b/c) 1:3 and give a hydraulic radius ratio (Ro/Ri) of 6.4 with respect to 
the outer cylinder. A special mechanism is used to maintain a certain angle of 
orientation for inner elliptic cylinder that varies from 0o (major axis is horizontal) 
to 90o (major axis is vertical). Figure (2) shows the two concentric cylinders and 
the thermocouples distributions on the surface of the outer, inner cylinders, and 
annulus. The inner elliptic cylinder is heated at constant heat flux by an electric 
heating element. A nickel-chrome tape of 0.2 mm thickness and 4 mm width and 
a resistance 14 Ω is wound helically around the wooden tested elliptic cylinder 
with a pitch of 1 mm; this provided the condition of approximately constant heat 
flux. Figure (3) shows the construction of the heating elliptic cylinder. Sixteen 
pre-calibrated copper-constantan thermocouples (0.4 mm wire diameter) were 
distributed circumferentially and embedded at the back of the nickel-chrome 
heater tape at mid-span distance to measure the surface temperature of the inner 
elliptic cylinder. The inner surface of the outer cooling cylinder is kept at a 
constant surface temperature (low temperature) by using a circulating water 
system which is pumped through a wounded coil (with a pitch 0.5 mm) on the 
outer cylinder surface by a pump of 0.5 hp from a reservoir as shown in Fig. (1). 
Cooling system consists of a copper coil of diameter 12.5 mm and 15 m length. 
Four thermocouples are distributed in the wall of the outer cylinder surface as 
shown in Fig. (2). Eighteens thermocouples are used to measure the temperatures 
distribution through the annulus between the two cylinders by insertion fixed 
thermocouple probes from eight plugs located at mid-span distance. Another three 
thermocouples are used to measure the temperature of inlet and outlet cooling 
water and to measure the ambient air temperature. The readings of the 
thermocouples are taken by means of a digital thermometer with an accuracy of 
0.1 oC. The steady-state condition is achieved after 3 to 4 hours approximately. 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. The input electric power to the inner cylinder is controlled by means 
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of a voltage regulator. Five various values of Rayleigh number based on the 
equivalent annulus gap length were utilized in the experiments which ranged from 
1.12x107 to 4.92x107.  

Fig. (1) Schematic diagram of the experimental setup

1- Pump                            2-Two-way valves            3- Cooling coil

10-Voltage regulator          11- Water tank

4- Air (Annulus region)      5- Wooden end                 6- Heater

Blow Down

By-pass

Water in

Water out

1
2

4
5

10

6

3

11

9

7

8

7- Inner elliptic tube         8-outer circular cylinder    9- To power supply

 
 

The local heat transfer coefficient, hx, and the local Nusselt number, 
Nulocal, are calculated, as follows:  

)( cx

H
x TT

q
h

−
=         (1)          

)/( kLhNu xlocal =        (2) 
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Where; qH, Tx, Tc, L and k are the net heat flux, local surface temperature, cold 
wall temperature, equivalent annulus gap length and the air thermal conductivity, 
respectively. Error analysis including the temperature measurements and fluid 
properties show that the average Nusselt number has uncertainty of 4.5% and the 
Rayleigh number is uncertain by up to 6% of the reported values.  

 

Fig. (2) Thermocouples locations and test
             section arrangement

S=-ve

S=+ve
S=0
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   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 
 

Fig. (3): Details of heated elliptic cylinder 
 

3. PROBLEM FORMULATION AND BASIC EQUATIONS 
 
Let us consider an annular space ranging from an elliptic cylinder placed at the 
center of a circular cylinder filled with air. The internal wall of the annular space 
(elliptic cylinder surface) is heated under constant heat flux qH, and the external 
wall of the annular space (circular cylinder surface) is cooled isothermally at 
temperature Tc. The inner elliptic cylinder is allowed to be inclined to the 
horizontal axis by an orientation angle; θ. The physical model of the present 
problem is illustrated in Fig. (4a). The physical properties of air are constant 
except the air density, where its variations are the origin of natural convection 
flow. Also, Bousinessq approximation is valid. The present problem is governed 
by steady, two dimensional equations of continuity, momentum and energy. 
These equations can be written in the form: 
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Energy equation   
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With the boundary conditions applied on the surfaces of both elliptic and circular 
cylinders respectively as: 

Hq
n
Tk −=

∂
∂           (6) 

 T=Tc         (7) 

 4. NUMERICAL APPROACH AND PROCEDURES  
 
 In the present experimental work, Rayleigh number based on the equivalent 
annulus gap length (L=Ro-Ri), ranges from 1.12x107 to 4.92x107. So, the flow can 
be considered near the transition condition; RaL=106, [3]. Thus both laminar and 
turbulent models are used to show which model is best in predicting the natural 
convection flow inside the considered domain. From the preliminary results of 
these trials, it was found that the turbulent models can predict the flow field but 
the temperature field did not show the thermal plume that characterize the thermal 
field above the heated elliptic cylinder. So, the laminar model is chosen in the 
present work. Fluent numerical code, version 6.2 is employed for all numerical 
simulations. Gambit 2.2.30 is used for the development of the computational grid.  

Figure (4b) shows the computational grid. The computational domain 
resulted from the subtraction of the elliptical cylinder section from the circular 
cylinder section. The grid is made up of triangular elements to improve the quality 
of the numerical prediction near the curved surfaces. A total number of about 
8850 nodes are employed for the entire flow domain to attain grid independent 
solutions.  
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Steady, laminar, model is employed to solve natural convection heat 
transfer. Because Boussinseq air flow is incompressible, continuity is satisfied 
using a semi-implicit method for pressure linked equations, which is referred to as 
the SIMPLE procedure. To reduce numerical errors, second order upwind 
discretization schemes are used in the calculations. 

Each computational iteration is solved implicitly. The convergence of the 
computational solution is determined on scaled residuals for the continuity, 
energy equations 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 500 iterations are generally 
needed for convergence.  

   

 

 

 
(a) (b) 

Fig. (4) Physical domain and computational grid 
  
5. RESULTS AND DISCUSSIONS  
 
5.1. Effect of Orientation Angle 
 
In the present work, the orientation angle which is the inclination angle of the 
major axis of the heated elliptic cylinder to the horizontal direction varies from 0o 
to 90o. The experimental results that shown in Fig. (5); illustrate the variation of 
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the average Nusselt number, Nu, with the orientation angle for elliptic tube axis 
ratio; (b/c=1:3) and hydraulic radius ratio; HRR=6.4. The figure shows that as the 
orientation angle increases the average Nusselt number increases. Also, the local 
Nusselt number, Nulocal along the heated elliptic cylinder circumference 
corresponding to -1.046 ≤ S/c ≤1.046, is depicted in Figs. (6a-d). The figure is 
starting from the point of the elliptic cylinder where (S/c=-1.046) and moving in 
the anticlockwise direction to the point where (S/c=0) and moving in the same 
direction to (S/c=1.046) for different orientation angles at different Rayleigh 
numbers based on the equivalent annular gap length. All figures show the same 
behavior for the local Nusselt number distribution along the heated elliptic 
cylinder. For all orientation angles and different Rayleigh numbers the maximum 
value for the local Nusselt number takes place at S/c=0. Symmetric variation on 
the both sides of the elliptic cylinder for orientation angle 90o at different 
Rayleigh numbers is observed. Except for orientation angle 90o at different 
Rayleigh numbers, it is observed that the local Nusselt number on the upper 
surface, (-1.046≤S/c≤0), of the elliptic tube decrease with the increase of S/c up to 
a certain value then it increases with the increase of S/c till it reaches to the 
maximum value at S/c=0 then it gradually decreases on the lower surface, 
(0≤S/c≤1.046), of the tube.  

The effect of the orientation angle on the flow field characteristics and 
thermal field is illustrated in Fig. (7). It is observed that both the velocity vectors 
and isotherms contours are symmetric about the major axis of the elliptic cylinder 
for orientation angle 90o. A thermal plume above the elliptic cylinder is observed 
for all inclination angles. Also, it is observed that as the orientation angle 
increases the temperature level decreases, indicating that more cooling for the 
elliptic cylinder surface, i.e. higher heat transfer rate with the increasing of the 
orientation angle.      
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Fig. (5) The variation of the average Nusselt number with the orientation angle for 

different Rayleigh numbers 

0

5

10

15

20

25

30

35

40

45

-1.2 -0.8 -0.4 0 0.4 0.8 1.2
S/c

N
ul

oc
al

θ=0 θ=15
θ=30 θ=45 
θ=60 θ=75 
θ=90 

 
(a) RaL =1.12x107 

 
 

10 International Journal of Chemical Reactor Engineering Vol. 6 [2008], Article A45

http://www.bepress.com/ijcre/vol6/A45



0

10

20

30

40

50

60

-1.2 -0.8 -0.4 0 0.4 0.8 1.2
S/c

N
u l

oc
al

θ=0 θ=15 
θ=30 θ=45 
θ=60 θ=75 
θ=90 

 
(b) RaL =1.90x107 

0

10

20

30

40

50

60

70

-1.2 -0.8 -0.4 0 0.4 0.8 1.2
S/c

N
u l

oc
al

θ=0 θ=15 
θ=30 θ=45 
θ=60 θ=75 
θ=90 

 

(c) RaL =3.40x107 
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Fig (6) The variation of the local Nusselt number along the elliptic cylinder  
            circumference for different orientation angles at different Rayleigh 

numbers 
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Fig. (7) Velocity vectors (left) and temperature contours (right) for RaL=1.12E07, 
b/c=1:3, HRR=6.4 
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5.2. Effect of Rayleigh Number 
 
The effect of Rayleigh number based on the equivalent annular gap length RaL, on 
the heat transfer rate represented by the average Nusselt number is illustrated in 
Fig. (5). The figure shows that Nusselt number increases with the increase of 
Rayleigh number. The effect of the Rayleigh number on the flow characteristics 
represented by the velocity vector and heat transfer characteristics represented by 
isotherms contours for an orientation angle of 90, axis ratio of 1:3 and hydraulic 
radius ratio of 6.4 is shown in Fig. (8). As stated before, a thermal plume is found 
above the elliptic cylinder.  
 
5.3. Effect of Hydraulic Radius Ratio 
 
Figure (9) illustrates the effect of the hydraulic radius ratio, HRR in the range of      
1.5≤HRR≤6.4 on the rate of heat transfer represented by the average Nusselt 
number. It is noticed that the average Nusselt number decreases with the increase 
of the hydraulic radius ratio in the range from 1.5 to 1.75. Then further increase of 
the hydraulic radius ratio leads to increase in the average Nusselt number for 
different Rayleigh numbers based on the equivalent hydraulic radius of the elliptic 
cylinder. This is may be attributed to the longer path of the air fluid layer with 
higher velocity at higher hydraulic radius ratio. This can be depicted from the 
velocity vector and isotherms contours illustrated in Fig. (10) for HRR=2 and 6.4 
at orientation angle of 90o , axis ratio of 1:3 and Rayleigh number based on the 
hydraulic radius of the elliptic tube of 5.57x104.   
   

RaL=1.12E07 
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Fig. (8) Velocity vectors (left) and temperature contours (right) for θ=90o, 
b/c=1:3, HRR=6.4 
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Fig. (9) The variation of the average Nusselt number with hydraulic radius ratio 
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HRR=6.4 

Fig. (10) Velocity vectors (left) and temperature contours (right) for θ=90o, 
b/c=1:3, and RaRi=5.57x104 

 
5.4. Effect of Axis Ratio 
 
The axis ratio of the elliptic cylinder has insignificant effect on the average 
Nusselt number for any Rayleigh number. This is can be observed from Fig. (11). 
 
5.5. Comparison of CFD Results with Experimental Data   
 
The CFD numerical results for the average Nusselt number for different 
orientation angles of the elliptic cylinder in the range given by 0o≤θ≤90o at 
different Rayleigh numbers based on the equivalent annular gap length are 
compared with the experimental ones that obtained from data reduction. This 
comparison is depicted in Fig. (12) and good agreement   was observed. The CFD 
predictions for the local Nusselt number are compared with the experimental data  
at different orientation angles for different Rayleigh numbers as illustrated in    
Fig.(13). Reasonable agreement is observed between CFD predictions with the 
experimental results. The data in Fig. (12) was utilized to get a correlation 
equation that relates the average Nusselt number with both Rayleigh number and 
the orientation angle using the method of least squares as: 
 

343.0196.0 )sin1(23.1 θ+= LRaNu , 1.12x107≤RaL≤4.92x107, 0 o≤θ≤90o   (8) 
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Fig. (11) The variation of the average Nusselt number with elliptic cylinder axis 
ratio for different Rayleigh numbers 
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Fig. (12) Comparison between the experimental results with the numerical CFD 
predictions for the average Nusselt number 
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(d) RaL =4.92x107 
 

Fig (13) CFD predictions for the local Nusselt number variation along the     
               elliptic cylinder circumference for different orientation angles at    
               different Rayleigh numbers 
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All numerical and experimental data for the average Nusselt number can 
be represented by the above equation within a maximum error of ±10%. The 
correlation equation and the experimental data as well as the upper and lower 
limits are depicted in Fig. (14). 

To correlate the average Nusselt number in terms of the other significant 
variable; HRR, another characteristic length for Rayleigh number should be 
selected; which in this case is the hydraulic radius of the elliptic cylinder. The 
following correlation equation is obtained: 

 
301.00.3526.0 )sin1( HRR  264.1 θ+=

iRRaNu ,                              (9) 

1.26x104≤RaRi≤5.57x104,  2.0≤HRR≤6.4, and 0o≤θ≤90o 

Also, the numerical result that obtained from the CFD code represented as 
average Nusselt number are also verified through the comparison with other 
experimental work of Yousefi et. al, [19]. These results are obtained for an elliptic 
tube having an axis ratio (b/c) of 0.67, with its major axis oriented vertically and 
for a range of Rayleigh number based on the major axis between 103 and 2.5x103 
and their correlation that given by: 

25.056.0 RaNu =                         (10) 

As well as the previous works of Merkin et al. [20] and Raithby et al [21], see Fig. 
(15). This figure shows that the present predictions are in good agreement with 
the previous works of [19-21]. 
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Fig. (14) Presentation of CFD numerical predictions and experimental data 
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Fig. (15) Comparison between the present CFD numerical predictions with the 
previous works [19-21]. 
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6-CONCLUSIONS  
 
From the foregoing results that presented in the previous item, the following 
conclusions can be drawn: 

1- The average Nusselt number increases with the increase of the elliptic 
cylinder orientation angle from the position where its major axis is 
horizontal to the position of its major axis is vertical. 

2- The minimum surface temperature of the heated elliptic cylinder and 
consequently the maximum local Nusselt located at the lower point of the 
elliptic cylinder. 

3- Both the thermal and velocity fields are symmetric about the major axis of 
the elliptic cylinder only at an angle of orientation of 90o, which 
corresponding to maximum rate of heat transfer condition. 

4- The average Nusselt number increases with the increase of Rayleigh 
number and a correlation equation relating the average Nusselt number 
with Rayleigh number based on the effective annular gap length and 
orientation angle  is obtained. 

5-  The average Nusselt number increases with the increase of the hydraulic 
radius ratio and correlation equation relating the average Nusselt number 
with Rayleigh number based on the hydraulic radius of the elliptic 
cylinder, hydraulic radius ratio  and orientation angle  is deduced. 

6-  The axis ratio of the elliptic cylinder axis ratio (minor/major, b/c) has 
insignificant effect on the average Nusselt number. 

7-  Good agreement between CFD numerical results with the experimental 
results for the average Nusselt number, but considerable discrepancies 
were observed for the local Nusselt number which may be due to the slight 
location discrepancies between them.  

NOTATION   

b  minor axis length of elliptic cylinder, m  
c  major axis length of elliptic cylinder, m 
cp              specific heat at constant pressure, J/kg K   
dh              hydraulic diameter, m 
hx      local heat transfer coefficient,  W/m2.oC 
HRR         hydraulic radius ratio, Ro/Ri 
k  fluid thermal conductivity, W/m.oC 
L                equivalent annulus gap length, L=(Ro-Ri), m  
Nulocal     local Nusselt number 
Nu             average Nusselt number 
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n                normal direction to the surface  
p                pressure, Pa 
qH     net heat flux, W/m2  
Ri                   inner hydraulic radius, m 
Ro                  outer hydraulic radius, m 
RaRi           Rayleigh number based on the inner hydraulic radius 
RaL            Rayleigh number based on the equivalent annular gap length  
S surface distance from upper point of the elliptic cylinder, taken as 

negative along the upper side, m 
Tx  local surface temperature, oC 
Tc  cold wall temperature, oC 
To                   reference temperature, oC 
u  x- direction velocity component, m/s 
v  y- direction velocity component, m/s 
x,y  Cartesian coordinate, m 
 

Greek 
 
      β               coefficient of thermal expansion 

θ  Orientation angle (angle of attack) 
ν  kinematics viscosity, m2/s        
ρ  density, kg/m3 

Subscripts 

i              inner 
o  outer 
c  cold  
H  heater  
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