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     ABSTRACT 

         The unsteady state laminar mixed convection and radiation through inclined 

cylindrical annulus is investigated numerically. The two heat transfer mechanisms of 

convection and radiation are treated independently and simultaneously. The outer 

cylinder was kept at a constant temperature while the inner cylinder was heated with 

constant heat flux. The study involved numerical solution of the governing equations 

which are continuity, momentum and energy equations using finite difference method 

(FDM), where the body fitted coordinate system (BFC) was used to generate the grid 

mesh for computational plane. A computer program (Fortran 90) was built to calculate 

the bulk Nusselt number (Nub) after reaching steady state condition for fluid Prandtl 

number fixed at (Pr =0.7) (for air) with radius ratio ( =1.5, 2.6, 5.0), Rayleigh number 

(0≤Ra≤10
3
),Reynolds number (50≤Re≤2000), dimensionless heat generation (0≤Q≤10), 

Conduction-Radiation parameter (0≤N≤10), optical thickness (0 ≤ t


≤ 10) and different 

annulus inclination with horizontal plane (0°≤δ≤90°).  For the range of parameters 

considered, results show that radiation enhance heat transfer. It is also indicated in the 

results that Nu increase with the increasing of inclination angle δ, Ra, Re,  and Q. The 

correlation equations are concluded to describe the radiation effect. 

Comparison of the result with the previous work shows a good agreement. 

 

Keywords: Laminar, Mixed Convection, Radiation, Inclined Annulus. 

 

INTRODUCTION 

Mixed convection has received a 

considerable attention from the thermo 

fluid point of view as well as the practical 

interest of its engineering applications, 

since the associated fluid motion is largely 

interacted with the energy equation. Much 

theoretical and experimental work has 
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been published on this subject. Mixed 

convection in concentric annuli has been 

extensively studied for the past half 

century due to its wide applications in 

various engineering devices. 

Cheng and Hong [1], presented a 

numerical solution for the hydro 

dynamically and thermally fully developed 

combined free and forced laminar 

convection with upward flow in inclined 

tubes subjected to the thermal boundary 

conditions of axially uniform wall heat 

flux and peripherally uniform wall 

temperature at any axial positions. The 

results show that there was a limitation for 

Rayleigh number at which the back flow 

occurred. The tube inclination angle or 

body forced orientation effect on flow and 

heat transfer and show that in high Ra 

regime the tube orientation effect had a 

considerable influence on the results in the 

neighborhood of horizontal direction. 

Bohne and Obermeier [2] studied 

mixed convection of upward and 

downward fluid flow in an internally 

heated concentric annulus in a vertical, 

inclined and horizontal position with 

annulus radius ratio of 0.742 and the 

heated core length to the equivalent 

diameter was 187.5. Water and water-

glycol mixture were used as working 

medium. Experimental parameters 

covered were (350 ≤ Re ≤ 20000, 10
5
 ≤ 

Gr ≤ 10
8
 and 2.3 ≤ Pr ≤ 75). The results 

show an increase of Nusselt number in 

the laminar flow range as the annulus 

inclination deviates from vertical to 

horizontal position. The measured heat 

transfer data were also presented in a 

form of correlation equations. 

     Theoretical and experimental study 

has been conducted by Akeel 

Al−Sudani [3] on mixed convection 

heat transfer of the flow through an 

inclined annulus with uniformly heated 

inner cylinder and adiabatic outer 

cylinder with both fixed and rotating 

inner cylinder. Experiments were carried 

out to study the local and average heat 

transfer by mixed convection to a 

simultaneously developing air flow in a 

horizontal, inclined, and vertical 

concentric cylindrical annulus. The 

experimental setup consisted of an 

annulus which had a radius ratio of 

0.555 and inner cylinder with a heated 

length 1.2m subjected to the constant 

heat flux while the outer cylinder was 

subjected to the ambient temperature.  

 

       Theoretical study were obtained and 

represented by stream function contours 

and isotherms as well as the axial 

velocity profile and circumferential 

distribution of local Nusselt number 

around the inner cylinder and the change 

of average Nusselt number with Rayleig 

number.                                                                                                                                                             

The experimental results demonstrated 

the temperature variation along the inner 

cylinder surface and the local Nusselt 

number Nuz variation with the 

dimensionless axial distance, for all 

angles of inclinations which show an 

increase in the Nuz values as the heat 

flux increase and as the angle of the 

inclination moved from the vertical to 

the horizontal position. 

       Thermal radiation with simultaneous 

buoyancy and forced convection is an 

important issue for applications such as 

heat exchangers and cooling processes in 

nuclear reactors. In such systems, heat 

transfer results from coupled processes, 

in general, can not be calculated 

separately. 

Adegun and Bello-Ochende [4] 

reported a numerical study of steady 

state laminar forced and free convective 

and radiative heat transfer in an inclined 

rotating rectangular duct with a centered 

circular tube for a hydro dynamically 
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fully developed flow. The coupled 

equations of momentum and energy 

transports were solved using Gauss-

Seidel iteration technique subjected to 

given boundary conditions. A thermal 

boundary condition of uniform wall 

temperature in the flow direction was 

considered. Results for mean and total 

mean Nusselt numbers for various 

values of Reynolds number (Re), 

Rayleigh number (Ra), Geometric ratio 

(GR), aspect ratio (AR), Radiation-

Conduction parameter (N), Optical 

thickness ( ), Rotational Reynolds 

number (Ro) and Emissivity (ε) were 

presented. For the range of parameters 

considered. The results indicated that 

heat transfer from the surface of the 

circle exceeds that of the rectangle. 

Optimum heat transfer and fluid bulk 

temperature were attained when the duct 

was vertically positioned. 

Previous work studied the case of the fully 

developed laminar mixed convective heat 

transfer in an inclined concentric 

cylindrical annulus without the effect of 

radiation, the present work will be 

investigate the case with radiation.  

 

MATHEMATICAL MODEL: 

        

       The effect of radiation and heat 

generation will be investigated for fully 

developed laminar mixed convective 

heat transfer in an inclined concentric 

cylindrical annulus shown in Fig. 1, for 

thermal boundary condition of constant 

heat flux on the inner cylinder and 

constant wall temperature at the outer 

cylinder.  

       Unsteady steady state, quasi three-

dimensional, incompressible, fully 

developing laminar aiding air flow will 

be investigated. Accordingly the 

governing, continuity, momentum and 

energy conservation equations are as 

follows:- 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

Fig. 1 Three Dimensional Annular Geometry  

 

Continuity equation: 

 

                                         (1) 

 

Momentum Equations: 

 

                                                             (2) 

                                                      

                                                             (3)   

 

                                                             (4) 

 

Energy Equation: 

 

                                                             (5) 

 

The dimensionless parameters: 

  

 , De = 2(ro - ri),   

δ
o 

r 
vz , z vr , r 

vφ , ϕ  g 
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By using these dimensionless forms, the 

above equations can be written as 

follows. 

 

                                         (6) 

 

                                                                      

                                                             (7) 

 

                                                             (8) 

   

                                                             (9) 

 

                                                           (10) 

 

The governing equations in 

dimensionless form above were written 

in terms of dependant variables 

. The pressure term in 

the momentum equations will be 

eliminated in the resulting vorticity 

equation as can be shown:                     

 

  

     

                                                           (11) 

      

For this flow field, the only non-zero 

component of the vorticity is: 

 

                                     (12) 

 

      Also by making use of the vorticity 

definition of Eq. 12 and the definition of 

stream function ( Ψ), which satisfy 

continuity equation, the horizontal and 

vertical velocities can be written as 

follows respectively:-  

 

                                           (13) 

 

                                           (14) 

 

       By substituting the velocity 

components of Eq. 13 and Eq. 14 in the 

vorticity definition equation (12), stream 

function equation resulted as:- 

 

                        (15) 

 

Initial Conditions: 

Initial conditions may be chosen as zero: 

 

At        = 0    ,   U = V = W = Ω = Ψ = 0      

[No slip condition] 

                  

The boundary conditions which defined 

by Kotake and Hattori [5] and 

Kaviany [6] make use the boundary 

conditions for a motionless rigid surface 

which required that both horizontal and 

vertical velocities components (U and V) 

to be vanished at surface.  
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This expressed in terms of stream 

function as follows:- 

 Inner cylinder surface : 

 

U = V  =  = 0    ,      

 =    ,                            

                                               (16) 

 

 Outer cylinder surface : 

  

      U = V = W =  = 0     ,       
 = -    ,                                  

                                                           (17) 

 

TRANSFORMATION OF 

GOVERNING EQUATIONS:- 
          

        Governing equations can be 

transformed from the Cartesian 

coordinates (X, Y) to generalized 

coordinates  as shown below  

 
Fletcher [7]: 
1- Vorticity-Transport equation:- 

                                                                                                                                  

                                                           (18)                                                                                   

 

2- Axial Momentum Equation:- 

 

   

                                                           (19)                        

                                                                                                                                                                                

3- Energy equation:- 

 

                                                           (20) 

 

 

 

 

 

4- Stream Function Equation:- 

 

                                                                            

                                                           (21) 

 

5- Vertical Velocity:- 

                                   

                                (22) 

 

6- Horizontal Velocity:- 

 

                               (23) 

 

NUMERICAL SOLUTION: 

     Explicit finite difference technique 

was the numerical method used for 

solving the transient behavior of the 

fluid flow and heat transfer until the 

steady state was reached by marching 

out in time steps (∆η) Anderson [8]. 
 
Discretization of Vorticity 
Equation:

                                                                 (24)                                                                                                                                    
 

Where:- 

 

                                                                               

                                                        (25-a) 

 

                                                                        

                                                        (25-b) 
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                                                        (25-c) 

 

                                                                          

                                                        (25-d) 

 

 

                                                                      

                                                        (25-e) 

 

                                (25-f) 

 

                                                        (25-g) 

 

Discretization of Axial Momentum 

Equation: 

                                                          (26) 

Where:- 

 

         

                                                        (27-a) 

 

                                                                        

                                                        (27-b) 

 

                                                                                        

                                                        (27-c) 

 

                                                                           

                                                        (27-d) 

 

                                                                       

                                                        (27-e) 

 

                                (27-f) 

 

                                                                              

                                                       (27-g) 

 

Discretization of Energy Equation: 

 

 

                                                          (28) 

 

Where:- 

 

                                                                     

                                                        (29-a) 
  

                                                                 

                                                        (29-b) 

 

                                                                                

                                                        (29-c) 

 

 

                                                                   

                                                        (29-d) 
 

                                                                

                                                        (29-e) 

 

                             (29-f) 

 

    (29-g) 
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                  (29-h) 

 

                    (29-i) 

 

Stream Function Solving Method: 

 

    (30) 

 

Calculation of Average Axial Velocity: 

                

                (31) 

 

Calculation of Bulk Temperature: 

                 

    (32) 

 

Calculation of Nusselt Number: 

 

                               (33) 

 

RESULTS AND DISCUSION: 

Streamlines And Isotherms: 

Figs. 2a, b, c and d, display the 

temperature distribution and the 

secondary flow pattern in the cross 

section of the annulus for Ra=200, 

Re=50, Pr=0.7 and =2.6 with different 

values of inclination angle δ. 

The value of  Ψmax listed for each pattern 

which is a measure of the strength of the 

secondary flow; Ψmax is the maximum 

value of the dimensionless stream 

function Ψ. 

 

1- Horizontal Position: 

Fig. 2-a, shows that for δ=0
o
 

(Horizontal) and low Rayleigh number 

(Ra=200), the secondary flow is weak 

(Ψmax=1.9027), and forms a symmetrical 

eddy rotating in the clockwise and anti-

clockwise direction (i.e., there is one cell 

only in each side). Thus, the isotherms 

are nearly circular and thus little affected 

by the secondary currents. 

 

2- Inclined Position: 

It is expected that the heat transfer 

process in horizontal position is better 

than other angles of inclination because 

of the stronger secondary flows 

associated with free convection which 

behave so as to reduce temperature 

difference in the annulus. In general, in 

horizontal and inclined positions, the 

fluid flows up along the inner wall to 

form vorticities having their center in the 

upper part of the annulus. Figs. 2b and 

2c,  show the effect of inclination angle 

on the heat and fluid flow patterns for 

Ra=200, Re=50, Pr=0.7, =2.6 for 

angles of inclination (30
o
 and 60

o
); 

respectively. It is clear from these 

figures that there is a slight effect on the 

streamlines behavior and more 

pronounced effect on isotherm lines. The 

isotherms tend to be more circular as 

angle of inclination deviates from 

horizontal to vertical position. 

 

3- Vertical Position: 

In vertical position, the velocities due to 

buoyancy forces are parallel to the 

direction of the forced motion; thus, 

rotational symmetry is retained. This 

situation leads to one component of the 

velocity due to buoyancy forces in the 

same direction of axial velocity because 

there are no components of buoyancy 

forces in (X, Y) direction compares with 

the horizontal and inclined positions in 

which three components of velocity in 

(X, Y, Z) directions are formed. Thus, 

there is no tangential velocity (V) and 

radial velocity (U), and the value of 

stream function in terms of these two 

velocities is equal to zero. Therefore, in 

vertical position the main and secondary 

flows are in the same direction, so the 
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vortex strength diminishes. Fig. 2d,  

represent the effect of inclination angle 

on the isotherm lines contour for 

Ra=200, Re=50, Pr=0.7 and δ=90
o
 

(vertical); as can be seen from these 

figures, it is impossible to represent the 

secondary flow by plotting a diagram 

describes streamlines since stream 

function is equal to zero. This is a guide 

for accuracy of the numerical method 

used in solution of the governing 

equations of flow. 

The figures show that the isotherm lines 

seem to be close to each other near the 

heated inner wall because the natural 

convection is weak (Ra=200) and have a 

slight effect on the flow field compared 

with forced convection . This effect is 

 

 

 

 

 

 

 

 

 

 
(a) δ = 0° Streamlines 

 

 

 

 

 

 

 

 

 

 

 

(a) δ = 0° Isotherms 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

(a) δ = 30° Streamlines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) δ = 30° Isotherms 
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                 (c) δ = 60° Streamlines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      (c) δ = 60° Isotherms 

 

 

 

 
 

           

 

           

 

 

 

 

 

 

     (d) δ = 90° Streamlines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            
            (d) δ = 90° Isotherms 

 
Fig. 2a,b,c,d  Streamlines and Isotherms for 

Ra=200,Re=50,Q=0, =2.6, N=3,  and =1 

limited to accelerate the fluid velocity 

near the heated wall. Since this study 

was achieved in the region of thermally 

and hydraulic fully developed, then the 

isotherm lines remain in a form of 

circular lines which have the same center 

located at the center of the annulus and 

distributed between the temperature of 

the heated inner wall and the adiabatic 

outer wall.  

Streamlines and isotherms are shown in 

Fig. 3, with different  which indicate 

that the radius ratio does not alter the 

qualitative features of the isotherm and 

streamline patterns. The strength of the 

secondary flow is seen to decrease with 

the increase in the radius ratio. When  

is large, the heated surface of the inner 

cylinder, near which the boundary force 

is greatest forms a relatively small 

portion of the boundary of the 

calculation domain, thus reducing the 

driving force for the secondary motion. 
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                     Isotherms 
 

Fig. 3 Streamlines and Isotherms for 

Ra=200,Re=50,Q=0, =1.5, N=3,  and =1 

 

For Ra=600 in Fig. 4, the secondary 

flow was still weak (Ψmax=4.7055) and 

forms a symmetrical eddy rotating in the 

clockwise and anti-clockwise direction 

(i.e., there is one eddy only in each side).  

 

 

 

 

 

 
 

 

 

 

 

 

                              

 

                            Streamlines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                         

 

 

 

 

 

 

                              Isotherms 
 

Fig. 4 Streamlines and Isotherms for 

Ra=600,Re=50,Q=0, =2.6, N=3,  and =1 

 

Fig. 5, shows that the increase in Re will 

change the behavior of the stream 

function and the temperature 

distribution. Both stream function and 

temperature distribution of the air will be 

increase as Re increase, because as Re 

increase it will strength the vortex of the 

secondary flow. The flow pattern at 

Re=2000 is similar to that at Re=1000.  
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                         Isotherms 

 
Fig. 5 Streamlines and Isotherms for 

Ra=200,Re=1000,Q=0, =2.6, N=3,  and =1 

 

It is clear from Fig. 6, that there is a 

slight effect on the streamlines behavior 

and more pronounced effect on isotherm 

lines when Q increase and heat transfer 

increase as Q increase and this is due to 

the increase of the total heat gain by the 

air which leads to accelerate the flow of 

air. 
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                                   Isotherms 

 

Fig. 6 Streamlines and Isotherms for 

Ra=200,Re=50,Q=10, =2.6, N=3,  and =1 

 

Fig. 7, illustrates the effect of δ on Nu. 

Generally, Nu will be increased with the 

increasing in the inclination angle δ. 

This is because of the increasing in the 

effect of the buoyancy force component 

toward the flow direction which will 

accelerate the flow and heat transfer 

process and that result to increase the 

rate of heat transfer between the air and 

the walls of the annulus. Also, the effect 

of radiation is so clear and it increases  
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      Fig. 7 Effect of inclination angle on Nu 

 

the rate of heat transfer because of the  

heat gain that transformed to the air by 

radiation, therefore, the flow and the 

velocities of the air will be accelerated 

leading to increase in the rate of heat 

transfer. 
 

Effect Of Radius Ratio ( R


): 

Fig. 8 illustrates the effect of radius ratio 

on Nu. The influence of buoyancy is to 

increase Nu but this becomes noticeable 

only after a threshold value of Ra 

exceeded. Thus as  increased Nu 

increased, because heat is removed most 

Fig. 8 Variation of Nu with  

 

efficiently from the inner heated wall for 

large value of  and because for large  

the gap in the annulus would be  

relatively very large and even if heat is 

flowing into the fluid at a high rate it 

would be carried off downstream before 

it was able to penetrate very far across 

the gap. Therefore, as radius ratio grows, 

contribution of the convection to the 

overall heat transfer was increased 

contrary to the role of conduction. 
The effect of inclination angle on the 

variation of Nu with  is shown in Fig. 

9. The figure shows that as δ increased 

Nu will be increased, this is because as δ 

increased the effect of buoyancy force 

component toward the flow direction 

will accelerate the flow and heat transfer 

process. 

 
Fig. 9 Variation of Nu with   for different 

values of δ 

 

Fig. 10, illustrates the effect of Ra on Nu 

value with the variation of . The figure 

shows that the value of Nu increases as 

 increases for each value of Ra, this is 

because as the radius ratio grows, 

contribution of the convection to the 

overall heat transfer increased contrary 

to the role of conduction. 

 

Fig. 10 Variation of Nu with   for different 

values of Ra (horizontal annulus) 
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Fig. 11, illustrates the effect of Ra on Nu 

value with the variation of  for vertical 

annulus. The figure shows relatively the 

same effect with that obtained in Fig. 10, 

which shows that the inclination angle 

has a little effect on the variation of   . 

 

 

Fig. 11 Variation of Nu with   for different 

values of Ra (vertical annulus) 

 

In Fig. 12, it is clear that Nu will be 

increased as  increased for each value 

of Re. This is due to the increase in the 

rate of heat transfer is because of the 

increase in Re and therefore, increase 

fluid flow. 
 

 

 

 

 

 

Fig. 12 Variation of Nu with   for different 

values of Re (horizontal annulus)  

 

Fig. 13, shows the effect of Re on Nu 

with the variation in for vertical 

annulus. In this figure for Re=50, 1000, 

2000, Nu will be increased rapidly with 

the increase in  and the curves for 

these two values of Re have the same 

shape and same value. 

 

 

Fig. 13 Variation of Nu with   for different 

values of Re vertical annulus 

 

Effect of Rayleigh Number (Ra): 

Fig. 14, shows that Nu will be increased 

as Ra increased because the vortex 

strength increases with Rayleigh number 

and this will increase the buoyancy 

effect resulting in an increase in the rate 

of heat transfer. 

The radiation effect increases with the 

increasing in Ra because of the heat gain 

that transformed to the air by radiation. 

Therefore, the flow and the velocities of 

the air will be accelerated leading to 

increase in the rate of heat transfer. 

                 

Fig. 14 Effect of Ra on Nu 
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Fig. 15 shows that there is an optimum 

value of annulus inclination that gives 

maximum value of Nu, for most instance 

this max. which appears at 90
o
 of 

annulus inclination. 

Rayleigh number at which back flow 

occurs is of considerable theoretical and 

practical interest and the numerical 

results was given below for Pr=0.7 and 

ReRa < 50,000. Because of the 

assumptions, the reversal flow cannot 

occur for the limiting case of horizontal 

annulus (δ=0
o
) for the present problem. 

 

 

 

Fig. 15 Variation of Nu with Ra  for different 

values of δ 

 

Effect Of Reynolds Number(Re): 

Fig. 16, shows that Nu will be increase 

in respect to the limiting condition of 

pure forced condition (Ra=0). Until Re 

is less than the standard critical value of 

about 2000 and ReRa is far from the 

critical value (ReRa≤50000) causing 

flow reversal conditions, heat transfer by 

mixed convection develops in stable 

laminar regime. 

 

 

 

 

 

 

 

 

Fig. 16 Effect of Re on Nu 

 

Fig. 17, shows that as δ increase Nu will 

be increase and the higher value of Nu 

for low Re occurs at δ=30
o
, while the 

higher value of Nu for high Re occurs at 

δ=0
o
. 

 
Fig. 17 Variation of Nu with Re for different 

values of δ 

 

 

An improvement in Nu value is shown 

in Fig. 18, as Re increases for each Ra 

value .In fact, the highest Ra shows the 

highest Nu value. This behavior 

indicates that the secondary flow 

vorticities effect is high in high Re, but 

this effect will be diminishes for low Ra.  
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Fig. 18 Variation of Nu with Re for different 

values of Ra (horizontal annulus) 

 

For a vertical annulus, Fig. 19, illustrates 

the effect of Ra on Nu with the variation 

in Re. Also, the figure shows an 

improvement in Nu value as Re 

increases for each Ra value. The 

increased value of Nu for vertical 

annulus was much higher than that for 

horizontal annulus because in the 

vertical case the direction of the 

buoyancy force components will be 

toward the flow direction and this will  

Fig.19 Variation of Nu with Re for different 

values of Ra (vertical annulus) 

 

increase the rate of heat transfer. It is 

noticed form the figure that there is no 

effect of inclination angle on Ra=0, i.e., 

for δ=0
o
, 90

o
 Ra has the same effect on 

Nu. 

 

Effect Of Radiation Properties: 
 Fig. 20, shows that as conduction – 

radiation parameter N and optical 

thickness  increase Nu will be increase, 

but the increase in  will be greater than 

the increase in N, this is because the 

optical thickness is powered to 2 in the 

radiation term, so the radiation source 

term in the energy equation plays a more 

significant role, and the effect of 

radiation is augmented physically. For a 

higher N the participating medium 

contained between the two cylinders can 

be absorb more radiant energy and 

transform it in to thermal energy, 

thereby increasing the overall medium  

Fig. 20 Effect of radiation properties 

temperature compared with the non radiative 

case. 
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COMPARISON OF RESULTS: 

Comparison is made for the value of Nu 

with different Ra for a vertical annulus 

with the results obtained by Rogers and 

Yao [9]. This comparison is shown in 

Fig. 21, from the foregoing figure a 

different (approximately 14℅) is found 

between these results.   

Fig. 21 Comparison of the present study with [9] 

 

A correlation has been set up to give the 

average Nusselt number variation with 

Ra, M and N and Q. This correlation is 

made by using the computer program 

(DGA v1.00). 
 

  54321 sinRe21

bbbbb
QRRaaaNu 


                                                                                

                                                              (36) 
 

Where, the constants in the correlation are 

defined in Table 1. 
 

Table 1 Constants in eq. 36 
 

Constants Without 

radiation 

With 

radiation 

a1 5.35 7.54 

a2 1.7 4.55 

b1 9.13x10
-2 

3.74x10
-2 

b2 0.146 9.75x10
-2 

b3 0.996 0.902 

b4 3.77x10
-2 

4.16x10
-2 

b5 5.61x10
-2 

5.84x10
-2

 

 

CONCLUSIONS 

In the present work, a numerical 

investigation has been performed to 

examine the effect of radiation, 

inclination angle and the position of the 

inner cylinder of an annulus, on the rate 

of heat transfer for a fully developed, 

unsteady state laminar air flow . 

The main results are as follows: 

1- Nu increases with the increase in 

the inclination angle compared to 

the horizontal case. The 

maximum value of Nu seems to 

lie between (50
o
-70

o
). 

2- Increasing the radius ratio of the 

annulus decreasing the resistance 

to the circulation motion which 

leads to faster replacement of the 

hot air adjacent to the inner 

cylinder by the cold air adjacent 

to the outer cylinder and this 

result in an increase in the rate of 

heat transfer. 

3- Nu increased with the increase in 

Ra and Re, the secondary flow 

induced by buoyancy leads to a 

significant enhancement in heat 

transfer over the forced 

convection results. 

4- Nu increases with the increase in 

the dimensionless heat generation 

Q from 0 to 10. 

5- Radiation is found to play an 

important role in determining 

thermo fluid dynamics behavior 

in mixed convection in an 

annulus, when the radiation 

parameters (N, ) increase the 

radiation effect will also increase 

and this will increase the overall 

heat transfer. 
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NOMENCLATURE 
 

Latin Symbols: 

 
Symbol Description Unit 

 
Radius Ratio  

( ) 

--- 

 
Optical Thickness 

 (  )                                        

--- 

 

A 

Axial Pressure 

Gradient 

 

 

N/m
3
 

 

C 

Axial Temperature 

Gradient 

(  ) 

 

K/m 

 

De 

 

Hydraulic Diameter 

De = 2(ro - ri ) 

 

m 

 

 

e 

Space Between 

the Centers of the 

Inner and Outer 

Cylinders 

 

m 

g Gravitational 

Acceleration 

m/s
2
 

J Jacobean of 

Direct 

Transformation 

--- 

k Thermal 

Conductivity of 

the Air 

W/m K 

Kr Volumetric 

Absorption 

m
-1
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Coefficient  

 

N 

Radiation-

Conduction 

Parameter 

 (  ) 

 

--- 

n 

 

Dimensionless 

Outer Normal 

Direction 

--- 

Ni Number of 

Gridlines in the 

θ-direction 

--- 

Nj Number of 

Gridlines in the r-

direction 

--- 

Nub Bulk Nusselt 

Number 

--- 

P Normalized Air 

Pressure 

--- 

p Air Pressure N/m
2
 

Pr Prandtl No. 

( ) 

--- 

 

Ra 

Rayleigh Number 

 

( ) 

 

--- 

 

Re 

Reynolds 

Number  

(
 

 )   

 

--- 

Ri Dimensionless 

Inner Cylinder 

Radius 

--- 

ri Inner Cylinder 

Radius 

m 

Ro Dimensionless 

Outer Cylinder 

Radius 

--- 

ro Outer Cylinder 

Radius 

m 

T Air Temperature K 

t Time s 

 

 

u, v, w Velocity 

Components in x, 

y and z Direction 

Respectively 

m/s 

U, V, W Dimensionless 

Velocity 

Components in 

X, Y and Z 

Direction 

Respectively 

 

--- 

 

x, y, z The physical 

Coordinates of 

The Annulus 

m 

X, Y, Z The 

Dimensionless 

Physical 

Coordinates of 

The Annulus 

--- 

 

 

Greek Symbols 

 

Symbol Description Unit 

, , γ Coefficient of 

Transformation 

of BFC. 

--- 

o Angular 

position for the 

inner cylinder 

Degree 

α Thermal 

Diffusivity 

 

m
2
/s 

 

β 

Coefficient of 

Thermal 

Expansion 

 

 

1/K 

δ , ε Coordinates in 

the 

Transformed 

Domain 

m 

 

ζ 

Dimensionless 

Air 

Temperature  

   

 

--- 

ζ Stefan 

Boltzmann 

W/m
2
K

4
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Constant 

 

η 

Dimensionless 

Time  

  

 

--- 

υ Kinematics' 

Air Viscosity 

m/s
2 

Ψ Dimensionless 

Air Stream 

Function 

--- 

Ω Dimensionless 

Air Vorticity 

--- 

Є Emissivity --- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R


≤ ≤≤ ≤≤ ≤

≤ ≤≤ ≤

δ

 

 


