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Free convection heat transfer from the outside surface of a vertical and inclined 
semicircular cylinder was investigated experimentally at different orientations. The 
experiments were carried out to study the effect of the inclination angle and the 
orientation angle of the semicircular cylinder on the distribution of the wall 
temperature, local and average heat transfer coefficients and local and average Nusselt 
numbers for a wide range of Grashof numbers. Also, correlations for the coefficient of 
heat transfer by free convection from a vertical and inclined semicircular cylinder were 
obtained in a dimensionless form as a function of Rayleigh numbers, inclination angles, 
and orientation angles of the cylinder. The experiments were carried out at four 
inclination angles of the semicircular cylinder, namely at α = 0º, 30º, 45º and 60º 

measured from the vertical. For each inclination three different orientations of the 
semicircular cylinder were investigated: (1) the flat part of the semicircular cylinder is 
facing up (θ = 0º), (2) the flat part of the semicircular cylinder is vertical (θ = 90º), and 
(3) the flat part of the semicircular cylinder is facing down (θ = 180º). The experiments 
were conducted at constant heat flux. The results showed that: (i) the average Nusselt 
number increases as the inclination angle of the semicircular cylinder (measured from 
the vertical) increases for the three different orientations of the cylinder, and (ii) At any 
inclination of the cylinder, the Nusselt number for the orientation θ = 90º is higher 
than that of the orientation θ = 0º which in turn is higher than that of θ = 180º. 
Correlations were developed to predict the average Nusselt number of the semicircular 
cylinder in terms of the Rayleigh number, the inclination angle, and the orientation 
angle of the cylinder. The trend of the present results was compared with that available 
in the literature and fair agreement was found. 
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1. Introduction 
 

Geometry and orientation of heat transfer 
surfaces are two major parameters affecting 
the rate of convection heat transfer from these 
surfaces. Therefore, results and correlations 
for a certain geometry and orientation of a 
heat transfer surface would not apply to other 
geometries or orientations. To our knowledge, 
no experimental data and correlations are 

available yet for free convection heat transfer 
from an inclined semicircular cylinder at dif-
ferent orientations. Such data and correla-
tions are valuable in several applications in 
the area of heat transfer involving free convec-
tion. Examples of these applications include 
cooling of electronic devices and solar energy 
components. Knowledge of characteristics of 
heat transfer from this surface at different 
inclinations and orientations should guide the 
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design of the devices used in these applica-
tions. 

The process of heat transfer by free 
convection from the outside surfaces of a 
vertical and inclined semicircular cylinder at 
different orientations involves, in interconnect-
ing manner, the processes of heat transfer by 
free convection from vertical flat plate, vertical 
cylinder, inclined flat plate facing down, in-
clined flat plate facing up and inclined cylin-
der. 

For free convection from a vertical flat 
plate, expressions of the average Nusselt num-
ber  were obtained by many previous authors 
(McAdams [1], Sparrow and Gregg [2] and 
Warner and Arpaci [3]) for different ranges of 
Rayleigh numbers. More Recently, Churchill 
and Chu [4] have recommended correlations 
for free convection from a vertical plate that 
may be applied for any value of Rayleigh num-
ber. Also, they showed that these correlations 
can also be used for vertical cylinder if the di-
ameter of the cylinder is sufficiently large 
compared with its axial length. Also, Churchill 
[5] proposed a correlation for free convection 
heat transfer for vertical and inclined cylinder 
with end surfaces insulated for a certain range 
of Rayleigh number. 

For free convection heat transfer from 
inclined flat plate, Suryanarayana [6] showed 
that: (i) for a downward-facing heated or an 
upward-facing cooled inclined isothermal sur-
face the correlation for free convection heat 
transfer from a vertical flat plate can be used 
by using the component of the gravitational 
force parallel to the plate to evaluate Rayleigh 
number, (ii) for an upward-facing heated plate 
the fluid flow in free convection is more com-
plex than with a downward-facing heated 
plate and new correlations are required. Fujii 
and Imura [7] studied experimentally the free 
convection from isothermal upward-facing 
heated inclined plate subjected to a uniform 
heat flux. The study showed that the bound-
ary layer around the surface depends on 
Grashof number. Two correlations were pre-
sented for different ranges of Grashof num-
bers. For an inclined plate subjected to a uni-
form heat flux, with the heated surface facing 
down, Fussey and Warneford [8] recom-
mended two correlations for Nusselt number 
with different ranges of inclination angle. 

For horizontal flat plate, McAdams [1], 
Fujii and Imura [7], Goldstein et al. [9] and 
Lloyd and Moran [10] conducted experiments 
on free convection heat transfer from down-
ward and upward-facing heated horizontal 
rectangular plates and correlations were pre-
sented for the two cases at different ranges of 
Rayleigh numbers. Churchill and Chu [11] 
and Morgan [12] presented comprehensive 
correlations for free convection from a horizon-
tal cylinder for a wide range of Rayleigh num-
ber. Recently, Nada et al. [13] studied experi-
mentally free convection heat transfer from 
semicircular horizontal cylinder at different 
orientations. Correlations of Nusselt number 
for different orientations of the flat part of the 
semicircular cylinder with respect to the verti-
cal were presented. 

Sparrow and Stretton [14] performed 
detailed natural convection experiments with 
cubes in many different orientations. From 
their experimental results and the data of 
previous researches (Churchill [5] and Raithby 
and Hollands [15]) with spheres and cylinders 
(radius equal to the axial length) they pro-
posed a correlation to predict the average Nus-
selt number for free convection for bodies with 
unity aspect ratios (like cubes, spheres, cylin-
ders of radius equal to the axial length). The 
validity of the proposed equation for other 
bodies is not yet established. Also, Lienhard 
[16] suggested a correlation for rough estima-
tion of free convection Nusselt number for 
bodies for which correlations are not available.  

It can be noted from the above discussion, 
that free convection from surfaces of various 
geometries and orientations (vertical plate, 
vertical cylinder, inclined plates and cylinders, 
horizontal flat plates, horizontal cylinders, 
semicircular horizontal cylinder and spheres) 
have been studied by previous investigators. 
That is because free convection heat transfer 
is strongly dependent on surface geometry and 
orientations, therefore, results on certain 
geometry and orientation would not apply to 
other geometries or orientations. 

To our knowledge, experimental data are 
not available yet for free convection from in-
clined semicircular cylinder at different 
orientations. Therefore, the aim of the present 
investigation was to examine (experimentally) 
and correlate the free convection heat transfer 
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characteristics from a semicircular inclined 
cylinder at different orientations. The study 
was carried out for different values of the 
independent parameters: Grashof number, 
inclination of the semicircular cylinder and 
the orientation angle of the cylinder. 
 
2. Experimental setup and procedure 

 
2.1. Experimental setup 

  
The experimental setup is shown in fig. 1. 

It consists of a semicircular cylinder (test sec-
tion) mounted on an inclination and rotatable 
frame to vary the inclination angle α and the 
orientation angle θ of the test section (see fig. 

1-c). A measuring protractor is used to read 
these angles. The test section is made from 
copper and has 80-mm outside diameter and 
3-mm thickness. The length of the test section 
is 480 mm. A wooden semicircular rod of 
diameter 60-mm and 480-mm length was in-
serted inside the test section. A flat electric re-
sistance Nickel-Chrome wire was wrapped 
around the wooden rod to generate the re-
quired heat input. The electric heater wire is 
insulated from the bottom and the top with 
mica insulating tape. The gap between the 
wooden rod with the heater and the semicircu-
lar test section was filled with fine sand to be 
sure of uniform distribution of the input heat. 
The cross sectional view of the test section is 
also shown in fig. 1-b. The experimental set 
up was placed inside four sides plastic walls 
(the distance between each two walls was 3 m) 
to prevent any wind to affect on the results. 
The input power was regulated by an AC 
power variac and measured by a digital 
Wattmeter. Wall temperatures were measured 
using 28 thermocouples (T-type) mounted at 
seven axial locations. Each axial location 
contains 4 thermocouples equally distributed 
on the circumference of the test section. The 
first axial location is at 45-mm from one end 
of the test section. The next axial locations 
were 65-mm equally distance apart. The axial 
and circumferential distribution of thermocou-
ples on the test section is shown in fig. 1-a 
and fig. 1-b, respectively. The thermocouples 
wires were extended through the gap between 
the semicircular cylinder and the wooden rod.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Experimental setup. 

 

2.2. Experimental procedure 

 
 The three independent variables in these 
experiments are the Grashof number (con-
trolled by the input power), the inclination an-
gle of the test section and the orientation an-
gle of the test section. After adjusting the de-
sired conditions of the experimental run, the 
experiment was allowed to run for at least 4 
hours before steady state conditions were 
achieved. When steady state condition was es-
tablished, the readings of all thermocouples, 
the input power and the ambient temperature 
were recorded by a data acquisition system. 
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The steady state condition was considered to 
be achieved when the change in the wall tem-
perature was not more than 0.2 ºC within 15 
minutes. The rate of heat losses by radiation 
from the test section was calculated and sub-
tracted from the input power to obtain the rate 
of heat transfer from the test section to the 
surrounding air by free convection. The 
percentage of the heat losses by radiation was 
found to be within 40% from the heat input 
for all test runs. Experiments were carried out 
for four inclinations of the test section α = 0º, 

30º, 45º, and 60º and three orientations of the 
test section, θ = 0º, 90º, and 180º. A total of 

about 10 runs were carried out for each 
inclination and each orientation of the test 
section at different input powers. 
 
3. Data reduction 

 
The dimensionless interrelated independ-

ent variables Gr and Ra were calculated from 

the measured quantities using the following 
definitions: 
 

k

qLg
Gr

2

42

µ

ρβ ′′
=      and       PrGrRa = . (1) 

 
Where, q˝ represents the average heat flux 

transferred by free convection from the surface 
of the test section to the surrounding air. To 
calculate q˝, an energy balance for the heated 

test section gives; 
 

rqq(LD)12/(VI ′′+′′+π= ).          (2) 

 
Where I and V are the electric current and the 
voltage input to the heating element and qr˝ is 

the radiation heat flux lost from the hot test 
section to the surrounding walls. The radia-
tion heat loss qr˝ from the hot test section is 

estimated as; 
 

])273T()273T[(q 44
sr +−+εσ=′′ ∞ .       (3) 

 
Where Ts is the average temperature of the 
test section and ε is its emissivity. In the last 

equation a large enclosure is assumed. 
After calculating q″, the local heat transfer 

coefficient was calculated from: 

)TT(

q
h

i
i

∞−

′′
=  .        (4) 

 
Where i refers to the wall thermocouple posi-

tion on the axial location of the tube, as 
shown in fig. 1 and Ti is the circumferential 

averaged local temperature at this axial posi-
tion. The average heat transfer coefficient 
along the surface of the tube is calculated in 
two ways:  
(i) By determining the length average heat 
transfer coefficient along the length of the 
cylinder from: 
 

∑ ∆= ii xh
L

1
h  .        (5) 

 

Where ix∆  is the axial distance element 

around the thermocouple of axial position 
number i.  
(ii) By determining the average temperature 
along the surface of the tube (Ts) and using it 
to find the average heat transfer coefficient 
from: 
 

)TT(

q
h

s ∞−

′′
= .        (6) 

 
The two values obtained from (i) and (ii) 

were very close and, therefore, the average 
mean heat transfer coefficient was taken as 
the mean of these two values (Busedra and 
Soliman [17] and Nada et al. [13]) i.e., 
  

]
)TT(

q

)TT(

xq

L

1
[

2

1
h

s

7

1 i

i

∞∞ −

′′
+∑

−

∆′′
= .   (7) 

 
The value from the last equation will be 

called the average heat transfer coefficient in 
the following sections without using the word 
mean for briefness. 

The local Nusselt number was calculated 
from the following definition: 
 

)TT(k

xq

k

xh
Nu

i

iii
i

∞−

′′
== .          (8) 

 

Where ix  is the axial distance measured from 

the lower end of the cylinder to the axial 
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a=30o 
θ=90o 
Ra=2.9×1010 

thermocouple position i. The average Nusselt 

number along the tube was calculated from: 
 

k

Lh
Nu = .               (9) 

 
All air properties in the last equations were 

calculated at the film temperature given by: 
 

2/)TT(T sf ∞+= .                (10) 

 

4. Experimental results and discussion 
  

A total of 100 test runs were conducted in 
the present study covering the following 
ranges and values: 
 
Gr = 1.5 x 109 – 8.5 x 1010 

Pr = 0.695 – 0.707  (air) 
109 10610Ra ×−=  

α = 0º, 30º, 45º and 60º 
θ = 0º, 90º and 180º 

 
4.1. Wall temperature 

  

In all experiments, it was found that the 
circumferential variation of wall-temperature 
measurements at any axial location is small 
for any inclination and orientation of the test 
section. Generally, it was within ± 1 ºC under 
constant heat flux conditions. This can be 
attributed to the high thermal conductivity of 
the tube and the low Prandtl number of the 
air, which may lead to relatively mild 
stratification in the circumferential direction.  

The axial variation of the cylinder wall 
temperature for a certain experimental run is 
shown in fig. 2. As shown in the figure, the ax-
ial temperature of the cylinder increases with 
increasing the axial distance measured from 
the bottom of the cylinder. This can be attrib-
uted to the known shape of boundary layer 
development around vertical and inclined 
plates and cylinder, which begins at the lower 
end of the vertical surfaces and increases with 
increasing the axial distances from the lower 
end. The increase of the boundary layer thick-
ness leads to the decrease of the heat transfer 
rate and thus an increase of the surface tem-
perature for a constant heat flux condition. 
The   figure   shows    that   the    temperature  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2. Axial variation of test section wall temperature. 
 
 
gradient in the axial direction deceases with 
increasing the axial distance from the lower 
end. This can be attributed to the increase of 
the turbulence of the boundary layer with the 
increase of axial distance. Increasing the 
turbulence leads to the increase of the heat 
transfer coefficient and therefore a decrease in 
the surface temperature. This trend of the ax-
ial temperature distribution is observed 
through out all the experimental runs. 

The variations of the average surface 
temperature of the semicircular cylinder with 
the Grashof number for different inclination 
and orientation angles are shown in fig. 3 and 
fig. 4, respectively. Fig. 3 shows that the aver-
age wall temperature decreases with the in-
crease of the wall inclination angle. The trend 
is the same for all the orientation angles of the 
cylinder. Fig. 4 shows that the average surface 
temperature of the cylinder for the orientation 
θ = 90º is smaller than that of θ = 0º which in 
turn is smaller than that of θ = 180º. The 

trend is the same for all the inclination angles 
of the cylinder. This trend can be attributed to 
the decrease of the average boundary layer 
thickness around the cylinder with the 
increase of the inclination angle. Also the 
average boundary layer thickness for the 
orientation θ = 90º is smaller than that of θ = 
0º which in turn is smaller than that of θ = 

180º. The decrease of the boundary layer 
thickness increases the rate of heat transfer 
which leads to a decrease in the average wall 
temperature for constant heat flux condition.  
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♦a=30 
� θ=45 
▲a=60 

a=30o 
θ=80o 
Ra=2.07x1010 

4.2. Nusselt number 

  

Fig. 5. shows the axial variation of the 
local Nusselt number for a certain experimen-
tal run. As shown on the figure, the local 
Nusselt number increases with the increase of 
the axial distance measured from the lower 
end of the cylinder. This can be attributed to 
the direct change of the local Nusselt number 
with the axial distance x. Therefore, the 
increase of x/L leads to an increase in local 

Nusselt number.  
  

 

 
 

 

 

 

 

 
 

 

 
 

Fig. 3. Variation of test section average surface 
temperature with Ra for different inclination angles. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. Variation of test section average surface 

temperature with Ra for different orientation angles. 

 

 
 
 
 
 
 
 
 
 
 

Fig. 5. Axial variation of local Nusselt number. 

The effect of the orientation angle of the 
cylinder on the average Nusslet number is 
shown in fig. 6 for different inclinations of the 
cylinder. The figure shows that the average 
Nusslet number for the orientation θ = 90º is 
greater than that of θ = 0º which in turn is 
greater than that of θ = 180º. This can be 

attributed to the average boundary layer 
thickness around the surface of the 
semicircular cylinder. The average boundary 
layer thickness for the orientation θ = 90º is 
smaller than that of the orientations θ = 0º 
and θ = 180º. As the boundary layer thickness 

decreases the heat transfer coefficient and the 
Nusselt number increase. This variation of the 
average boundary layer thickness with the 
orientation angle can be explained in the 
following three points according to the view of 
the boundary layer shape around the surface 
of the semicircular cylinder for the different 
orientations: (i) The length of the boundary 
layer path along the surface of the 
semicircular cylinder for the orientation θ = 

90º, which equals to αsin/D , is smaller than 

that of the orientations θ = 0º and θ = 180º, 

which equals to the length of the cylinder (the 
boundary layer start at x = 0 and is coincides 

along the length of the cylinder). This makes 
the average boundary layer thickness for the 
orientation θ = 90º smaller than that of the 
orientations θ = 0º and θ = 180º. (ii) For the 
orientation θ = 0º, the flat part is upward 

facing and the boundary layer detaches itself 
from the surface due to the component of the 
buoyant force perpendicular to the surface. 
The strength of this detachment increases 
with the increase of the turbulence of the 
boundary layer, i.e. with the increase of the 
Ra. While, for the orientation θ = 180º, the flat 
part is downward facing and the component of 
the buoyant force perpendicular to the surface 
is hindered by the surface and this makes the 
boundary layer moves parallel to the surface 
along the tube without any detachment. (iii) 
The known shape of the boundary layer 
development around complete horizontal 
cylinder, which begins at the bottom of the 
cylinder with small thickness and concludes 
at the top of the cylinder, leads to a smaller 
boundary layer thickness for the circular part 
of the semicircular cylinder in the case of θ = 
0º than that of θ = 180º. 
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(a) Inclination angle =30o 

 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Inclination angle =45o 

 
 
 
 
 
 
 
 
 
 
 
 

(c) Inclination angle =60o 

 
 
Fig. 6. Effect of orientation angle on average Nusselt 

number. 
 
The effect of the inclination angle of the 

semicircular cylinder on the average Nusselt 
number is shown in fig. 7 for the different 
orientations of the cylinder. As shown in the 
figure, the average Nusselt number increases 
as the inclination angle of the cylinder 
increases. The trend is the same for the three 
orientations. This can be attributed to the 
following reasons:  

(i) For the orientation θ = 90º the length of the 

path of the boundary layer, which equals 

αsin/D , decreases as the inclination angle of 

the cylinder increases. This makes the average 
boundary layer thickness around the cylinder 
decreases with the increase of the inclination 
angles which leads to higher heat transfer 
coefficient and higher Nusselt number.  
      
 

 

 
 

 

 

 

 
 

 

 

 
(a) Orientation angle = 0o 

 

 

 

 

 
 

 

 

 

 

 
 

 
 

(b) Orientation angle = 90o 

 

 

 
 

 

 

 

 

 
 

 

 

 
(c) Orientation angle = 180o 

 
Fig. 7. Effect of inclination angle on average Nusselt 

number. 
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(ii) For the orientations θ = 0º and θ = 180º, 

the increase of the inclination angle increases 
the components of the buoyant force perpe-
ndicular to the upper surface of the cylinder. 
The increase of this force increases the rate of 
detachments of the boundary layer from the 
upper surface of the semicircular cylinder. 
This leads to smaller average boundary layer 
thickness around the cylinder and higher heat 
transfer coefficient and higher Nusselt 
number. 
 
4.3. Empirical correlations. 

  

Empirical correlations were developed to fit 
the experimental data for semicircular cylin-
der at different inclinations and orientations of 
the cylinder in fig 8. For vertical semicircular 
cylinder, the expression of the correlation is: 
 

2.0Ra647.0Nu = .           (11) 

 
For inclined semicircular cylinder, the 
correlation depends on the inclination and 
orientation angles of the cylinder. The correla-
tion can be put in the form: 

  
nRaCNu = .            (12) 

 
where C and n are given in table 1 for different 

inclination and orientation angles of the 
cylinder. 
 
4.4. Comparison with literature   

 
Comparison of the present work with that 

in the literature is not an easy work. The 
reason is that there is no work available in the 
literature for the present geometry and 
orientations. It was possible, however, to 
compare the trend of the present results with 
that obtained by Churchill and Chu [5] for 
isothermal inclined cylinder at 105 < Ra <109. 
Both works showed the increase of the average 
Nusselt number with increasing the 
inclination angle of the cylinder from the 
vertical. Also the trend of the present results 
is compared with that obtained by Nada et al. 
[13] for constant heat flux horizontal semicir-
cular  cylinder  at 2x107   < Ra < 4x107. 

 

 

 

 
 

 

 

 

 

 
 

 
(a) Inclination angle = 0o 

 
 

 

 

 
 

 

 

 

 
 

 
(b) Inclination angle = 30o 

 

 

 

 

 
 

 

 

 

 

 
 

(c) Inclination angle = 45o 

 

 

 

 

 

 
 

 

 

 

 
 

 (d) Inclination angle = 60o 
 

Fig. 8. Comparison between the trend lines of the 
correlations. 
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 Table1 
 Coefficients of eq. (10) 

 

Orientation angle 

        θ = 0º        θ = 90º        θ = 180º Inclination angle 

C n C N C N 

α= 30º 2.139 0.154 2.12 0.156 1.936 0.154 
α = 45º 2.1548 0.1537 2.03 0.1594 1.915 0.156 
α = 60º 2.1505 0.1562 2.224 0.1576 2.1068 0.1559 

 

The two works showed that, the Nusselt 
number for the orientation θ = 90º is greater 
than that of θ = 0º which in turn is greater 
than that of θ = 180º. Also the comparison 

showed that, for the same heat flux the 
average heat transfer coefficient for horizontal 
semicircular cylinder obtained by Nada et al. 
[13] for a certain orientation is higher than 
that obtained in the present work for α = 60º 

at the same orientation. This is consistent 
with the present results which showed the 
increase of the average heat transfer coeffi-
cient with increasing the inclination angle 
measured from the vertical.  
 

5. Conclusions 

  

Free convection heat transfer from vertical 
and inclined semicircular cylinder has been 
investigated experimentally at different 
orientations. Vertical and three different 
inclination angles (30, 45 and 60º) were 
studied at three different orientation angles of 
the tube (θ= 0, 90 and 180º). It was found 

that: (i) For any orientation of the cylinder, the 
Nusselt number increases with the increase of 
the inclination angle measured from the 
vertical, (ii) For any inclination of the cylinder, 
the Nusselt number for the orientation θ = 90º 
is greater than that of θ = 0º which in turn is 
greater than that of θ = 180º.  The present 

work introduces correlations of Nusselt 
number for free convection from vertical and 
inclined semicircular cylinder at different 
orientations. The trend of the results of the 
present work was compared with that 
obtained for inclined cylinder and horizontal 
semicircular cylinder from literature and the 
trends were consistent.  
 

Nomenclature 

    
D diameter of semicircular cylinder, 
dx axial distance element, 

Gr Grashof number based on constant heat 

flux, 
g gravitational acceleration, 
hi local heat transfer coefficient at axial 

position i, 
I electric current, 
k thermal conductivity of air, 
L length of the semicircular cylinder, 
Nui local Nusselt number at axial position i, 

Nu  average Nusselt number, 

Pr Prandtl number of air, 
q˝ free convection heat transfer flux, 
q˝r radiation heat losses rate per unit area of 

the semicircular cylinder, 
Ra Rayleight number based on constant heat 

flux, 
Tf film temperature, 
Ti local surface temperature at axial position 

i on the cylinder surface, 
Ts average surface temperature of the 

semicircular cylinder, 
T∞ ambient air temperature. 
x axial distance, 
α inclination angle of the cylinder measured 

from the vertical, 
β volumetric coefficient of thermal 

expansion of air, 
ε  emissivity of  the surface of the semicir-

cular cylinder, 
µ dynamic viscosity of air, 
ν kinematics viscosity of air, 
θ orientation angle of the semicircular 

cylinder, 
ρ density of air, and 
σ Stefan-Boltzmann constant.     
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