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ABSTRACT 

In this work, an experimental study is conducted on the natural convection of air flow into a horizontal and inclined 

open ended triangular-channels. The orientation is changed from 0o-horizontal position to 15o and 45o. Two 

different lengths aspect ratios (side length to channel length) namely, 0.125 and 0.166 are utilized. The outer 

channel wall is heated with a wide range of heat fluxes (from 200 to 1000 W/m2). The triangular-channel is cold 

formed as one-piece utilizing aluminum sheet with thickness of 2 mm and constant length of 600 mm. The purpose 

of adduced work is to investigate and simulate experimentally the influence of channel orientation, aspect ratio 

and surface heat flux on the thermal properties. The experimental data appears that the natural convection 

performance of air flow into a heated channel in terms of local Nusselt number for orientation case of 45o is higher 

about 16% to 20% than that the horizontal case for same conditions. Furthermore, the local Nusselt number 

increases for triangular-channel with aspect ratio (0.166) about 22% than that the channel with aspect ratio (0.125). 

The results of present study are validated than last study and a good closeness are observed. 
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INTRODUCTION 

Natural heat convection inside an open ended non circular cross-section channels like triangular, rectangular, 

semi-circular and elliptic has been the topic of focused researches because of it is applications in wide area of 

energy field and engineering applications namely heat exchangers, cooling systems, solar thermal collectors and 

nuclear reactors cooling. El-Shazly et al. [1] studied experimentally the natural convection into inclined and 

vertical elliptic-tubes with elliptic diameters ratio (2:1) and fixed wall heat flux. They studied the effect of 

inclinations on the coefficient of convection heat transfer for different Rayleigh numbers ranging from (2.6×10 6 

to 3.6×107). They observed that the local Nusselt number increases with increasing the axial tube distance from 

lower end tube and reach a maximum values near above tube end and then decreasing. Also, they noted the average 

Nusselt number increases as increase of inclinations. Ali [2] introduced an experimental study for steady-state 

natural heat convection into a vertical channels at constant surface heat flux. He utilized two types of channels 

namely, square and rectangular cross-sections.  

He concluded a correlations to compute the  average Nusselt number as function of modified Rayleigh number 

and area ratios at laminar regime. Ahmed et al. [3] investigated experimentally the free heat convection into 

smooth and rough walls for inclined and vertical positions triangular-channel at uniform heated external wall. 

They used rough wall of average roughness 0.02 mm and inclination angles from 15o to 90o. They used range of 

Rayleigh numbers from 6.48×105 to 4.78×106.  They showed that the bigger local Nussselt number values of 

rough channel about 8.1 % at inclined channel (45o) and 10 % at vertical channel (90o) than that the smooth 

triangular-channel. They suggested a correlations for smooth and rough triangular-channels. Nayak et al. [4] 

performed an experimental investigation on the free convection into an open ended heated vertical tube. They 

used four different ratios of tube length to internal diameter tube (L/d= 10, 12.22, 15.56 and 18.89 mm) and wide 

range of surface heat fluxes (q= 250 - 3341 W/m2). Also, they utilized different thicknesses of rectangular-section 

discrete rings into the tube. They noted the rate of heat transfer increases as increasing the discrete ring thickness 

and rings number.  
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Furthermore, they showed the heat transfer rate increases with increasing length of tube. Ohk and Chung [5] 

investigated numerically and experimentally the effect of diameter, length and Prandtl number on the free 

convection heat dissipate through an open-ended vertical tubes. They used FLUENT version 6.3 for numerical 

simulation. They used various lengths ranging from 0.2 to 1 m, different diameters up to 0.03 m and various 

Prandtl number (Pr= 0.7, 1.0, 20 and 2014). They noted the heat transfer rate decreases as decreasing diameter of 

tube and Prandtl number and increasing tube length. They visualized the tube flow and effects of chimney. 

Abdelatief and Omara [6] focused experimentally on the investigation of natural convection in a square cross-

sectional tube with inner roughened walls for various wall heat fluxes from 51 to 1198 W/m2, several angles of 

inclination ranging from 0o to 90o and different Rayleigh numbers from 8.92×105 to 1.1×107. They noted that the 

roughened tube verifies about 5% to 15% larger values of average Nusselt number compared with smooth tube at 

horizontal position (angle of inclination= 0o). Yousif et al. [7] investigated experimentally the heat convection 

inside a vertical annulus. They investigated the influence of the porosity and Reynolds number on the thermal 

performance and fluid flow properties.  

They noted that the values of Nusselt number for vertical annuli with porous-media is bigger about 3 to 3.5 times 

than that vertical annuli without porous-media. Also, they observed Reynolds number increase with decreases the 

average wall temperatures. Sadeq and Shehab [8] studied experimentally the forced convection of air flow into a 

horizontal eccentric annuli. Two various configurations of inner heated finned tube, the first with rectangular 

interrupted-fins and the second with trapezoidal interrupted-fins are used. They used a five various input powers 

and five different air-flow velocities. They showed that the values of local Nusselt number for trapezoidal 

interrupted-fins case are bigger than that the rectangular interrupted-fins case. Also, the heat convection 

performance of trapezoidal interrupted-fins tube as average Nusselt number is greater from (11% to 20.3%) than 

that the rectangular interrupted-fins tube. Based on reminded works, the current work focuses on influence of 

channel orientation and lengths aspect ratio of natural convection through an open ended equilateral triangular-

channels at various wall heat fluxes. Two lengths aspect ratios (0.125 and 0.166) and three positions of channel 

0o (horizontal), 15o and 45o are used.  

EXPERIMENTAL TEST-RIG 

The figure (1) displayed experimental test-rig, it's fabricated to cover the present work experiments. The test-rig 

adjoins: test-section (triangular cross-section channels, thermal and electrical insulations, wire heating element, 

thermocouples), selector-switch with temperature reader, voltage regulator, multi-meter, horizontal flat table. 

 

1. Test-section   2. Thermocouples 3. Selector-switch with temperature reader   4. Voltage regulator   5. multi-

meter 6. horizontal table 

Figure 1. Experimental test-rig 
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Figure 2. Aluminum triangular cross-section channel 

Two triangular-channels used in the experiments are fabricated from 2 mm thickness aluminum sheet by cold 

forming as one piece as shown in figure (2) with constant length of 600 mm. Two different triangular-channel 

sides 75 mm and 100 mm (two lengths aspect ratios 0.125 and 0.166) are utilized. The outer walls of channel are 

covered by electrical insulation. A Nickel Chrome electrical heater wire of 800 Watt and 0.5 mm diameter is a 

coiled around the outer walls of channel with pitch of 25 mm to heat the triangular-channel from external. The 

electrical heater is a good heat insulated using asbestos and glass wool layers of 10 mm and 50 mm thicknesses 

respectively. Four calibrated thermocouples type-K are fixed with equally pitches of 150 mm in the middle of 

each triangular-channel surfaces to measure the inner wall temperatures along the channel. In addition, two type-

K thermocouples are utilized to read the inlet and outlet bulk air temperatures inside a channel.  

TEST PROCEDURE  

Thirty experiments are performed to study the influence of lengths aspect ratios (side length to length of triangular-

channel, S/L= 0.125 and 0.166) and channel orientations (Ɵ= 0o-horizontal position, 15o and 45o) on the natural 

convection thermal performance for a five various values of wall heat fluxes (q= 200, 400, 600, 800 and 1000 

W/m2). 

The experimental steps of experiments can be summarized as follows: 

- Adjust the channel orientation in the horizontal position (Ɵ= 0o). 

- The AC-source is switched on and adjusted the required wall heat flux (q= 200 W/m2).  

- Thermocouple’s readings have been registered after 45 to 60 minutes, when the difference of temperatures for 

two readings about 0.5 oC. The temperatures, AC-current and voltage are registered. 

- Repeat the same procedure for the other cases of aspect ratio (S/L= 0.125), orientations and heat flux values.  

DATA ANALYSIS 

The natural convection heat transfer (Qconv) can be computed as [9]: 

𝑄𝑐𝑜𝑛𝑣 = 𝑄𝑖𝑛 − 𝑄𝑙𝑜𝑠𝑠                                                                                                                                                    (1) 

The power input (Qin) to the electrical wire heater can be evaluated as follows: 

𝑄𝑖𝑛 = 𝑉 𝐼                                                                                                                                                                    (2) 

where, 

I is the AC-current. 

V is the voltage.  

Qloss is the heat loss due to conduction and radiation, it is neglected because very small.                                                                                   
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The local natural heat transfer coefficient (hx) between the inside wall of an open ended triangular-channel and 

air flow in the channel is computed as follows [9]: 

ℎ𝑥 =  
𝑞

𝑇𝑠𝑥−𝑇𝑎
                                                                                                                                                                 (3) 

The wall heat flux (q) is computed as: 

𝑞 =  
𝑄𝑖𝑛 

𝐴𝑠
                                                                                                                                                                    (4) 

The local Nusselt number (Nux) and average Nusselt number (Nuav) are computed as follows [10, 11]: 

𝑁𝑢𝑥 =  
ℎ𝑥 𝐷ℎ

𝑘
                                                                                                                                                               (5) 

𝑁𝑢𝑎𝑣 =  
ℎ𝑎𝑣 𝐷ℎ

𝑘
                                                                                                                                                          (6) 

where, 

ℎ𝑎𝑣 =  
𝑞

𝑇𝑠𝑎𝑣−𝑇𝑎
                                                                                                                                                            (7) 

𝑇𝑠𝑎𝑣 =  
1

𝐿
 ∫

𝐿

0
𝑇𝑠𝑥 𝑑𝑥 ≅  

∑𝑛
𝑖=1 𝑇𝑠𝑥𝑖

𝑛
                                                                                                                          (8) 

Ta is the bulk air temperature inside the channel. It's calculated as average of inlet and outlet bulk temperatures 

(Tain) (Taout) respectively:  

𝑇𝑎 =
𝑇𝑎𝑖𝑛+𝑇𝑎𝑜𝑢𝑡

2
                                                                                                                                                           (9) 

Dh is the hydraulic diameter and computed as:  

𝐷ℎ =
4 𝐴𝑐

𝑃
                                                                                                                                                                 (10) 

For equilateral-triangle channel, the cross-sectional area (AC) is evaluated as: 

𝐴𝑐 =
1

2
   𝑆 𝐻                                                                                                                                                             (11) 

and the triangular-channel height (H) is: 

𝐻 = 𝑆 𝑠𝑖𝑛 𝑠𝑖𝑛 (𝛼) =
√3

2
  𝑆                                                                                                                                      (12) 

Define average Rayleigh number (Raav) as equation [10,11]: 

𝑅𝑎𝑎𝑣 =  𝐺𝑟𝑎𝑣. 𝑃𝑟 =
𝑔 𝛽(𝑇𝑆𝑎𝑣−𝑇𝑎) 𝐷ℎ 

3

𝜈2 𝑃𝑟                                                                                                                     (13) 

where, 

k is the thermal conductivity of air. 

α is the equilateral-triangle angle.  

S is the triangular-channel side length. 

L is the channel length. 

P is the wetted perimeter of triangular channel. 

Raav is the average Rayleigh number. 

Grav is the average Grashof number. 

Pr is the Prandtl number. 

g is the gravity acceleration. 

β is the volumetric coefficient of heat expansion.  

ν is the kinematic viscosity. 
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All physical properties of air are taken at mean film temperature in Kelvin. 

VALIDATION OF EXPERIMENTAL TEST-RIG 

To validate the present experimental test-rig, the comparison between present results with Ahmed work [4]  for 

orientation (Ɵ= 45o) and wall heat flux (q= 404.6 W/m2) is done. It is illustrated that the same behavior of curve 

as displayed in figure (3).  The deviation of present results than Ahmed work results reach to 14.5% because the 

difference of channel dimensions used in Ahmed work. 

 

Figure 3. A validation of test-rig with Ahmed work. 

RESULTS AND DISCUSSION 

The experimental results are plotted and analyzed of air flow through an open ended heated triangular-channel 

under natural convection conditions. Two different lengths aspect ratios, various channel orientations and several 

levels of wall heat fluxes are utilized to study their impact on the thermal properties and performance. The 

behavior of temperature difference (∆T= Tsx- Ta) along the axial distance of triangular-channel (X) for different 

orientations and heat fluxes is illustrated in figure (4). It is viewed that the temperature difference gradually 

increases with increasing the channel axial distance (X) from lower end and reach the peak values near the above 

(outlet) end of channel, then it lightly decreases because the bouncy influence as result to flow the cold air enter 

from lower end to above end of channel under natural heat convection. The growing of boundary layer begins 

from lower end and progressing even suffuse the channel. This cause increasing of internal surface wall 

temperature of triangular-channel. Figures (5) and (6) show the behavior of local Nusselt number (Nux) against 

the axial distance of channel (X/L) for two various lengths aspect ratios, S/L= 0.125 and 0.166 respectively at 

different heat fluxes and channel orientations. They are appear that the local Nusselt number (Nux) of orientation 

case (45o) is bigger about (16% to 20%) compared with the horizontal case (0o). Also, the local Nusselt number 

(Nux) decreases as the axial distance of channel (X/L) increases to arrive a minimum values near the above (outlet) 

end of channel, then it lightly increases as result of bouncy influence caused the progresses of boundary layer 

inside the channel and decreases of natural heat convection coefficient. In addition, they are evidenced the local 

Nusselt number (Nux) increases for channel with aspect ratio (0.166) about 22% compared with the  channel of 

aspect ratio (0.125) for same conditions because larger amount of cold air enter in the channel.  

 

Figure 4. The effect of channel orientation (Ɵ) on surface temperature difference (∆T) along the channel (X) at 

surface heat fluxes (q= 200 and q= 1000 W/m2) and aspect ratio (S/L= 0.125). 
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Figure 5. Behavior of local Nusselt number (Nux) versus the axial distance of channel (X/L) for lengths aspect 

ratio (S/L= 0.125). 

 

Figure 6. Behavior of local Nusselt number (Nux) versus the axial distance of channel (X/L) for lengths aspect 

ratio (S/L= 0.166). 

The behavior of average Nusselt number (Nuav) against average Rayleigh number (Raav) for different orientations 

and different aspect ratios (S/L= 0.125 and 0.166) is illustrated in figure (7). It is clear that the average Nusselt 

number (Nuav) increases with average Rayleigh number (Raav) increases for all cases.  

 

Figure 7. Behavior of average Nusselt number (Nuav) versus average Rayleigh number (Raav) for orientations 

(Ɵ= 0o and 45o) and different aspect ratios (S/L= 0.125 and 0.166). 

CONCLUSION 

The experimental study is carried out to test the natural convection into a heated triangular-channels for two 

various of aspect ratios, different channel orientations and five various surface heat fluxes. The major conclusions 

can be listed as follows: 

1. Values of local Nusselt number gradually decreases along the triangular-channel and then there is a little 

increasing near the outlet. 

2. The natural convection performance for air flow into a triangular-channel as local Nusselt number of 

orientation case (45o) is greater about 16% to 20% than that the horizontal case (0o) for same conditions.  
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3. The local Nusselt number increases for channel with aspect ratio (0.166) about 22% than that channel with 

aspect ratio (0.125) for same conditions. 

4. Good closeness and same behavior of average Nusselt number against Reynolds number of present study with 

a previous study and the peak deviation about 14.5 %. 
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NOMENCLATURE 

Ac Channel cross-sectional area, (m2) 

Dh Triangular-channel hydraulic diameter, (m)  

g Gravity acceleration, (m/s2) 

Gr Grashof number 

h Coefficient of natural convection heat transfer , (W/m2.K) 

H  Height of triangular- channel, (m) 

I Current, (A) 

k Air thermal conductivity, (W/m.K) 

L Triangular-channel length, (m) 

Nu Nusselet number 

P Wetted perimeter, (m) 

Pr Prandtl number 

q Wall heat flux, (W/m2) 

Qconv Natural heat convection, (W) 

Qin Heat input, (W) 

Qloss Heat loss, (W) 

Ra Rayleigh number 

S            Side length of  triangular-channel, (m)  

S/L Lengths aspect ratio  

Ta Bulk air temperature, (oC) 

Tf Film temperature, (K) 

Ts surface temperature, (oC) 

V Voltage, (V) 
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Greek Symbols 

𝜈 Kinematic viscosity (m2/s) 

∆T           Temperature difference, (oC) 

Ɵ Orientation, (degree) 

α Angle of equilateral-triangle (degree) 

β           Volumetric coefficient of heat expansion, (K-1) 

Subscripts 

av Average 

in Inlet 

out Outlet 

x Local 
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