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Abstract: Because of the complexity involved, most researchers avoid studying the entropy 

generation due to both convection and radiation. In this study, the heat transfers from the horizontal 

heated cylinder by natural convection and radiation and the entropy generation is the case study and 

the ability to combine of these two heat transfer methods depending on the thermodynamic principles. 

Three heating horizontal cylinders were used during this study. The results indicated that the natural 

convection is effective parameter to produce the entropy generation when the ratio of Ra/Ra, opt 

lower than 1 and the Ns increased slightly to 3 at Ra/Ra, opt=0.001, but when the radiation is the 

effective parameter to produce the entropy generation that is done when Ra/Ra, opt higher than 1 

and the Ns increases to 200 at Ra/Ra, opt=1000.   

 

Keywords: Thermal system; entropy generation analysis; natural convection; radiation; 

horizontal cylinder 

 

1.  Introduction  

Climate change and the ozone layer depletion are the 

most direct threats to humanity1) 2). Increasing levels of 

greenhouse gases in the troposphere have been caused by 

human activities such as burning forests, clearing 

agricultural lands, and using fossil fuels excessively3). On 

a national scale, most studies estimate that 35% to 49% of 

the energy used for comfort conditions in residential and 

industrial buildings goes towards providing comfort4) 5) 6). 

Residential, commercial, and industrial refrigeration 

systems are widely used to remove heat from a variety of 

processes. All fields and applications use heat exchange 

processes7) 8). Heat exchanges in all system in the three 

known styles: conduction, convection and radiation 9) 10). 

In all this processes entropy changes according to 

Newton’s 2nd low11).   

Entropy is a thermodynamic property which is just a 

measure of the magnitude of molecular disturbance inside 

a thermal system. The high-grade molecular perturbation 

system has an extremely high entropy generation12). On 

the other hand, the thermal system with a very low level 

of molecular disruption has a very low generation of 

entropy. The first law of thermodynamics defined yield as 

the ratio of labor power to the total heat entering the 

system which does not provide a lot of information about 

the efficient use of available energy (irreversibility)13). In 

a heat system, particular attention should be given to 

improving energy efficiency by analyzing lost energy 

which can be evaluated under the second law of 

thermodynamics. The second law of thermodynamics can 

be applied to investigate irreversibility in terms of how 

quickly entropy occurs where the distributed energy is 

commensurate with the production of the entropy14). One 

of the key features of entropy generation analysis is that it 

is more attractive than conventional approaches to energy 

balance. Entropy generation analysis can be used for any 

type of energy conversion process. 

Natural convection from horizontal cylinder was 

experimentally studied and the correlation with non-

dimensional groups presented by15) 16) 17) 18) 19) 20). 

Previous studies by Churchill et al.21) and Morgan22) 23) 

used the data to found experimental correlations depend 

on non-dimensional groups Nu and Ra. The natural 

convection from horizontal cylinder also studied 

numerically by Merkin and Pop24), CHOUIKH et al.25), 

Miana et al.26), Sebastian and Shine27), Sedighi and 

Aghighi28). Experiment and numerical study for natural 

convection from horizontal cylinder were presented by29) 

30) 31). The computational fluid dynamics (CFD) also used 

to study the free convection above a heated horizontal 

cylinder as mentioned by32) 33)34). The entropy generation 

by natural convection from horizontal cylinder was 

examined by 35) 36) 37) 38) 39) 40) 41)42). The entropy generation 

by radiation from horizontal cylinder and surfaces was 

studied by 43) 44) 45) 46) 47).  

The review studies for entropy generation were 

presented by Sciacovelli et al.48), which analyzed different 

types of engineering systems. Biswal et al.49) analyzed the 

entropy generation of natural convection in various cases 

and processes involving different practical applications. 
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Chen et al.50) used the optimization of convective heat 

transfer processes to model a multi-objective optimization 

issue in the entropy-based approach and a constrained 

optimization issue in the entransy-based approach.  

Morsli, S. et al.51) study the entropy generation 

numerically for burner working with hydrogen- air. Said 

K. et al.52) studied the entropy generation done by natural 

convection heat transfer for Square Cavity with different 

inclination. Zemani-Kaci et al.53) numerically analyzed 

the natural convection for square cavity on side heated 

while the other cooled.  

The wire on tube condenser is one of scientific interests 

in part of refrigerator thermal system. The thermal 

analysis for this type of heat exchanger includes the 

refrigerant inside the tube and the air outside the tube. The 

loss of available energy via the production of entropy on 

the air side is due to natural convection and radiation.  

For the air side of the wire on tube condenser; trying to 

find simple relation depending on the thermodynamic 

principles between the natural convection and radiation 

entropy generation. It was started with the horizontal 

heated cylinder to find the relation and its limitations like 

the radiation entropy generation range and the natural 

convection entropy generation range. Also, the optimum 

working point between the radiation effect and natural 

convection effect. The previous works 35)- 39) covered the 

forced convection and pressure drop entropy generation 

around horizontal cylinder and not cover the natural 

convection and radiation entropy generation.  

In the literature review, most researchers avoid studying 

the mutual effects of convection and radiation heat 

transfer from different surfaces on entropy generation. A 

common reason for this avoidance is the complexity of 

describing the overlap value and the constant change in 

the proportions of influence. So, this study aims to 

examine the correlation between natural convection and 

radiation for a horizontal heated cylinder on its entropy 

generation. It is the first step towards analyzing the 

overlap between both modes and the direct effects it has 

on entropy generation    

 

2. Entropy generation thermodynamic model 

The entropy generation rate in steady state external 

flow for a control volume shown in figure (1) may be 

given as follows:   

 

 
Figure 1 Control volume for entropy generation by natural 

convection and radiation. 

 

Balancing for mass: 

�̇�𝑖𝑛 = �̇�𝑜𝑢𝑡                           (1)   

Balancing for heat:   

�̇�𝑖𝑛ℎ𝑖𝑛 − �̇�𝑜𝑢𝑡  ℎ𝑜𝑢𝑡 + ∬ 𝑞′′ 𝑑𝐴 = 0       (2)   

Entropy generation balance: 

�̇�𝑔𝑒𝑛 =  �̇�𝑜𝑢𝑡𝑠𝑜𝑢𝑡 − �̇�𝑖𝑛𝑠𝑖𝑛 −  ∬
𝑞"𝑑𝐴

𝑇𝑠
          (3)  

The Gibbs equation 54) is: 

𝑑ℎ = 𝑇𝑑𝑆 + 𝑉𝑑𝑃                          (4)  

Applying Gibbs equation for the control volume in 

figure (1), equation (2) gives: 

 

�̇�𝑖𝑛ℎ𝑖𝑛 − �̇�𝑜𝑢𝑡  ℎ𝑜𝑢𝑡 = 𝑇∞( �̇�𝑜𝑢𝑡𝑠𝑜𝑢𝑡 − �̇�𝑖𝑛𝑠𝑖𝑛) +

𝑚𝑖𝑛

𝜌∞
 (𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛)                            (5) 

In natural convection, the second term for the pressure 

drop may be neglected due to low magnitude. 

Following equations (3 and 5), the average control 

volume amounts are assumed to be equal to the free flow 

quantities. 

Combination of eq. (1) and eq. (5) and substitution in 

eq. (2): 

�̇�𝑔𝑒𝑛 = ∬ 𝑞" (
1

𝑇∞
−

1

𝑇𝑠
) 𝑑𝐴                   (6)     

Assume the |𝑇𝑠 − 𝑇∞| is smaller than absolute Ts or T∞, 

Eq. (6) can be expanding in Taylor series and by neglected 

the terms of second and higher orders55) 56): 

�̇�𝑔𝑒𝑛 =
1

𝑇∞
2 ∬ 𝑞𝑐𝑜𝑛𝑣

" (𝑇𝑠 − 𝑇∞)𝑑𝐴               (7)  

The temperature related to heat fluxes may be gives as: 

𝑇𝑠 − 𝑇∞ =
𝑞𝑐𝑜𝑛𝑣

"

𝛼𝑐𝑜𝑛𝑣
                            (8)  

Substitute in eq. (7):  

�̇�𝑔𝑒𝑛 =
𝑞𝑐𝑜𝑛𝑣

2"

𝑇∞
2 ∫

𝑑𝐴

𝛼𝑐𝑜𝑛𝑣
                         (9)   

Where the outside area = 𝜋 ∙ 𝐷𝑜 ∙ 𝑙 
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�̇�𝑔𝑒𝑛

𝑙
⁄ =

𝑞𝑐𝑜𝑛𝑣
"2

𝑇∞
2 ∫

𝐷𝑜∗𝑑𝜃 

𝛼𝑐𝑜𝑛𝑣

𝜋

0
    

                                                                                                                     

�̇�𝑔𝑒𝑛

𝑙
⁄ =

𝑞𝑐𝑜𝑛𝑣∗𝐷𝑜
"2

𝑇∞
2 ∫

𝑑𝜃 

𝛼𝑐𝑜𝑛𝑣

𝜋

0
    

The general form for the solution of the natural 

convection is56): 

𝑁𝑢 = 𝑚 ∗ 𝑅𝑎𝐷
𝑛                      

𝛼𝑐𝑜𝑛𝑣∗𝐷𝑜

𝑘𝑎
= 𝑚 ∗ 𝑅𝑎𝐷

𝑛    

𝛼𝑐𝑜𝑛𝑣 =
𝑚∗𝑅𝑎𝐷

𝑛 ∗𝑘𝑎

𝐷𝑜
                        (10)                                                                                                       

Substitute in equation (9) 

  
�̇�𝑔𝑒𝑛

𝑙
⁄ =

𝑞𝑐𝑜𝑛𝑣∗𝐷𝑜
"2

𝑇∞
2 ∫

𝐷𝑜 𝑑𝜃 

𝑚∗𝑅𝑎𝐷
𝑛∗𝑘𝑎

𝜋

0
       

  
�̇�𝑔𝑒𝑛

𝑙
⁄ =

𝑞𝑐𝑜𝑛𝑣 
"2 ∗ ∗𝐷𝑜

2∗𝜋

𝑚∗𝑇∞
2 ∗𝑘𝑎∗𝑅𝑎𝐷

𝑛           

where  𝑞𝑐𝑜𝑛𝑣
"2 =

𝑞′2

𝜋2∗𝐷𝑜
2          

   
�̇�𝑔𝑒𝑛

𝑙
⁄ =

𝑞𝑐𝑜𝑛𝑣 
′2

𝑚∗𝑇∞
2 ∗𝜋∗𝑘𝑎∗𝑅𝑎𝐷

𝑛                 (11)                                                                                             

The term in right hand for eq. (7) represent the entropy 

generation due to the heat and done because of the 

convection and radiation, therefore add term to eq. (7) in 

order to represent the radiation; 

�̇�𝑔𝑒𝑛 = 𝑞𝑟𝑎𝑑
" (

1

𝑇∞
−

1

𝑇𝑠
)                    (12)                                                                                                      

�̇�𝑔𝑒𝑛 =
1

𝑇∞
2 ∬ 𝑞𝑟𝑎𝑑

" (𝑇𝑠 − 𝑇∞)𝑑𝐴                                                                                                  

Also,  𝑇𝑠 − 𝑇∞ =
𝑞𝑟𝑎𝑑

"

𝛼𝑟𝑎𝑑
                                                                                                                          

�̇�𝑔𝑒𝑛 =
𝑞𝑟𝑎𝑑

"2

𝑇∞
2 ∫

𝑑𝐴

𝛼𝑟𝑎𝑑
                                                                                                                      

�̇�𝑔𝑒𝑛

𝑙
⁄ =

𝑞𝑟𝑎𝑑
"2 𝐷𝑜

𝑇∞
2 ∫

𝑑𝜃

𝛼𝑟𝑎𝑑
 

𝜋

0
          

where    𝛼𝑟𝑎𝑑 =
𝜀∗𝜎∗(𝑇𝑠

4−𝑇∞ 
4 )

(𝑇𝑠−𝑇∞)
 54), the equation become: 

�̇�𝑔𝑒𝑛

𝑙
=

𝑞𝑟𝑎𝑑
"2

𝑇∞
2  

𝜋 𝐷𝑜 (𝑇𝑠−𝑇∞)

𝜀𝜎(𝑇𝑠
4−𝑇∞

4 )
  where  𝑞"2 =

𝑞′2

𝜋2∗𝐷𝑜
2      

 
�̇�𝑔𝑒𝑛

𝑙
=

𝑞𝑟𝑎𝑑
′2 ∗ (𝑇𝑠−𝑇∞)

𝜋∗𝐷𝑜∗𝑇∞
2 ∗𝜀∗𝜎∗(𝑇𝑠

4−𝑇∞
4 )

       

The summation of (convection and radiation) be: 

�̇�𝑔𝑒𝑛

𝑙
⁄ =

𝑞𝑐𝑜𝑛𝑣 
′2 ∗𝑅𝑎𝐷

𝑛

𝑚∗𝑇∞
2 ∗𝜋∗𝑘𝑎

+
𝑞𝑟𝑎𝑑

′2 ∗ (𝑇𝑠−𝑇∞)

𝜋∗𝐷𝑜∗𝑇∞
2 ∗𝜀∗𝜎∗(𝑇𝑠

4−𝑇∞
4 )

      (13)                                                                               

in order to find Ra number in this term to be like the 

first term which represent the convection, multiply (13) 

equation by the following term: 

    
𝑔∗

1

𝑇𝑚
∗𝜌2∗𝐷𝑜

3

𝜇2 ∗
𝑃𝑟

𝑃𝑟
∗

𝜇2

𝑔∗
1

𝑇𝑚
∗𝜌2∗𝐷𝑜

3
                                                             

Equation (13) be: 

 
�̇�𝑔𝑒𝑛

𝑙
=

𝑞𝑐𝑜𝑛𝑣 
′2 ∗𝑅𝑎𝐷

−𝑛

𝑚∗𝑇∞
2 ∗𝜋∗𝑘𝑎

+

 
𝑞𝑟𝑎𝑑 

′2 ∗𝑅𝑎∗𝜇2

𝑇∞
2 ∗𝜋∗𝜀∗𝜎∗𝑃𝑟∗𝑔∗

1

𝑇𝑚
∗𝜌2∗𝐷𝑜

4∗(𝑇𝑠
4−𝑇∞

4 )
          (14)                                                                         

Rearrangement equation (14), considering the variable 

parameter is Ra while others are constant, equation (14) 

become: 

�̇�𝑔𝑒𝑛

𝑙
=  𝑅𝑎𝐷

−𝑛 ∙ 𝒜 + 𝑅𝑎𝐷 ∙ ℬ                  (15)                                                                                          

By differencing Equation (15) and equating the results to 

zero:                                    

𝑑
�̇�𝑔𝑒𝑛

𝑙

𝑑𝑅𝑎𝐷
= 0 = −𝑛 ∗ 𝑅𝑎𝐷,𝑜𝑝𝑡

−𝑛−1 ∗ 𝒜 + 𝑅𝑎𝐷,𝑜𝑝𝑡 ∙ ℬ    

𝑛 ∗ 𝑅𝑎𝐷,𝑜𝑝𝑡
−𝑛−1 ∗ 𝒜 = ℬ 

𝑛 ∗ 𝑅𝑎𝐷,𝑜𝑝𝑡
−𝑛 =

ℬ

𝒜
        and the 

𝐷𝑢𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝒜

ℬ
                          (16) 

the duty factor is important to find the Ra,opt that is used 

to create the ratio Ra/Ra,opt with Ns on figure 3 to 

determine the case in range of the natural or radiation.                                                                                               

And the new form of eq. (15) be: 

�̇�𝑔𝑒𝑛,𝑜𝑝𝑡

𝑙
=  𝑅𝑎𝐷,𝑜𝑝𝑡

−𝑛 ∙ 𝒜 + 𝑅𝑎𝐷,𝑜𝑝𝑡 ∙ ℬ           (17)                                                                                      

The fraction of the result equation is the first term 4/5 

due to the effect of the natural convection of the total heat 

transfers, while the radiation takes the fraction 1/5 of the 

total heat transfers according to the experimental work 

and its results and Pareto theory. this percentage is not 

constant, it is change according to the effect of each part, 

the natural convection and the radiation. 

Dividing equation (15) by equation (17) the result gives 

the entropy generation number (Ns). 

𝑁𝑠 =
4

5
 (

𝑅𝑎𝐷

𝑅𝑎𝐷,𝑜𝑝𝑡
)

−𝑛

+
1

5
 (

𝑅𝑎𝐷

𝑅𝑎𝐷,𝑜𝑝𝑡
)              (18)   

Using the correlation for constant heat flux by Kim16): 

𝑁𝑢 = 0.57 . 𝑅𝑎0.2      for 10^2 < Ra < 10^7     (19)  

The above equation is suitable to this study 

experimental test, the form of eq. (18) be: 
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𝑁𝑠 =
4

5
 (

𝑅𝑎𝐷

𝑅𝑎𝐷,𝑜𝑝𝑡
)

−0.2

+
1

5
 (

𝑅𝑎𝐷

𝑅𝑎𝐷,𝑜𝑝𝑡
)             (20) 

The ratio of the radiation heat effect to natural 

convection is irreversibility distribution ratio ∅ in this case 

can be represent by: 

∅ = 𝑅𝑎𝐷,𝑜𝑝𝑡 ∙ ℬ/𝑅𝑎𝐷,𝑜𝑝𝑡
−𝑛 ∙ 𝒜               (21) 

The optimum value for the entropy generation is at the 

ratio  
𝑅𝑎𝐷

𝑅𝑎𝐷,𝑜𝑝𝑡
=1 and entropy generation number must be 

Ns=1.                                             

Be is another irreversibility distribution ratio which 

defined by 36) 37) 38); Bejan number is: 

𝐵𝑒 =
1

1+∅
                              (22)  

 

3. Experimental work 

The test was carried out using three heated cylinders, 

which consist of a cast iron tube with a diameter of 6.56, 

7.86, and 11.1 mm. There is also a resistance heater inside 

the tube. These diameters for the heaters are the available 

sizes in local markets. However, larger sizes are not 

available. A Regavolt variable transformer was used to 

supply power to the heaters. The power output is 0-6 

amperes and 0-220 volts. The input power was the source 

of single-phase power. The cylinder heater was fixed from 

the ends by wood pieces with a height of 30 cm from the 

base table. This was done in order to eliminate the effect 

of the base on the flow of air by the bouncy forces of 

natural convection. Three temperature sensors were used 

to evaluate the cylinder surface at three different angles 

(bottom, top, at 90° from the bottom) and one to assess the 

environmental temperature. A digital thermometer 

FLUKE CNX HVAC was connected to the thermocouples 

(K-type). In figure 2, we can see a measuring device, as 

well as the volt and ampere. DS devices and services 

company model AE1&RD1 was used to measure surface 

emissivity. The tests were done in a large room 

environment. 

 

 

Fig. 2: the experimental rig for testing the cylinder electric 

heaters 

 

The uncertainty for the measuring parameters as shown in 

Table 1.  

 

Table 1 the uncertainty of measuring parameters 

 

4. Results and discussion 

Figure (3) shows the entropy generation number via the 

ratio of Ra/Ra, opt of the natural convection and radiation-

heated cylinder. The lowest entropy generation occurs at 

Ns=1 and Ra/Ra, opt=1. The optimum point for entropy 

generation is where the natural convection effect is 4/5 

and the radiation impact is 1/5. 

When Ra/Ra, opt < 1 the natural convection heat 

transfer is dominated for entropy generation. Ns increased 

above the optimum point by a few points and reached 

Ns=3 when the ratio of Ra/Ra, opt was 0.001Radiation 

heat transfer is the effective parameter for entropy 

generation when Ra/Ra, opt >1.1. The Ns increased 

sharply to Ns=200 at Ra/Ra, opt be 1000. 

The experimental data for the three heated cylinders are 

near the optimum point. The data of the large diameter 

cylinder will be in the natural convection area, while the 

data of the small diameter cylinder will be in the radiation 

area. According to our research objective, the larger 

diameter heated horizontal cylinder results in better heat 

transfer on the air side of the wire-on-tube heat exchanger 

owing to lower entropy generation, while the smaller 

diameter horizontal cylinder results in a more efficient 

heater design. 

 

parameters I 

Ampere 

Volt Ts avg 

℃ 

T∞ 

℃ 

ε 

Accuracy ±0.1 of 

full 

scale  

±2 

of 

full 

scale  

±1.5 ℃ ±1.5 ℃ ±0.01 
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Fig. 3: the ratio of Ra/Ra, opt and entropy generation 

number. 

 

In order to obtain Ra/Ra, opt for Figure (3). Finding Ra, 

opt is vital to completing the analysis. Equation 17 from 

the analysis defines the duty factor and can be applied to 

find Ra, as shown in Figure (4). 

The duty factor is the result of dividing the natural 

convective heat transfer coefficient in the first term of 

equation 16 by the radiant heat transfer coefficient in the 

second term. 

Results of this study indicate a positive relationship 

between the duty factor and Ra, opt of the heated cylinder. 

The results show that the duty factor increases as the Ra, 

opt of the heated cylinder increases. This study's 

experimental data was collected in areas where Ra, opt 

values were less than 104. 

This is a variant of Figures (1) and (2), representing 

forced convection flow around heat cylinders. It did not 

give a duty factor value at low values of forced convection 

flow than normally occurs during natural convection. 

 

 

Fig. 4: The duty factor and Ra, opt for the experimental data. 

 

The irreversibility distribution ratio (∅) is identified in 
36)37)38) as the ratio of entropy generation by friction to 

entropy generation by forced convection. This definition 

is not suitable for the case of natural convection and 

radiation. Therefore, the revised definition is the ratio of 

entropy generation by radiation to entropy generation by 

natural convection as shown in Figure (5). 

 

 
Fig. 5: the irreversibility distribution ratio ∅ and Ra/Ra,opt. 

 

According to the figure, the irreversibility distribution 

ratio ∅ and Ra/Ra, opt are positively related. At Ra/Ra, 

opt=1, the optimal entropy generation value, the value of 

∅=2.5 produces a low entropy generation number Ns=1. 

As determined by the irreversibility distribution ratio ∅, 

the effect of radiation decreases and the effect of natural 

convection increases when Ra/Ra, opt ∅= 1. However, 

when Ra/Ra, opt > 1, the effect is inverse. In the 

experiments, the small diameter heated cylinder was 

located in the radiation effect range, while the large 

diameter heated cylinder was located in the convection 

effect range.  

 According to references 36)37)38), the Bejan Number and 

the alternative distribution parameter (Be). The 

relationship between the generation of entropy from 

forced convection heat transfer and the sum of the 

generation of entropy from convection heat and the 

pressure drop. In this study, the appropriate definition is 

the ratio of entropy generation by natural convection heat 

transfer to total entropy generation by natural convection 

and radiation. 

Figure (6) represents the relationship between Bejan 

Number (Be) and the Ratio of Ra/Ra,opt of the natural 

convection and radiation of a heated cylinder. 

The irreversibility of natural convection heat transfer 

dominates when Be=1, while at Be=0 the opposite effect 

of radiation dominates. 

When Be = 0.8, entropy generation by radiation and 

natural convection will both be at a maximum point (Ns=1, 

Ra/Ra, opt=1) with lower entropy generation for the 

thermal system. 

As shown in Figure (6), the data consist of a large 

diameter heated cylinder located in the natural convection 

effect area, while the small diameter heated cylinder was 

located in the radiation effect area. 
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Fig. 6: The ratio of Ra/Ra, opt and Bejan Number. 

 

The equations of Mc Adams15) and Morgan22) are 

represented in the table along with the experimental data 

of the heated cylinders in this study. The average 

deviation between the experimental data and references15) 

16) is approximately 20%, and 5% with reference22). 

 

 

Fig. 7: Ra & Nu for natural convection with three references 

 

5. Conclusion: 

Entropy generation from a heated cylinder by natural 

convection and radiation has been investigated. The most 

significant conclusions that were obtained from this study 

are: 

  

- The optimum thermal point is at Ns=1 and Ra/Ra, 

opt=1, where entropy generation reaches a minimum 

value. 

When radiation dominates, the entropy generation rate 

is high, reaching Ns=200 when Ra/Ra, opt=1000. 

Furthermore, it was found that the entropy generation 

number is low when natural convection is the effective 

parameter, and Ns=3 when Ra/Ra, opt=0.001. 

- The optimum value for the irreversibility distribution 

ratio ∅=0.25 at Ra/Ra, opt=1. 

- It can be concluded that the optimum value for Be=0.8 

is at Ra/Ra, opt=1. 

As a result of this study, future studies will explore the 

mutual effect of convection and radiation on the 

generation of entropy in other forms of heat transfer 

surfaces. Developing the potential of heat transfer and 

reducing losses requires such studies. 

 

Nomenclature 

A Area (m2) 

Be Bejan number 

Do outer diameter (m) 

Do, opt Optimum outer diameter  (m) 

g Gravity  (m.s-2) 

G Mass velocity  (Kg.s-1 m-2) 

h Enthalpy  (kJ.kg-1) 

k Thermal conductivity  (W.m-1 K-1) 

L Length  (m) 

�̇�  air flow rate  (kg sec-1) 

P Pressure  (N.m-2) 

q' Heat transfer per unit length  (W.m-1) 

q" Heat flux (W.m-2) 

Ra Rayleigh number 

�̇� Entropy generation (kJ kg-1 K-1) 

T Temperature  (℃) 

Ns Entropy generation number 

V Volume (m3) 

 

Greek symbols 

α conv. Natural heat transfer coefficient (W m-2 K-1) 

αrad Radiation heat transfer coefficient (Wm-2 K-1) 

ε Emissivity  

σ Boltzmann constant 5.669*10-8 (W. m-2. K-4) 

ρ Density (kg m-3) 

∅ irreversibility distribution ratio 

 

Subscripts 

a Constant 

n Constant  

s surface 

∞ Free stream  

𝒜 Constant 

𝓑 Constant 
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Appendix A 

 

Calculation for experimental tests data: 

𝑞𝑡𝑜𝑡𝑎𝑙 = 𝑞𝑐𝑜𝑛𝑣 + 𝑞𝑟𝑎𝑑                    (A1)                

𝑞𝑡𝑜𝑡𝑎𝑙 = 𝐼 ∗ 𝑉                           (A2)                

𝛼𝑟𝑎𝑑 =
𝜀∗𝜎∗(𝑇𝑠

4−𝑇∞ 
4 )

(𝑇𝑠−𝑇∞)
                   

𝑞𝑟𝑎𝑑 = 𝛼𝑟𝑎𝑑 ∗ 𝐴 ∗ (𝑇𝑠 − 𝑇∞)               (A3)              

𝑞𝑐𝑜𝑛𝑣 = 𝑞𝑡𝑜𝑡𝑎𝑙 − 𝑞𝑟𝑎𝑑 

𝑞𝑐𝑜𝑛𝑣 = 𝛼𝑐𝑜𝑛𝑣 ∗ 𝐴 ∗ (𝑇𝑠 − 𝑇∞)              (A4)                

And from equation (25) the experimental convection heat transfer coefficient can be found.  

 
Table (A1) dimension of the tube heaters and the measurement parameters 

 

 

 

 

 

 

 

 

 

 

 

Table (A2) the heat transfer coefficient and the percentage effect of the natural convection and radiation. 

 

 

 

 

 

 

 

 

Heater  Do 

mm 

L 

m 

I 

Ampere 

Volt Ts avg 

℃ 

T∞ 

℃ 

ε 

sample 1 11.1 1.002 0.5 20.13 41 22.2 0.35 

1 36.95 75 23.4 0.35 

1.2 44.5 117 22.5 0.35 

Sample 2 7.86 0.99 0.5 23 55 22.5 0.35 

0.7 31.03 77 22.8 0.35 

1 51.85 133 22.2 0.35 

Sample 3 6.56 1.005 0.4 20.87 48 22 0.4 

0.7 33.93 80 22.5 0.4 

0.8 40.62 95 22 0.4 

Accuracy   ±0.1 of 

full 

scale  

±2 of 

full 

scale  

±1.5 ℃ ±1.5 ℃ ±0.01 

heater Power α  conv α  rad q-conv q-rad 
Ratio= 

qconv/(qconv+qrad) 
Ra 

 W W/m2.℃ W/m2.℃ W W   

Sample 

1 

10.05 8.468 2.246 8.58 1.475 82.81 2289 

36.91 10.9 2.672 32.1 4.818 84.99 4880 

53.35 12.68 3.257 42.59 10.75 74.75 6780 

Sample 

2 

11.49 10.58 2.412 9.572 1.916 79.98 1266 

21.7 12.03 2.691 18.13 3.566 80.34 1803 

51.8 14.38 3.506 42.3 9.497 77.55 2552 

Sample 

3 

8.34 10.47 2.655 6.91 1.43 79.31 621.6 

23.73 12.77 3.117 20.02 3.712 81.45 1091 

32.46 13.56 3.345 27.41 5.057 81.55 1255 

average      80.3  
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