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ABSTRACT 

Experimental study has been carried out to examine the heat transfer characteristics by combined free and 

forced convection for the fully developed laminar air flow in an inclined semicircular duct having a flat wall at 

the top. The ranges of Rayleigh number, Reynolds number, and Richardson number were 2.4×105 ≤ 𝑅𝑎 ≤ 

3.9×105, 500 ≤ 𝑅𝑒 ≤ 2041, and 0.08≤ 𝑅𝑖 ≤2.5; respectively. The study covered different angles of inclination 

for both opposing and aiding flows. Empirical equations were deduced for the average Nusselt number as a 

function of Reynolds number and Rayleigh number for all angles of duct inclination. Results show that the 

average heat transfer process enhances with decreasing of Richardson number and increasing of Peclet number. 
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INTRODUCTION 

Combined convection heat transfer occurs in many practical applications, such as supercritical boilers, nuclear 

power technology, heat exchangers, cooling of electronics devices, etc. The relative direction between the 

forced flow and the buoyancy force is very important. Where the both two forces directions are the same, the 

mode of heat transfer is termed assisting flow. In the case where the fluid forced flow is opposite the direction of 

buoyancy force, the mode of heat transfer is termed opposing flow. The mixed convection heat transfer is 

characterized by Richardson number which is defined as the ratio of buoyancy and inertial forces as follows [1]: 

2Re

Gr
Ri 

The study of heat transfer process by combined convection flows in circular cylinder were studied by many 

authors [2-8]. Different mechanical applications including combined convective heat transfer in ducts of non-

circular passages to augmenting heat transfer process, there by conserving energy and reducing constructing and 

operation costs. Many authors studied the combined buoyancy-induced flow and heat transfer in non-circular 

duct. Etemad et al. (1997), [9], studied experimentally the mixed convection heat transfer in channel having 

semicircular and triangular cross-sections using distilled water and viscous non-Newtonian fluids as testing 

fluids. Busedra and Soliman (1999), [10], examined this phenomenon with aiding and opposing water flow at 

the entrance region of inclined semicircular duct. Everts (2004), [11], analyzed this phenomenon at the 

simultaneously developing region of noncircular channels. Ben-Arous &Busedra (2008), [12], analyzed the 

mixed convection in horizontal semicircular ducts with radial internal fins (flat wall at the bottom). Etemad et al. 

(2009), [13] solved and discussed the three-dimensional governing equations to study the laminar viscous non-

Newtonian test fluid flow at the entrance of triangular ducts. Manar. et al (2012),[14], analyzed the fully 

developed forced convection heat transfer in a uniformly heated horizontal triangular duct.  

Ahmed et al (2013), [15] used rectangular duct with uniformly heated upper wall and insulated other surfaces to 

study the laminar mixed convection heat transfer. Busedra and Soliman (2015), [16], examined and analyzed the 

opposing and aiding combined convection heat transfer in an inclined semicircular duct. Rajamohan et al 

(2015), [17], studied the combined heat transfer at the entrance region of inclined square channel with one hot 

mailto:asmaa31930@yahoo.com


 

Effect of addition of calming section on the Heat Transfer process in Semicircular Duct 

 417 

wall and the three others were insulated adiabatically. Busedra and Budabous (2016), [18], analyzed the 

development of combined thermal-diffusion process in uniformly heated semicircular duct. The heat transfer 

rate is considered as an important parameter for the design of any mechanical, electrical or electronic 

component. The convective heat transfer can be enhanced passively by changing the flow geometry, boundary 

conditions, or by enhancing the thermal conductivity of the fluid [19-30]. This paper presents experimental 

study to investigate the heat transfer process in hydrodynamically fully developed region of semicircular duct 

with flat wall at the top. The direction effect of primary flow relative to the secondary motion generated by 

buoyancy effects is discussed also in the present paper.  

EXPERIMENTAL APPARATUS 

The schematic diagram of experimental rig is shown in Fig.(1-a). The test section consists of a semicircular duct 

made from aluminum with radius of 25 mm and length 90 cm. The flat wall of duct was at the top. Both the 

calming and heat sections are mounted on a wooden board. The air was followed by using a centrifugal fan. It 

enters throughout pipe having an orifice with Standard British Unit, then settling chamber through a flexible 

hose. The settling chamber contains flow straightener to obtain a regular flow at the inlet of calming section and 

reduce the flow fluctuation. The length of calming section is 100cm which is enough to get the fully developed 

flow. Two semicircular pieces made from Teflon material with the same inner dimensions of test and calming 

sections were fitted at the inlet and outlet test section. Teflon material has, as a result, the heat losses from the 

aluminum duct ends will be reduced.  

 

(a) 

 

(b) 

Calming Section                                         

Test Section                     
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Figure 1. (a) Schematic of experimental apparatus, (b) Heating system 

The test section is uniformly heated by using an electrical heater wire (nickel-chrome) wound uniformly around 

the semicircular duct as a coil with 10 mm pitch and electrically isolated by ceramic beads to prevent any 

electrical contact between the test section and electrical heater as shown in Fig.(1-b). To minimize the heat 

losses to the surrounding, the heating section was thermally insulated by using asbestos rope and fiberglass 

layers with total thickness of about 65 mm. An eighteen thermocouples (type K) were placed along the center 

line of circular wall part and flat wall part of duct (nine thermocouples for each part) to measure the average and 

local surface temperature along the duct. The inlet air temperature was measured by using a thermocouple 

located inside the settling chamber. While, two thermocouples located at duct exit were used to measure the 

outlet air temperature. A straight-line interpolation between the inlet and outlet air temperatures was used to 

determine the local air temperature.  

EXPERIMENTAL PROCEDURE 

Firstly, the inclination angle of the duct is adjusted as required. Then, the centrifugal fan is switched on to push 

the air through the open loop while the fan control valve was used for adjusting the required mass flow rate. 

Then, the electrical heater switched on while the electrical input power adjusted by AC power Variac to give the 

required heat flux. The apparatus is left at least two hours to establish steady state condition. During each test 

run the following parameters are recorded: angle of inclination of the tube, reading of the manometer, readings 

of temperature, heater current, and heater voltage. 

Data Analysis 

The total heat flow rate transmitted to the semicircular duct is calculated from the following equation: 

𝑄 = 𝑉 × 𝐼                                                                                                                                                             (1) 

The convective and radiative heat transfer throughout the duct is calculated from: 

𝑄𝑐𝑟 = 𝑄 − 𝑄𝑐𝑜𝑛𝑑.                                                                                                                                                   (2) 

Were, 

 𝑄𝑐𝑜𝑛𝑑. is the heat losses by conduction which is calculated from the following equation:  

Qcond =
∆T

ln(
rins

r0
⁄ )

2πKinsL
+

ΔX

KinsA

                                                                                                                                        (3) 

Were 

∆T=temperature difference through asbestos layer. 

rins=the distance from inner surface of flat wall of duct to the circular outer insulation surface. 

r0= outer radius of semicircular duct 

ΔX= the distance from outer surface of flat wall of duct to the flat outer insulation surface. 

Kins =thermal conductivity of asbestos. 

L=length of test section. 

A = surface area of semicircular duct=π r L + 2rL 

The convective and radiative heat flux is given by: 

𝑞𝑐𝑟. =  𝑄𝑐𝑟/𝐴                                                                                                                                                         (4) 

The local radiation heat flux can be calculated from Stefen-Boltzman equation as follows:                         

𝑞𝑟 = F1-2    𝜎  𝜖 [((𝑡𝑠)𝑥 +273)4− ((𝑡𝑏)𝑥 +273)4]                                                                                                    (5) 

Where: 

F1-2=view factor through inner surface of duct≈1 

σ = Stefen-Boltzman constant=5.6703 10-8 (W/m2.K4) 
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ε = emissivity of aluminum surface=0.09. 

(𝑡𝑠)𝑥= local wall temperature. 

(𝑡𝑏)𝑥= Local bulk air temperature. 

The heat flux by convection is given as follows: 

𝑞 =  𝑞𝑐𝑟. – 𝑞𝑟                                                                                                                                                                         (6) 

The local heat transfer coefficient and local Nusselt number were calculated respectively by: 

ℎ𝑥 =
𝑞

(𝑡𝑠)𝑥−(𝑡𝑏)𝑥

                                                                                                                                                                    (7) 

𝑁𝑢𝑥 =
ℎ𝑥𝐷ℎ

𝑘
                                                                                                                                                                             (8) 

The mean Nusselt number 𝑁𝑢̅̅ ̅̅  is calculated from: 

𝑁𝑢̅̅ ̅̅ =
1

𝐿
∫ 𝑁𝑢𝑥𝑑𝑥                                                                                                                                                                    (9)

𝐿

0

 

The average wall temperature, average bulk temperature, and film temperature are calculated respectively from: 

𝑡𝑠 =
1

𝐿
∫ (𝑡𝑠)𝑥𝑑𝑥

𝑥=𝐿

𝑥=0

                                                                                                                                                              (10) 

𝑡𝑏 =
1

𝐿
∫ (𝑡𝑏)𝑥𝑑𝑥

𝑥=𝐿

𝑥=0

                                                                                                                                                             (11) 

𝑡𝑓 =
𝑡𝑠 + 𝑡𝑏

2
                                                                                                                                                                            (12) 

RESULTS AND DISSCUSION  

Temperature and Local Nusselt number Variations 

140 test runs were carried out to include seven duct inclination angles of 00, 300, 600, 900, -300, -600, -900. The 

range of Rayleigh number from 2.4×105 to 3.9×105 and Reynolds number is varies from 518 to 2041. In the 

present work, the effects of more important parameters on the heat transfer process were taken into 

consideration, that few figures has been covered. The surface temperature variations for selected runs are plotted 

in Fig.2 and Fig.3 for various angles of inclination and constant Richardson number Ri=1.2 & 0.08 (i.e., 

constant Reynolds number and heat flux which gives Grashof number); respectively. If the behavior of 

temperature distribution is studied alone, it has been observed that at the duct entrance the average temperature 

of flat and circular surface walls of duct along the axial length increases gradually to reach a maximum value at 

a certain distance along duct axis.  

 

Figure 2. Variations of temperature distribution along x-axis for various angles of inclination, Ri=1.2 
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Figure 3. Variations of temperature distribution along x-axis for various angles of inclination, Ri=0.08 

This region is called duct thermal entrance in which the heat transfer results gradually decreases. Beyond this 

region the surface temperature decreases due to buoyancy effect close to the wall region and duct end losses. It 

is clear from these two figures that the temperature increases as the inclination angle deviates from horizontal to 

vertical position for both aiding and opposing flow cases. This behavior can be explained as follows: at 

horizontal position (i.e., the primary flow is perpendicular to secondary flow), the air density close to the wall is 

decreased due high temperature at this region. The body force acting due to this density This change in density 

leads to moving the hotter air upward along the top duct wall. The cold air of higher density (lower temperature) 

will move downward to the lower part of the duct circular wall. The increasing of the secondary flow pattern 

causes longitudinal vortices superimposed into the main forced flow. The strength of vortices decreases with 

changing the angle of inclination from horizontal to vertical position at which the vortex diminishes because the 

primary and secondary flows are parallel to each other with the same or opposite direction.  

 

Figure 4. Effect of inclination angle on local Nusselt number variation with Greatz number, Ri=0.08 

As can be shown also from these two figures that the surface temperatures for opposing flow case are higher 

than that for aiding flow case at the same axial distance. Fig.4 and Fig.5 shows the local Nusselt number 

distribution along the dimensionless axial distance for Ri=0.08 and 1.2; respectively, at different angles of 

inclination. At opposing flow, the direction of main flow opposes the buoyancy force which tends to retard the 

fluid near the heated wall (the particle velocity decreases in this region) leads to decrease the natural convection. 

While at aiding flow, the buoyancy force and the main flow are in the same direction. So, the flow velocity near 

the heated wall increases and the natural convection and the primary flow reduce the heat from the duct surface 

and improving the heat flow rate. The dot curve in these figures represents the theoretical forced convection in a 

circular duct (TPFC) based on analysis of Shah and London [31]. It can be shown also that the local Nusselt 
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numbers for all angles of inclination are higher than that predicted for (TPFC) for low values of Richardson 

number as shown in Fig.4, and these values begin to decrease with increasing of Richardson number at the same 

(Gz-1) as shown in Fig.5.  

 

Figure 5. Effect of inclination angle on local Nusselt number variation with Greatz number, Ri=1.2 

 

Figure 6. Variations of the mean Nusselt number versus Peclet number at selected Rayleigh number, α=00   

Average Nusselt number Variations 

The Nusselt number variations versus Peclet number at different Rayleigh numbers are shown in 𝐹𝑖𝑔. 6 and 

𝐹𝑖𝑔. 7 for horizontal and vertical positions; respectively. It is clear that the Nusselt number increases as Peclet 

number increases at the same value of Rayleigh number and as Rayleigh number increases at the same value of 

Peclet number. This observation can also be confirmed by Fig.8 & Fig.9 for horizontal and vertical position; 

respectively. In these last two figures the distribution of the average Nusselt number with changing the Rayleigh 

number at different Peclet numbers. It is observed that, for lower values of Peclet number (Pe= 368 and 638) the 

mean Nusselt number increases as Rayleigh number increases. This suggests the fact that the free convective is 

predominated for low Peclet numbers. Additionally, for Rayleigh number is greater than 3.9×105, the average 

Nusselt number close to each other for Pe < 895, i.e., the average heat transfer is independent on Rayleigh 

number because the dominating forced convection. 
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Figure 7. Variations of the mean Nusselt number versus Peclet number at selected Rayleigh number, α=900   

 

Figure 8. Variations of the mean Nusselt number versus Rayleigh number at selected Peclet number, α=00   

 

Figure 9. Variations of the mean Nusselt number versus Rayleigh number at selected Peclet number, α=900   
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Figure 10. Variations of the local Nusselt number versus Inverse Graetz number for the present wok and Ref. 

[10], for horizontal position (α=00 )  

Average Nusselt Number Correlations 

Empirical correlations of average Nusselt number as a function of Rayleigh and Reynolds numbers were 

deduced for a horizontal, inclined, and vertical semicircular duct. The range of taken parameters are: 2.4×105 ≤

𝑅𝑎 ≤ 3.9×105, 518 ≤ 𝑅𝑒 ≤ 2041, and 0.08≤ 𝑅𝑖 ≤2.5. The general form of average Nusselt number is: 

𝑁𝑢𝑚 = 𝑐 (
𝑅𝑎

𝑅𝑒
)

𝑛

                                                                                                                                                    (17)    

The value of c and n are listed in the Table 1: 

Table 1: Constants in Eq.(17).  

α 
Present work 

c n 

00 3.00 -0.616 

300 2.92 -0.601 

600 2.77 -0.569 

900 2.54 -0.488 

-300 2.74 -0.552 

-600 2.60 -0.519 

-900 2.72 -0.507 

COMPARISON WITH PREVIOUS WORKS 

Fig.10 shows a comparison between the local Nusselt number versus inverse Graetz number for the present 

work and the work of Busedra and Soliman [10], for horizontal position (α=0˚) and Re=500 but with different 

values of Pr and Gr. It can be seen from this figure that the variation of the local Nusselt number for the two 

works has the same trend but with higher values relatively for the Ref.[10]. The difference between these two 

works is referred to the higher values of Gr and Pr for Ref.[10] compared with the present work.  

CONCLUSIONS  

Based on the experimental results presented here in, the following conclusions were made: 

1. The horizontal position gives lower values of temperature and higher values of local Nusselt number 

than other angles of inclination. 

2. Generally, the heat transfer process in the aiding flow is better than that in the opposing flow at the 

same angle of inclination and Richardson number. 
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3. For Ri=0.08 (very lower than one i.e., mixed convection with dominated forced convection), the values 

of local Nusselt number for all angles of inclination are very higher than that predicted for (TPFC) at 

the same local location which is represented by inverse Greatz number (Gz-1). 

4. For Ri=1.2 (i.e., strong mixing process), it can be concluded that 

a. The local Nusselt number values for α=00 (horizontal position) and α=300 are higher than that predicted 

for (TPFC) at the same local location (Gz-1). 

b. The value of Nux at α=300 at the end tip point of thermal entrance length approaches from the 

asymptotic value of (TPFC), i.e., the point at which the value of Nux  becomes constant. 

c. The values of Nux  upstream at α=-300 are similar to that predicted for (TPFC), then decrease 

downstream to be lower than that in (TPFC). 

d. The values of Nux at α=±600 and =±900 (vertical), are lower than that predicted for (TPFC), i.e., these 

angles of inclination give low values of heat transfer coefficient inspite of higher value of Richardson 

number.   

5. Richardson number is important factor that indicated the behavior of heat transfer process as follows: 

a. For high range of Richardson number, essential player in the heat transfer process is Rayleigh number 

(i.e., average Nusselt number increases as average Ra/Re increases) 

b. For low range of Richardson number , the heat transfer process improves as Reynolds number 

increases because of dominated forced convection process (i.e., average Nusselt number decreases as 

average Ra/Re increases). 
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