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ARTICLE INFO  ABSTRACT 
 

Heat Transfer Coefficients are extremely important for design and control of thermal processes 
involving the convection mechanism. Experimental evaluation of the film coefficients is not 
simple because such parameters depend on the system geometry, flow regime and 
physicochemical properties of the fluid. Thus, an interesting alternative for estimating the 
convective heat transfer coefficient is to apply CFD techniques to solve the transport equations 
numerically. Therefore, this study aimed to apply the CFD techniques to evaluate the Nusselt 
Number in a spherical geometry under different flow conditions, compare the values obtained 
with those from the literature and correlate them according to the Reynolds and Prandtl Numbers 
through the Response Surface Methodology. The CFD techniques combined with the Response 
Surface Methodology were feasible and showed satisfactory results to predict the convective Heat 
Transfer Coefficients. 
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INTRODUCTION 
 
All energy forms are important to the professional work of engineers. 
However, when it comes to Transport Phenomena, it is necessary to 
give attention to heat transfer (by thermal energy), that occurs through 
three mechanisms: conduction, convection and radiation. Among the 
mechanisms of heat transfer, the convective heat transport requires 
special treatment because of the inherent link between this 
phenomenon and the momentum transport [1, 2, 3, 4, 5, 6]. The heat 
convection is only possible due to thermal gradients within a fluid and 
by the flow (forced or natural) of the fluid through the system. In 
theory, it is possible to calculate all thermal gradients or heat rates in 
a fluid from the perspective of Transport Phenomena [7], through 
joint solution of the Thermal Energy Equation with the Equation of 
Motion and the Continuity Equation (supported by a Equation of State 
and correlations for describing other physical properties depending on 
temperature and pressure). However, in practice, the above-mentioned 
solution is not trivial due to the mathematical and computational 
complexity required by the phenomenon [8]. Thus, a much-used 
alternative to describe the effects of convection is Newton's Law of 
Cooling (Equation 1). A relatively simple algebraic equation that 
attempts to correlate the heat rate transported with physical quantities 
of immediate perception (area available for transfer and thermal 
gradient) is the basis of Newton's Law of Cooling. These quantities 
are related by a proportionality constant (h), called Heat Transfer 
Coefficient [9]. 
 

 
 

 Q h A T T                                                                       (1) 

 
In general, the knowledge of the Heat Transfer Coefficient (h) is 
essential for the design of equipment – evaporators, heat exchangers, 
reactors, distillers, boilers, fluidized bed etc. – and the lack of that 
hampers any decision-making [10, 11, 12, 13, 14]. Heat Transfer 
Coefficients are not quantities only regarding the properties of matter, 
but also depend on the characteristics of the flow field [15, 16, 17, 18] 
and geometry of the system under analysis [19, 20]. Thus, prior to 
project thermal equipment, it is a necessary precondition to know the 
Heat Transfer Coefficients or a way to obtain them [21]. 
Traditionally, Heat Transfer Coefficients are determined 
experimentally, requiring specific instrumentation, a reasonable 
financial investment and labor empirical procedures [22, 23, 24]. 
Nowadays, due to advances in the computational field [25] it is 
possible to evaluate the properties of flows through the transport 
equations [26] in software that make use of numerical computational 
techniques called Computational Fluid Dynamics (CFD). Thereby, 
this paper aimed to use the CFD techniques to verify the feasibility of 
estimating numerically the average Heat Transfer Coefficients in 
spherical surfaces, such that this methodology could be generalized 
and also be applied to other geometries, including complex ones 
(paraboloids, ellipsoids, saddles, logs, cones, frustums etc.). Besides 
that, to obtain appropriate correlations for the assessment of Heat 
Transfer Coefficients, the Response Surface Methodology (RSM) was 
also accomplished. 
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MATERIALS AND METHODS

In order to verify the feasibility of the CFD techniques for the 
numerical evaluation of Heat Transfer Coefficients
"wind tunnel" equipped with a spherical rigid body 
inserted into the center of a circular cross section duct. Figure 1 
depicts the geometrical dimensions and the arrangement of the 
elements in the wind tunnel. 
 

 
Figure 1. Schematic view of the wind tunnel with 

to 0.02, 0.20 and 0.40 m, respectively
 

Figure 2 shows details of the mesh generated for the wind tunnel in 
the GAMBIT® 2.3.16 software. The computational mesh used in this 
study was three-dimensional, refined close to solid surfaces 
(specimen and the duct walls), with approximately 2x10
cells. The grid size was determined by ensuring that it was 
sufficiently fine to achieve grid independence [27], in which this 
amount of cells showed no more change in some property of the 
system (Figure 3), for example, the heat flux (q) transferred from the 
sphere to the fluid. 
 

 

Figure 2. Wind tunnel geometry illustrating 
mesh structure: (a) wind tunnel walls, (b) entry section, (c) output 

section and (d) cross section
 

 

Figure 3. Grid independence test to determine the number of 
computational cells 

 

The CFD simulations have been performed according to 
Factorial Design [28]. For this numerical study, 
(Re) and Prandtl Number (Pr) were the independent variables that 
have been manipulated to obtain Nusselt Number
dependent variable), whose expressions are represented by Equations 
2, 3 and 4, respectively. 
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It is worth mentioning that the characteristic dimension for 
calculating the Reynolds Number
inside the wind tunnel. In turn, the physical properties of the fluid 
needed to determine the dimensionless numbers (
evaluated in the fluid approximation temperature (
these numbers was studied at 3 different levels using a 
Design (32), shown in Table 1.  
 
Regarding Prandtl Number, the variation of this dimensionless 
quantity was only possible by using different fluids (air, kerosene and 
ethylene glycol). Unlike Reynolds
Number was not equally spaced (manipulated) because it is 
intrinsically dependent on the physicochemical nature of the fluid; so, 
it is not possible, for the user, to place it in specific intermediate 
levels. Under the conditions presented in Table 1, Pr and Re factors 
have been coded (Equations 4 and 5) aiming at the posterior multi
regression [29], in order to evaluate possible existing effects (linear, 
quadratic and interaction) on the 
case, the Prandtl Numbers of air, kerosene and ethylene glycol have 
been coded to -1.0000, -0.6347 and +1.000
Reynolds Number of 100, 5050 and 10000 have been coded to 
and +1, respectively. Equations 5 and 6 represent the respective 
coding equations for Reynolds and 
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X
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For each one of the operating conditions of the Design Matrix (Table 
1), simulations have been performed in the CFD package FLUENT
14.0 for the system shown in Figure 1. The simulations were 
performed on transient regime; the turbulence model, the pressure
velocity coupling algorithm and the interpolation scheme used in the 
simulations were LES (Large Edge Simulation [30]), SIMPLE (S
Implicit Linked Equations [31]) and QUICK (Quadratic Upstream 
Interpolation for Convective Kinematics [32]), respectively. Table 2 
shows the other necessary numeric
simulations. Having completed each one of the 
1), it is known that the i computational cells along with the solid (
dimension) have transferred the respective heat rate (
adjacent fluid. These quantities were intrinsically related by 
Law of Cooling, in the form of Equatio
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Thus, the average value of Heat Transfer Coefficient
evaluated by integrating Equation 7 over the entire surface of the 
specimen, according to Equation 8. This task has been performed 
with the use of the Surface Integrals Function
FLUENT® 14.0. 
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With the values generated by the simulations (
Function), it was possible to apply on them the 
Methodology [33], in order to obtain the Regression Equation
quantify the effects exerted by Reynolds and Prandtl numbers on 
Nusselt number. A general Regression Equation is given by Equation 
(9), with the following parameters to be estimated: an independent or 
average coefficient (β), the linear interaction coefficient (b
quadratic coupling coefficients (B11, B22) and a cross
coefficient (B12=B21). 
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Finally, it is noteworthy that prior to obtaining the effects of the 
Equation (9), the mean values of Nusselt Numbers
methodology (CFD) were compared with those predicted by the 
Whitaker Correlation [34], represented by Equation (10), and by the 
Ahmed-Yovanovich Correlation [35], given by Equation (11).
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The Whitaker Correlation, with an empirical approach, represents a 
classic of literature to estimate the average Nusselt
spherical geometries subjected to gas flows. In turn, the 
Yovanovich Correlation is based on the approximate analytic solution 
from the linearization of the Energy Equation, and it can be used for 
heat transfer of spheres to liquids and gases. 

RESULTS 

In order to verify the CFD proposed methodology, some preliminary 
simulations have been carried out using air and water (in addition to 
those already given by the Design Matrix – Table 1). The mean 
values of Nusselt Numbers obtained through CFD simulations were 
compared to those given by the Whitaker Correlation
to gas flows, past single spheres) and the 
Correlation (applicable to gas or liquid flows, past spheres). Figure 4 
and Figure 5 present these results.  

Table 1. Experimental Design to obtain the Heat Transfer Coefficients

N Fluid (Pr) Re 

01 Air (0.71) 100 
02 Air (0.71) 5050 
03 Air (0.71) 10000 

Table 2. Numerical and operating conditions used for the simulations

Fluid 

Fluid approximation temperature
Solid surface temperature (T
Time step 
Convergence criteria
Wind tunnel outlet pressure
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Figure 4. Mean values of Nusselt Number
techniques and by the Whitaker Correlation

Figure 5. Mean values of Nusselt Number
techniques and by the Ahmed-Yovanovich Correlation

298 K
 
Figures 4 and 5 show that the CFD techniques were satisfactory 
because they have reasonably predicted the mean values of 
Numbers for the two systems. There was a mean difference of 2.33% 
compared to the Whitaker Correlation
5.23% with respect to the Ahmed-
Whitaker and Ahmed-Yovanovich
confidence intervals of the Nusselt
correlations, it is believed that the CFD techniques have been 
satisfactory and statistically equivalent. Therefore, the methodology 
proposed in this study could be applied to other coolin

Experimental Design to obtain the Heat Transfer Coefficients
 

N Fluid (Pr) Re N Fluid (Pr) 

04 Kerosene (28) 100 07 Ethylene glycol (150)
05 Kerosene (28) 5050 08 Ethylene glycol (150)
06 Kerosene (28) 100000 09 Ethylene glycol (150)

 
Numerical and operating conditions used for the simulations

 

air, kerosene and ethylene glycol

approximation temperature (T∞) 298 K 
Solid surface temperature (TS) 398 K 

1x10-6 s 
Convergence criteria 1x10-4 
Wind tunnel outlet pressure 95245 Pa (Uberlândia, Brazil)  
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Whitaker Correlation for air at 298 K 

 

 
 

Nusselt Number estimated by CFD 
Yovanovich Correlation for water at 
298 K 

Figures 4 and 5 show that the CFD techniques were satisfactory 
because they have reasonably predicted the mean values of Nusselt 

for the two systems. There was a mean difference of 2.33% 
Whitaker Correlation and a mean difference of 

Ahmed-Yovanovich Correlation. Although 
Yovanovich Correlations did not meet the 

Nusselt Numbers values predicted by their 
correlations, it is believed that the CFD techniques have been 
satisfactory and statistically equivalent. Therefore, the methodology 
proposed in this study could be applied to other cooling processes, 

Experimental Design to obtain the Heat Transfer Coefficients 

 Re 

Ethylene glycol (150) 100 
Ethylene glycol (150) 5050 
Ethylene glycol (150) 10000 

Numerical and operating conditions used for the simulations 

air, kerosene and ethylene glycol 

February, 2022 



using different fluids, including those of the Design Matrix (kerosene 
and ethylene glycol). Figures 6 and 7 show the velocity profile and 
the thermal distributions for the different flow regimes.

 

 
Figure 6. Air velocity profiles (Pr = 0.74) around the sphere for 
different flow regimes: (a) Re = 100, (b) Re = 5050 and (c) 

10000 
 

According to Figure 6, it can be noticed that the sphere, due to its 
spatial location, has been subjected to a uniform velocity distribution, 
indicating that the ratio of the sphere diameter and the wind tunnel 
diameter was well chosen and also appropriate for the purposes of this 
study (d/D = 0.10). However, close to the sphere, it can be seen a 
strong interaction between the fluid and the solid surface. 
there was the formation of a boundary layer prior to the solid 
structure, whereas after that, it has produced a von Karman vortex 
street. This fluid dynamic behavior has indicated the real need of 
using a turbulence model, as the Large Edge Simul
the physical-mathematical description of the flow.
 

 
Figure 7. Air thermal distribution (Pr = 0.71) around the sphere 

for different flow regimes: (a) Re = 100, (b) Re = 5050 and (c) 
10000 

 
Analogously to the velocity profiles, it was also possible to observe 
the consistency for the temperature distribution throughout the fluid 
flow. According to Figure 7, immediately before the sphere, the cold 
fluid suffered a sudden heating, because in this region heat transfer is 
always the most effective because of the existence of the higher 
thermal gradients. With the advance of the flow around the sphere, 
fluid temperatures tended to increase because of the effects of 
turbulence that cause mixing of high temperature fluid parcels with 
the low temperature ones. Consequently, after a reasonable distance 
ahead of the sphere, it was achieved a uniform temperature, close to 
that of the fluid approximation (T∞). As mentioned before, based on 
the methodology described in this paper for the Design Mat
showed in Table 1, it was possible to estimate the 
each one of the numerical experiments by means of the Surface 
Integrals function, after the CFD simulations. Figure 8 presents these 
simulated values. According to the information of
flow regime (directly related to the Reynolds Number
cooling fluid (directly related to the Prandtl
significant influences on the Nusselt Numbers. 
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As mentioned before, based on 
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each one of the numerical experiments by means of the Surface 
Integrals function, after the CFD simulations. Figure 8 presents these 

According to the information of Figure 8, both the 
Number) and the type of 

Prandtl Number) exerted 

 

 

Figure 8. Nusselt numbers obtained via CFD from the 
combination of Prandtl and Reynolds Numbers

Matrix (Table 1)

In the same flow regime, the cooling using liquid provided a 
substantial increase in heat transfer rate in comparison to that us
gas. Only by way of example, Heat Transfer
17 times when air was replaced by kerosene and 50 times when the 
replacement of this gas by ethylene was performed. The increase in 
heat transfer to the liquid was also evident in the 
ahead of the sphere, as illustrated by the fluid dynamic simulations of 
Figure 9. 
 

Figure 9. Thermal distribution around the sphere for different 
fluids at Re = 100: (a) air, (b) kerosene and (c) ethylene glycol

 
The CFD simulations showed a smaller spread of the temperature 
ahead of the specimen for the liquids. The lower thermal scattering 
usually occurs because the kinematic viscosity (
refrigerants is predominant over its thermal diffusivity (
directly on the magnitude of the 
among the fluids analyzed, ethylene glycol showed a better 
performance compared to kerosene and this was better than air.
order to quantify the effect of each independent va
the studied response (Nu), the Response Surface Methodology has 
been applied to the simulated set of information to obtain the 
respective Regression Equation. Table 3 presents the effects with a 
significance level (p-level) equal to or
effects (p-level  > 5%)  have received the value zero. Even after 
excluding the non-significant effects, the Regression Equation still 
kept a reliability or variance (R2) of 98.13%. The residual analyses of 
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usually occurs because the kinematic viscosity (ν) of good 
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directly on the magnitude of the Prandtl Number (ν/α). Therefore, 
among the fluids analyzed, ethylene glycol showed a better 
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order to quantify the effect of each independent variable (Re, Pr) over 

), the Response Surface Methodology has 
been applied to the simulated set of information to obtain the 
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the regression show that the residuals were independently and 
identically distributed according to a normal distribution with mean 
zero and fixed variance.  
 
Table 3. Regression summary for dependent variables: Pr and Re 

 

Response (Nu) [R2 = 0.9813] 

Coded variables Effects p-level (%) 
β 165.6 0.0917 
b1 62.4 0.0883 
b2 80.9 0.0362 

11B
 -65.7 3.8600 

22B
 

0.0 46.000 

B12 40.4 0.0752 

 

DISCUSSION 
 
According to the Regression Results (Table 3), the Prandtl Number 
(Pr) and the Reynolds Number (Re) have directly affected the value of 
the Nusselt Number. Despite the importance of both, it is noteworthy 
that the flow regime (Reynolds) has shown prominent effect on the 
heat transfer, due to the comparison of magnitude between the linear 
effects of Pr and Re (62.4 and 80.9, respectively). In addition, it 
became clear the reason why the Heat Transfer Coefficients of 
ethylene glycol (higher Prandtl) were, on average, 50 times higher 
than those obtained with air. This was due to the strong effect of the 
Prandtl also exerted on the Nusselt. The same reason applies to 
kerosene, which presented Heat Transfer Coefficients about 17 times 
greater than air. With respect to the quadratic effects, only the Prandtl 
Number was significant for heat transfer (B11 = -65.7), since the effect 
of quadratic interaction of Reynolds Number was zero (B22 = 0). 
Furthermore, there was also a cross-product effect between the factors 
under study (B12 = 40.4). From the results of Figure 8, it was possible 
to propose a new correlation to describe adequately the Nusselt 
number as a function of Reynolds and Prandtl numbers (Equation 12). 
It is noteworthy that Equation (12) followed the shape commonly 
presented in the literature [36, 37, 38]. The ranges of validity of this 
Correlation are 0.71 ≤ Pr ≤ 150.00 and 100 ≤ Re ≤ 10000. 
 

  0.28 0.02 0.54 0.07Nu 0.47 0.03 Re Pr   (R2=0.9928)                 (12) 

 
With all of the above discussions, it can be stated that the 
Computational Fluid Dynamics Techniques (CFD) were able to 
predict with satisfactory reliability the Nusselt Numbers. This fact 
represented a breakthrough for the field of convection heat transfer, 
because this methodology can be generalized to other geometries, 
including complex, for which experimental determination of Heat 
Transfer Coefficients can be costly, inaccurate or even impossible by 
the traditional methods. In addition, the obtained Correlation by 
Response Surface Methodology and CFD techniques (Equation 12) is 
useful because it comprises, in the same structure, a wide operating 
range for Re and Pr, as well as a general expression that can be 
satisfactorily applied to gases and liquids. Heat Transfer Coefficients 
for spherical geometries have been estimated using Computational 
Fluid Dynamic Techniques (CFD). Nusselt Numbers numerically 
estimated by CFD have been compared with values from classical 
empirical correlations of Whitaker (1972) and Ahmed-Yovanovich 
(1994), with a mean relative deviation of only 2.33% and 5.23%, 
respectively. A Full Factorial Design showed that both the Reynolds 
Number and the Prandtl Number have directly affected the heat 
transfer. However, in the case of heat transfer in spherical geometry, 
the results have indicated that the effect of flow regime (intrinsically 
related to Reynolds Number) was more significant than the nature of 
the fluid (related to Prandtl Number). It was possible to conclude that, 
in the same flow regime, cooling with ethylene glycol (liquid) has 
provided heat transfer coefficients about 50 times greater than when 
using air. From the numerical methodology described in this study, it 
was possible to propose a new Correlation more general than that of 
Whitaker (applicable only to gases) and mathematically simpler than 
that of Ahmed-Yovanovich (applicable to liquids and gases). Finally, it 

was concluded that the CFD techniques can be probably extended to 
other geometries (including complex), allowing engineers to obtain 
"numerical" correlations according to the geometry of interest and the 
used fluids. 
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SYMBOLS 

A – area available for heat transfer in convection (m2) 
Ai – area available for heat transfer in convection in the computational 
cell i (m2) 
b1 - linear interaction coefficient for Prandtl Number (-) 
b2 - linear interaction coefficient for Reynolds Number (-) 
B11 - quadratic coupling coefficient for Prandtl Number (-) 
B12 - cross-product coefficient between Prandtl and Reynolds 
Numbers (-) 
B22 - quadratic coupling coefficient for Reynolds Number (-) 
cp∞ – estimated specific heat of the fluid at T∞ (J/kg) 
d – massive sphere diameter (m) 
D – wind tunnel diameter (m) 
h – average Heat Transfer Coefficient [W/(m2K)] 
hi – Heat Transfer Coefficient for the computational cell i [W/(m2K)] 
k∞ – thermal conductivity of the fluid estimated at T∞ [W/(m.K)] 
φ - zenith angle (rad) 
μ∞ – dynamic viscosity of the fluid estimated at T∞ [kg/(m.s)] 
L – wind tunnel length (m) 
N – sequence of the CFD simulations 
NC – number of computational cells 
Nu – Nusselt Number 
Pr – Prandtl Number 
q – convection heat flux (W/m2) 
Q – rate of heat transfer in convection (W) 
Qi – rate of heat transfer of the computational cell i transported in 
convection (W) 
Re – Reynolds Number 
v∞ – fluid approximation velocity (m/s) 
T – fluid temperature (K) 
TS – solid temperature (K) 
T∞ – fluid approximation temperature (K) 
X1 – coded variable related to Prandtl Number 
X2 – coded variable related to Reynolds Number 
β – independent or average coefficient of the Response Surface 
Equation [W/(m2K)] 
θ - azimuthal angle (rad) 
μS – dynamic viscosity of the fluid estimated at TS [kg/(m.s)] 
ρ∞ – density of the fluid estimated at T∞ (kg/m3) 
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