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Conjugate heat transfer (CHT) happens often in engineering environments, involving 

convection as well as conduction in a fluid flow and a rigid body in contact with each 

other. Although the analytical solutions for the problems of the individual convection 

and conduction are surprisingly simple, solving the combined conjugate heat transfer 

problem is much more difficult. The CHT of a fluid (air) flowing past an unbounded 

sphere is the subject of this research. ANSYS Fluent V.16.0 is employed to solve the 

governing equations using a finite volume system, assuming axisymmetric, no normal 

convection, and steady physical properties. Heat is generated at a consistent and 

uniform rate by the sphere. The results demonstrated that as the air temperature rises, 

so does the temperature distribution. The temperature distribution will be reduced as 

the rate of air flow is raised. Also, the distribution of temperature will rise as the sphere 

heat flux increases. The flow rate distribution will increase as the air flow rate rises. 

The distribution of pressure will rise as the rate of air flow raises. 
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1. INTRODUCTION

In many non-Newtonian fluid flows, heat transfer is an 

important method. While, no flow is rigorously isothermal 

from a theoretical perspective, the isothermal supposition may 

be used with marginal error within many cases of applied 

importance. Processes of heat transfer frequently necessitate 

study the phases of fluid and solid, which interfere with one 

another, unless simplifications are made. There is a movement 

in the fluid in certain problems of CHT, and heat being 

transferred between various phases. When the temperature 

distribution within the sphere is non-trivial, the non-isothermal 

flow past a sphere being a problem of the conjugate heat 

transfer which arises from the energy expression solution 

within a solid domain. And this can happen if a sphere 

generates heat in its inside and being submerged in a cold air 

stream, as in the comprehensive image of the issue discussed 

in this paper [1-3]. 

In many engineering systems, the CHT that comprises the 

joined convection and conduction is important. Solving the 

fields of temperature with a fluid that moves in contact with a 

rigid body, where the thermal convection inside the field of 

fluid happens in tandem with the conduction inside the field of 

solid, has occupied a significant portion of previous studies. 

Whereas, the conduction influence in the solid body being 

significant in the area of the thermally forming fluid, also it's 

significant in the state of the production of internal heat in the 

solid which is convicted via the moving fluid. As a result, 

developing analytical solutions for conjugate problems, 

including the conduction and convection of a flow of fluid in 

a solid that is in contact with the flow of fluid is important. 

Problems of the internal and external flow being of concern 

[4]. 

The solutions of the problems of the only conduction or 

convection are reasonably simple to deduce. For complex 

boundary conditions, like fixed heat flux or fixed temperature, 

famous solutions exist. Theoretical explanations for a wide 

range of conductivity issues are also available. The theoretical 

temperature spreading derivation in the problems of conjugate, 

on the other hand, is even more difficult. Graetz and Jacob [5, 

6] was the first to solve a basic difficulty underlying many

CHTs problems by deriving an empirical formula for the

temperature in a fluid that flows throughout a channel with a

fixed temperature boundary condition, supposing that the flow

is evolved hydrodynamically and thermally. This solution was

given analytical expressions for Eigenvalues and Eigen

functions, and it was utilized for deriving the solution for a

further overall problem of unceasingly or separately changing

the wall temperature employing linear superimposition. The

solution of boundary layer for the flow of fluid above a plate

was investigated for the thermal boundary layer non-similarity

caused via the field of velocity and the streamwise temperature

variation. The case of axially varying or continuous heat flux

of the wall was also investigated. Although the axial

conduction within fluids being generally ignored, some

research papers have taken into account this phenomenon,

which is important for some technical applications [7].

Many numerical analyses of the conjugate effect in circular 

and noncircular ducts have been conducted. The finite heated 

duration effect upon the features of heat transfer of a fully 

formed laminar flow throughout circular ducts having walls 

with a high thickness was investigated by Campo and Schuler 

[8]. Four dimensionless groups ruled this type of conjugate 

problem: The Peclet sum, the ratio of the solid-fluid thermal 
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conductivity, the heated area length, and the solid wall 

diameters ratio. The 2D wall provides a heat transfer channel 

into the flow of fluid, regulating the interested variables, like 

the fluid bulk temperature and the two exterior beside the 

internal surface temperatures of the wall of solid, according to 

their numerical effects. Based on the analysis of a number of 

standard events, it was determined that both surface 

temperatures and bulk temperature distributions displayed 

critical differences in the axial direction, with the distribution 

of bulk temperature showing lesser and more incremental 

variations. Aydin et al. [9] utilized the finite volume technique 

for examining the laminar CHT inside a tube exposed to an 

axially non-uniform heat flux at the outside surface of tube. 

For a variety of matching variables, the outcomes of the 

diameter ratio and thermal conductivity ratio, temperature and 

the distribution of heat flux at the interface, are calculated. The 

steady-state study of the CHT for the thermal entrance area for 

formed laminar flow forced convection inside a circular duct 

was proposed by Luna et al. [10]. At the duct's exterior surface, 

a uniform heat flux was applied. The integral boundary layer 

estimate was employed for solving the equation of energy 

analytically, ignoring the heat generation due to the viscous 

dissipation as well as the axial heat conduction in fluid. Al-

Zaharnah et al. [11, 12] published an overview of the thermal 

stresses in a fully formed laminar flow. A control volume 

method was utilized for solving numerically the governing 

energy equation via implementing a homogenous heat flux to 

the outer surface of duct. To solve the CHT problems, Barozzi 

and Pagliarini [13] suggested a general technique 

incorporating the superposition opinion with a FEM. Effect of 

the conduction of wall upon the heat transfer of a fully formed 

laminar flow throughout a circular duct having uniform heat 

flux being considered in this process. Elmarghany et al. [14] 

used a compact thermal model to achieve a more general 

straightforward expression for any heat flux density and 

temperature profiles, which has many benefits over the 

conventional solution based on the heat transfer coefficient (i.e. 

any space distribution, not just uniform). As a result, a steady-

state compact thermal model is developed and applied to a 

CHT in a circular duct. Throughout the length of the duct, the 

flow is called laminar and hydrodynamically completely 

formed. In each of the examined situations, the temperature 

distributions of the moving fluid within the duct at various 

parts have been presented. For the conjugate heat transfer, the 

portable thermal model was also used to analyze the 

temperature distribution and heat flux at the interface. 

Pimenta and Alves [15] studied the CHT of a streamlined 

(PTT) fluid that flows preceding a boundless sphere in the 

Stokes system (Re is equal to 0.01). The problem was solved 

numerically with the finite-volume technique supposing the 

axisymmetry, nonexistence of the natural convection and fixed 

physical characteristics. This sphere creates heat at a rate 

which is fixed as well as homogenous; also the analysis was 

carried out within a Deborah range (0≤De≤100), a Prandtl 

range (100≤Pr≤105), and a Brinkman numbers range 

(0≤Br≤100), in the existence or nonexistence of the thermal 

resistance of contact at the interface (solid-fluid) and for 

various conductivity ratios (0.1≤κ≤10). The drag coefficient 

showed a monotonic reduction with (De), while the 

regularized stresses upon the surface of sphere as well as in the 

wake initially augmented and after that reduced with (De). A 

negative wake being noticed for the (2) examined ratios of 

solvent viscosity (β is equal to 0.1 and 0.5), which is highly 

concentrated for the highly elastic fluid. 

The aim of this research is to investigate a continuous and 

uniform volumetric heat source at the interior of the sphere 

that heats the fluid in contact. Conduction and induced 

convection are used to transfer the heat to the fluid; the natural 

convection being ignored. The fluid and the sphere are also 

part of the structure under investigation. The research is 

performed under steady-state conditions. The two key goals of 

the present investigation are firstly for clarifying the problem 

mechanics beneath the investigation and, secondly, for 

including a benchmark evidence for a conjugate heat transfer 

problem comprising a visco-elastic fluid, which is according 

to the knowledge of authors, being the principal in literature. 

 

 

2. DESCRIPTION OF PROBLEM: THE GEOMETRY 

AND BOUNDARY CONDITIONS 

 

Consider the boundless flow of a visco-elastic fluid through 

a sphere that generates the heat in its interior at a rate which is 

steady as well as homogenous. The geometry of problem is 

diagrammatically represented in Figure 1. This sphere has a 

radius of (R=D/2=2 m) and is submerged in a rectangular field 

with dimensions (16 m × 6 m) around the sphere beginning by 

2 m from the right hand side. The computational space is 

rendered broadly enough that the solution is unaffected by the 

surrounding boundaries. The fluid domain's outer borders 

were reserved rectangular for making easier meshing and for 

achieving cells with low non-orthogonality in the fluid domain. 

Boundary criteria were applied as follows: 

• The symmetry axis: The axial symmetry. 

• The sides of wedge: The rotational periodicity. 

• Inlet: u=(U, 0, 0), ∇p.n=0, τ=0 and T=T0. 

• Outlet: ∇ui.n=0, p=0, ∇τij.n=0 and ∇T.n=0. 
 

 
 

Figure 1. Dimensions and Coordinates of the case study 

 

 

3. GOVERNING EQUATIONS 

 

3.1 Fluid region 

 

3.1.1 The conservation of mass and the balance of momentum 

The conservation of mass (Eq. (1)) and the balance of 

momentum (Eq. (2)) can be written [16-18]: 

 

𝛻. 𝑢 (1) 

 

𝜌𝑓 . 𝑢. 𝛻𝑢 = −𝛻𝑝 + 𝜂𝑠𝛻
2𝑢 + 𝛻. 𝜏 (2) 
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where, u: The vector of velocity; p: Pressure; τ: Polymeric 

extra-stresses tensor; ρf: Fluid density; ηs: Solvent viscosity. 

 

3.1.2 The constitutive equation  

Many constitutive expressions can be accessible for 

modeling the viscoelastic fluids rheology [19-21]. 

 

𝑒𝑥𝑝 (
𝜀𝜆

𝜂𝑝
𝑡𝑟(𝜏)) 𝜏 + 𝜆𝜏𝛻 = 𝜂𝑝(𝛻𝑢 + 𝛻𝑢𝑇) (3) 

 

where, ε is the extensibility factor, λ is the relaxation period of 

fluid, and τ∇ is the upper-convected period derivative of τ. 

 

3.1.3 Energy equation 

The conservation of energy, written here as a function of the 

factor of temperature, and can be expressed (ignoring the 

transfer of heat via the radiation) [22-25] as: 

 

𝜌𝑓 . 𝐶𝑝,𝑓(𝑢. 𝛻𝑇) = 𝛻. (𝑘𝑓𝛻𝑇) + 𝜏′: 𝛻𝑢 (4) 

 

where, T: The temperature; kf: The fluid thermal conductivity; 

Cp,f: The fluid specific heat capacity. 

It's worth observing that the term of viscous dissipation 

(τ':∇u) corresponds to the state of the pure entropy elasticity of 

the highly overall term of viscous dissipation. 

 

3.2 The solid region 

 

3.2.1 Equation of energy 

In a solid region, that means within the sphere, merely the 

equation of energy being solved: 

 

𝛻. (𝑘𝑠𝛻𝑇) + 𝛷 = 0 (5) 

 

where, (ks) represents the solid thermal conductivity, and Φ 

represents the volumetric source of energy. 

 

3.2.2 The interface (solid-fluid)  

The equation of energy, which being solved upon the two 

sides of interface, needs a careful attention at the sphere's 

surface (Eqns. (4) and (5)). Because of the energy conservation 

law, the heat flux that crosses the surface of sphere should be 

equivalent upon the two sides. Because the heat is transmitted 

by conduction at the sphere's surface, the preceding state being 

equal to [26-28]: 

 

(𝑘𝑠𝛻𝑇)𝑠,𝑖 . 𝑛𝑠 = (−𝑘𝑓𝛻𝑇)𝑓,𝑖. 𝑛𝑓 (6) 

 

In such overall state, the temperature also complies with the 

state: 

 

(−𝑘𝑠𝛻𝑇)𝑠,𝑖 . 𝑛𝑠 = ℎ𝑟𝑒𝑠(𝑇𝑠,𝑖 − 𝑇𝑓,𝑖) (7) 

 

where, Tf,i and Ts,i: The temperature at the interface upon the 

sides of fluid and solid, correspondingly; hres: The coefficient 

of heat transfer describing the resistance to contact. 

 

3.3 Generation of mesh 

 

A volume grid within the field of flow requires to be 

generated, and the whole boundaries surfaces want to be 

discretized prior to the governing equations can be solved 

numerically. That's conducted by a method recognized as a 

meshing. The meshing comprises (458300) node points that 

are from the volumes of cell or occasionally also named 

elements (440326). Figure 2 shows the mesh generation for the 

case. 

 

 

 
 

Figure 2. Mesh generation 

 

3.4 Study the independency of grid 

 

The effect of the size of mesh upon the outcomes sensitivity 

has to be investigated for the initial stage of achieving a 

simulation of the CFD. For further precise method, further 

nodes being wanted, and utilizing more nodes shall escalate 

the required computational period of computation and memory 

of computer [29-31]. For determining the appropriate nodes 

no., it can be achieved via raising the no. of nodes till the mesh 

becomes fine. The change of temperature with the no. of grid 

cell for heat flux of (100 W/m2), temperature (293 K) of inlet 

air, and the rate of air flow (0.01 m3/s) is presented in Figure 

3. It was depicted that the increment in the no. of cell raises 

the temperature till attaining to an almost fixed value. 
 

 
 

Figure 3. Study the independency of grid for the heat flux of 

100 W/m2, temperature (293 K) of inlet air, and the rate of air 

flow (0.01 m3/s) 

 
 

4. RESULTS AND DISCUSSION 

 

The numerical results of CHT between spherical solid body 

and fluid (air) are presented. Solving the governing equations 

by the scheme of finite volume founded upon ANSYS 

FLUENT V.16.0. The geometry of the assumed case was 

created using AUTO CAD 2015 and then imported to a 

FLUENT code. A solution is converged if the whole 

conservation equations (continuity, energy, x-velocity, y-

velocity, z-velocity, and k-epsilon) being complied with the 

whole points to an identified tolerance [32-34]. Figure 4 shows 

the output of the convergence. 
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Figure 4. Convergence to solve discrete conservation 

equations 

 

Figures 5, 6, and 7 evince the temperature distribution 

contour of the air flow case from the right to left with 0.01 m3/s, 

heat flux of 100 W/m2, and temperature of 293, 303, and 313 

K, respectively. The sphere created wakes developed into 

vortices at the downstream. This led to raise the transfer of 

heat from the body of sphere to the coolant air, that means 

increased the temperature of coolant air [35-37]. Different 

temperature contours were seen depending on the coolant air 

temperature. 

Figure 8 manifests the temperature distribution along the 

seventh points around the sphere. Also, it shows that the 

temperature at the points (1-4) increased, respectively, then 

decreased at point 5, then increased at points 6, and again 

decreased at point 7. This is because the stagnation point will 

be at point 1 (i.e. the velocity of air will be zero), thus there is 

a minimum heat transfer occurred at point 1. At points 2, 3, 

and 4, the air flow will raise, respectively and thus increases 

the heat transfer. At point 5, the air flow velocity seems to be 

maximum (as shown in Figure 9), thus a maximum heat 

transfer will occur at this point which leads to minimize the 

temperature. The scene will be repeated at the points 6 and 7. 

 

 
 

Figure 5. Contour of temperature distribution for air 

temperature of 293 K and heat flux of 100 W/m2 

 

 
 

Figure 6. Contour of temperature distribution for air 

temperature of 303 K and heat flux of 100 W/m2 

 

 
 

Figure 7. Contour of temperature distribution for air 

temperature of 313 K and heat flux of 100 W/m2 

 

 
 

Figure 8. Temperature distribution along the spherical body 

for 100 W/m2 and the inlet air temperature of 293 K, at air 

flow rate 0.01 m3/s 

 

 
 

Figure 9. Flow rate distribution along the spherical body for 

100 W/m2 and the inlet air temperature of 293 K, at air flow 

rate 0.01 m3/s 

 

 
 

Figure 10. Pressure distribution along the spherical body for 

100 W/m2 and inlet air temperature of 293 K, at air flow rate 

0.01 m3/s 

 

Figure 10 reveals the pressure distribution across the 

seventh point along the circumstance of sphere. It shows that 

the pressure distribution be symmetric along the two halves of 

sphere, the maximum value at point 1, and minimum at point 

4 (vacuum). At point 7, the value of pressure is equal to that at 

point 1 but in opposite sign. 
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Figure 11 elucidates the temperature distribution along the 

seventh points around the sphere with different air inlet 

temperatures. It shows that the increase in air temperature will 

increase the temperature distribution. 

 

 
 

Figure 11. Temperature distribution along the spherical body 

for 100 W/m2 and different inlet air temperatures, at air flow 

rate 0.01 m3/s 

 

Figure 12 demonstrates the temperature distribution along 

the seventh points around the sphere with different air flow 

rates. Also, it depicts that the increment in the rate of air flow 

will decrease the distribution of temperature [38-42]. 

 

 
 

Figure 12. Temperature distribution along the spherical body 

for 100 W/m2 and the inlet temperature of air stream (293 K) 

with different air flow rates 

 

Figure 13 illustrates the temperature distribution along the 

seventh points around the sphere with different sphere heat 

fluxes. Also, it reveals that the increase in the sphere heat flux 

will increase the temperature distribution. 

 

 
 

Figure 13. Temperature distribution along the spherical body 

and the inlet temperature of air stream (293 K) with different 

heat fluxes (100 and 200 W/m2) 

 

Figure 14 views the air flow rate along the seventh points 

around the sphere with different air flow velocities. Also, it 

illustrates that the increase in the air flow rate will increase the 

flow rate distribution. 

Figure 15 appears the pressure distribution along the 

seventh points around the sphere with different air flow rates. 

Also, it presents that the increase in the air flow rate will 

increases the distribution of pressure. 

Figure 16 portrays the heat transfer coefficient along the 

seventh points around the sphere with different air flow rate. 

Also, it displays that the increment in the rate of air flow will 

raise the coefficient of heat transfer. The maximum value of 

heat transfer coefficient occurs at the points (3, 5), while the 

minimum value took place at the point (4), because the highest 

value of air flow rate is at the points (3, 5), whereas the 

minimum air flow rate is at the point (4). 

 

 
 

Figure 14. Flow rate (flow velocity) along the spherical body 

and the inlet temperature of air stream (293 K) with different 

air flow rates 

 

 
 

Figure 15. Pressure distribution along the spherical body and 

the inlet temperature of air stream (293 K) with different air 

flow rates 

 

 
 

Figure 16. Heat transfer coefficient along the spherical body 

and the inlet temperature of air stream (293 K) with different 

air flow rates 
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5. CONCLUSIONS 

 

This research looked into the heat transfer as well as the 

boundless flow of a streamlined flow of air fluid passing 

through a sphere. The sphere's interior produces heat at a 

consistent and uniform scale. Advanced simulation of the 

problems of the convective CHT is presently widely utilized 

in a variety of fields. This technique, which began with basic 

examples in the 1965–1970s, is now used to construct models 

of a wide range of system function in addition to the 

technology systems, from easier processes to complicated 

multistage, non-linear procedures. The subsequent 

conclusions are drawn: 

(1) The increase in air temperature will raise the temperature 

distribution. 

(2) The rise in the rate of air flow will decrease the 

temperature distribution. 

(3) The increase in the sphere heat flux will increase the 

temperature distribution. 

(4) The rise in the rate of air flow will raise the flow rate 

distribution. 

(5) The rise in the rate of air flow will increase the pressure 

distribution. 
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