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ABSTRACT.A common tool for the determination of the thermal characteristics of fin-and-tube heat 
exchangers is the experimental testing. However, experimental testing is not feasible considering the 
cost and the labor-time. One alternative to the experimental testing is the utilization of Computational 
Fluid Dynamics (CFD) to predict the thermal characteristics of these kinds of radiators. However, CFD 
models are also not suitable to be used as a design tool since the considerably amount of computational 
power and the computational time required due to the complex geometric structures of the fins. This 
issue becomes problematic when the large-scale heavy-duty radiators are considered. One solution for 
this issue is to utilize a reduced model to simulate the airflow within the fin structures based on porous 
flow. In this study, a methodology to model the thermal characteristics of a radiator is presented. A 
porous flow based reduced model is developed to model the airflow within the fin structure. Utilizing 
the reduced model, a 3-D CFD analysis of a radiator with straight fins is performed. Both the pressure 
drop and the temperature of the cold fluid, which is air, and the hot fluid, which is water, are 
determined. It is observed that by the introduction of the reduced model, the computational time and 
the computational power required decreases drastically, which enables this CFD model as a design tool 
for radiator design. 
 

NOMENCLATURE 
 

!!"  Interfacial area density 

!!  Inertial resistance factor 

!!  Total solid medium energy 

!!   Total fluid energy 

ℎ  Sensible Enthalpy 

ℎ!" 
Heat transfer coefficient for fluid / solid 
interface 

HTC Heat transfer coefficient 

!!   Diffusion Flux of Species i 

! !   Fluid phase thermal conductivity 

! !   Solid medium thermal conductivity 

!   Length of the fin 

!   Density 
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!   Heat energy 

! !   Fluid density 

! !  Solid medium density 

!   Source term 

! !
!   Fluid enthalpy source term 

!!
!   Solid enthalpy source term 

! !   Fluid temperature 

!"#$   Reference temperature 

! !  Solid temperature 

!  Velocity 

! !  Pressure drop 

!  Dynamic viscosity 

!
!

 Permeability 

!   Porosity 
 
 

INTRODUCTION AND LITERATURE REVIEW 
 
In today’s world, leading automotive companies are manufacturing powerful and efficient 
engines. As the engines become more powerful, the energy generated by the engine also 
increases. Consequently, the heat load of the engine rises. During the conversion of fuel 
energy to mechanical energy by combustion, for a typical engine approximately one-third of 
the energy is converted to mechanical energy, one-third is dissipated as exhaust heat, and one-
third goes to cooling system. As a result, cooling capacity of a radiator increases with the 
increasing engine power. Due to the improvements and developments in engines, cooling 
systems need to be improved according to the engine cooling capacity needs. Engine 
manufacturers designate the necessary cooling capacity for their needs considering their 
design parameters. For this reason, cooling capacity is a known input quantity. In addition to 
this, the automotive manufacturers also specify the necessary size limitations. Cooling 
systems needs to be designed considering the requirements and the limitations.  
 
Radiators are the systems used to cool the engine. Radiators are typically fin-and-tube type 
heat exchangers. Composing parts of a radiator are up-tank, low-tank, up-low trays, tubes and 
fins. A typical vehicle radiator is presented at the Figure. 1.In order to overcome the design 
limitations, thermal performance of radiators needs to achieve the necessary cooling level. At 
this point, thermal performance of a radiator is coming up on stage. Obtaining the required 
heat capacity of a radiator is a challenging issue. Experimentation setups such as calorimeter 
testing or air-to-boil tests can acquire the heat capacity of radiator. However, experimental 
testing is expensive and time consuming. In order to obtain optimized radiator that gives the 
required heat capacity, repetition of experimentation is necessary. In this case, 
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experimentation cost and consumed time increases even for a single radiator design. Besides 
the experimental techniques, numerical methods such as; the computational fluid dynamics 
(CFD) analysis can be used as a design tool. However, in this case number of mesh, which is 
required for solving the complete radiator, is extremely high due to the complex and repeating 
geometrical features of the radiator. Such a large number of mesh cannot be handled 
efficiently even with today’s computer technology. In this study, an alternative methodology 
is developed to use CFD as a design tool for the design of the radiators. The computational 
methodology is based on the porous medium approach. By modeling fin structures as a porous 
medium, the mesh number size can be decreased dramatically, so that CFD modeling of a 
radiator becomes feasible tool to obtain the thermal performance of a radiator. 
 

 
  

Figure 1. 4-row tractor radiator produced by YETSAN Auto Radiator Co. Inc. 
 
 
In literature, the studies that have been utilized for such kind of modeling and methodology 
are quite rare. Porous medium studies are generally gathered in the area of fluidized beds, 
reactors and heat sinks. So far, the numbers of porous medium studies on fin structures are 
quite limited. Among these studies, Jeng and Tzeng [2005] was studied the determination of 
porous medium characterization coefficients for pin-fin heat sinks by using semi empirical 
analytical methods. The inertial coefficient and viscous coefficients for pin-fin heat sink 
geometry were obtained by a formulation that is correlated by an empirical data.  They used 
Darcy-Forcheimmer model for porous modeling.  You and Chang [1997] utilized an 
experimental approach in order to obtain porous medium coefficients for the uniformly 
distributed square pin fins. In addition to experimentation, they matched the inertial and 
viscous coefficient by using numerical results. Experimentation was conducted for a wide 
range of flow rates. Zukauskas and Ulinskas [1985] conducted experimentation in order to 
investigate the pressure drop and forced convection heat transfer for tube banks with varying 
distance between tubes. 
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Besides porous medium approach, there are several CFD studies on single cell fins. 
Kulasekharan et al. [2012] investigated the improvement of a fin-tube type heat exchanger by 
focusing on the fin performance improvement. In their study, the flow and heat transfer 
characteristics for louvered fin was investigated using both experimental and numerical 
approaches. Numerical solutions were validated by the experimental data.  Mao-Yu Wen et al. 
[2009] conducted an experimental study on plate fin, wavy fin and compounded fin in order 
to obtain the heat transfer performances. In their study compounded fin gave the best 
performance when compared with others. Similarly, Wei-Mon Yan and Pay-Jen Sheen [2000] 
investigated the pressure drop and heat transfer characteristics of plate, wavy and louvered 
fins experimentally. 
 

 
CFD MODELING 

 
Radiator works with two separated fluids. One is the coolant fluid, generally water with anti-
freeze, which exits from the engine as hot, and cools down as it flows through the radiator. 
The other fluid is air, which enters through the inlet side of the fins, heats up and exits from 
the outlet side of the fins. During this cross flow, heat is transferred from hot coolant to cold 
air, and the temperature of the coolant decreases depending on the heat transfer characteristics 
of the radiator. As a result, there are two physical domains which are air and water domains. 
Water and air do not mix, so that the radiator can be generalized as un-mixed cross-flow fin-
and-tube type. 
 
CFD modeling proposed in this study is composed of three phases. The pre-processing phase 
involves fin-side (air-side) porous medium modeling, water-side modeling, meshing and 
setting up the necessary parameters. In the solution phase, the solution method is selected, 
relaxation factors are tuned up and solution is performed. Finally, in the post-processing 
phase, the results are processed. For CFD analysis, commercial software ANSYS 14.5 
workbench is used with FLUENT 14.5. 
 
The water domain of the radiator was modeled as a regular fluid domain while the air domain 
was modeled as a porous medium due to the complex and repeating geometry of fins. 
Implementation of fins into air domain is maintained by using porous media on the air side. In 
order to obtain the necessary input parameters and coefficients for porous medium, separate 
simulations were performed on a unit cell with straight fin. Following the simulations with 
unit cell, the unit cell simulations were repeated using a porous model, and the pressure drop 
and the temperature results were compared. Since results were reasonable and coherent with 
each other, input parameters were assembled into the complete radiator simulation. Complete 
radiator analysis was performed on a 2x10-tube radiator; therefore, unit cell straight fin 
simulation models were performed with respect to the 2-rowed fin configuration. Details and 
illustrations of models and simulations are discussed in the following sections. 
 
Mathematical modeling    The radiator model consists of both porous and fluid domains. 
For the fluid domain, the governing equations are the continuity, x, y and z components of 
momentum, energy and turbulence equations. In addition to this, the main idea is that 
momentum sinks are added to the momentum equations for the porous medium in order to 
analyze the fins in the fluid region. There are two different ways of simulating the porous 
flow: superficial formulation and physical velocity formulation. Superficial velocity 
formulation doesn’t take the porosity into account during the evaluation of the equations. On 
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the other hand, physical velocity formulation includes porosity during the calculation of 
transport equations [Fluent, 2013]. 
 
As mentioned before, the momentum sinks are added to the momentum equations for 
modeling the porous media. Adding a source term into the standard fluid flow equations 
makes this addition. For moderate Reynolds numbers, this momentum source is defined by 
Darcy-Forchiemmer’s equation: 
 

! !
!
= ! = −

!
!

! + !!
!
2

! ! !  (1) 

 
In this equation, the first term is the viscous term via Darcy equation, while the and second 
term is named as the inertial term. The first term denotes the viscous characteristics of porous 
flow and the second term denotes the inertial characteristics [Bejan, 2006]. 
 
Besides flow characteristics, heat transfer characteristics are modeled under two ways that are 
equilibrium model and non-equilibrium model. Equilibrium model is used when porous 
medium and fluid flow are in thermal equilibrium. However, in most cases fluid flow and 
porous medium are not in thermal equilibrium. For such cases, non-equilibrium thermal 
model is utilized. In non-equilibrium model in Fluent dual cell approach is used. Dual cell 
approach creates another coincident solid domain in fluid domain. As a result, fluid-solid 
interaction can be obtained. The conservation equations of energy for fluid and solid can be 
written as [Fluent, 2013]: 
 

!

!"
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!
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!
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!

!"
1− ! ! ! !! =  ∇. ! − ! ! !∇! ! + !!

!
+ ℎ!"!!" ! ! − ! !  (3) 

 
where!! is total fluid energy, !! is total solid medium energy,! is the porosity, ! ! is the fluid 
phase thermal conductivity, ! ! is solid thermal conductivity, ℎ!" is heat transfer coefficient 
for the fluid/ solid interface, !!" is interfacial area density that is the ratio of the area of the 
fluid/solid interface and the volume of the porous zone. 
 
To determine the turbulence model to be used in the mathematical model, the pressure drop 
across the fin is evaluated analytically by considering the blockage due to the development of 
the viscous boundary layer along the walls of the boundary layer. The flow outside the 
boundary layer is assumed to be inviscid and the pressure drop due to the reduction in the 
ideal flow area is calculated to be approximately 197.9 Pa by using Bernoulli equation. 
Among the turbulence models that are compared, k-ε realizable turbulence model with 
standard wall functions produced the best approximation to this pressure drop.   
 
Determination of porous medium coefficients    The extraction of the porous 
medium coefficients extraction was obtained by using the unit cell straight fin simulations. 
The coefficients are extracted from the velocity versus pressure plot. Procedure is 
materialized in the following steps; 
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(a) Simulating the unit cell straight fin model by using different velocities and 

obtaining the pressure drop across the fin.  
(b) Fitting a second order curve to the collected pressure versus velocity data gives 

the Darcy-Forchiemmer relation as, 
 
 

! !
!
= ! ! + ! ! ! (4) 

 
wherea and b are the coefficients characterizing the flow. 

 
(c) From the obtained coefficients, the inertial coefficient and viscous coefficient can 

be obtained as: 
 

!"#$%&'( !"#$$%!%#&'  =
2  !

!   !
 (5) 

 
!"#$%&# !"#$$%!%#&'  =

!

!  !
 (6) 

 
After obtaining the flow based porous medium coefficients, the next step is to obtain the heat 
transfer input parameters. The necessary input parameters are the average heat transfer 
coefficient (HTC) and interfacial area density (IAD) for the non-equilibrium thermal model.  
Average heat transfer coefficient is obtained from FLUENT post-processing which can be 
calculated by using following relation: 
 

!"# =
!

!" − !"#$
 (7) 

 
The reference temperature in the above equation is taken as the average temperature between 
the inlet and outlet of fin. Interfacial area density can be found through CAD model which can 
be defined as the ratio of the area of the fluid/solid interface and the volume of the porous 
zone [Fluent, 2013]. 
 
CFD Modeling of Unit Cell    The purpose of unit cell straight fin simulations is to 
obtain the flow and heat transfer characteristic parameters of the porous medium. Unit cell 
straight fin simulations are analyzed in two parts which are the physical fin simulations and 
porous medium fin simulations. In physical fin model simulations, the exact geometry of the 
fin is placed in the air stream, while porous domain is located in the stream for porous 
medium fin model simulations. These simulations are carried out to compare the pressure and 
temperature drop characteristics across the fin for physical and porous fin simulations. 
 
Physical fin simulations.    Simulations are carried out in two steps. First, a unit cell of the 
straight fin model, referred to as Model-A (Fig. 2-(a)), was analyzed in order to obtain porous 
media characteristics. 
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(a)  (b) 

 
Figure 2. (a)  Model-A: Unit cell domain, (b)  Model-B: Unit cell with additional inlet and 

exit domains 
However, porous medium model doesn’t recognize the expansion and contraction 
characteristics at the inlet and outlet of the fin. For this reason, Model-B, which is a unit cell 
of the straight fin with additional upstream and downstream domains as seen in Fig. 2-(b), 
was analyzed. Porous jump boundary conditions were introduced to match the results of the 
two models. 
 
For Model-A hexa-sweep mesh and for Model- B tetrahedron mesh are utilized with same 
boundary layer mesh in the near wall regions. The mesh for Model-A (Fig. 4-a) consists of 
3,624,060 elements with an average skewness value of 0.22. On the other hand, the mesh for 
Model-B (Fig. 4-b) consists of 6,125,667 elements with an average skewness value of 0.21. 
 

  
(a) (b) 

 
Figure 4. (a)Model –A mesh configuration, (b)Model-B mesh configuration 

 
 
After completing meshing process, boundary conditions were assigned. For Model-A velocity 
inlet, pressure outlet, up & low wall and periodic boundary condition were assigned for inlet, 
outlet, up & low wall and right and left sides, respectively. For Model-B, additionally 
upstream symmetry and downstream symmetry were assigned for upstream and downstream 
domains. 



 CONV-14 ―176 
 

 

 
Last step in pre-processing part is to assign solver settings in the FLUENT. For turbulence 
modeling k-ε realizable model was used with standard wall functions approximation. For both 
simulations SIMPLE method were used with least square based cell approximation, 
additionally; standard scheme for pressure and 2nd order up-winding schemes for momentum, 
turbulent kinetic energy and turbulent dissipation rate were employed. For both simulations, a 
minimum convergence of 1x10-5 was obtained for all residuals. 
 
Porous fin simulations.    Similar to the physical fin simulations, porous fin simulations were 
conducted by using the same process. However, in this case, simulations were conducted only 
under unit cell of the porous straight fin domain with additional attached upstream and 
downstream domain attached as seen in Fig. 5-(a). Afterwards, the comparison was made 
between this model and Model-B of physical fins. 
 

 
(a) 

 

 
 

(b) 
 

Figure 5. (a) Unit cell porous straight fin domain with additional inlet and exit domain(b) mesh 
configuration 
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For porous fin model, hexa-sweep meshing was used. The mesh of the porous model (Fig. 5-
(b)) consists of 2,574 elements with a skewness of 1.305x10-10. The most significant 
advantage of the porous medium mesh is that it doesn’t require any boundary layer mesh. 
Therefore, this model requires considerably lower mesh number and has better convergence 
characteristic. 
 
After completing meshing process, boundary conditions were assigned. Besides the physical 
fin boundary condition configurations, additional porous jump boundary conditions were 
assigned to inlet and outlet of the porous domain in porous medium boundary conditions, all 
FLUENT solver settings were taken to be the same as the physical fin simulations. 
 
CFD modeling of complete radiator    After obtaining porous medium flow and heat 
transfer input parameters, A radiator model containing 2x10 tubes was prepared. Fig. 6 
presents the 2x10 tube radiator with the required geometrical dimensions. 
 

 
Figure 6.   Model radiator containing 2x10tubes 

 
 
After forming the model, meshing process was progressed. Fin, upstream, downstream and 
tube domains were meshed with hexa elements; while the upper and lower tanks were meshed 
with tetra elements. Tubes were meshed with Boundary layer mesh with 2 layers was used in 
the tubes. The generated mesh (Fig. 7) consists of 9,417,705 elements with an average 
skewness value of 0.184.  
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Figure 7. Mesh for the model radiator containing 2x10 tubes 
 
 

Mass flow inlet, pressure outlet, velocity inlet, pressure outlet, upstream wall and downstream 
wall boundary conditions were assigned for water inlet, water outlet, air inlet, air outlet, 
upstream domain and downstream domain, respectively. In FLUENT, second order upwind 
scheme was used for momentum, turbulent kinetic energy (TKE) and turbulent dissipation 
rate (TDR). 
 

RESULTS AND DISCUSSIONS 
 
Table 1 contains the input parameters for the physical fin model that was described in Section 
2.3.1 (Model-A). In Figure 8, pressure was plotted against velocity and, and a second order 
curve was fitted to the simulation data. The corresponding inertial and viscous coefficients 
were determined to be 14.3 and 4.47x106, respectively. Average surface heat transfer 
coefficient and tuned porous jump coefficients for the unit cell of a straight fin were presented 
in Tables 2 and 3, respectively. 
 
 

Table 1 
Input Parameters for Unit Cell Straight Fin Simulations 

 

 
DESCRIPTION Unit 

Domain length 38 mm 
Element number 3,624,060 

 Skewness (average) 0.22 
 Turbulence modeling k-ε-realizable 
 Fin volume 108.07 mm3 

Total volume 1936.8 mm3 

Porosity 0.9442 
 Hydraulic diameter 0.00241 
 Turbulence Intensity 0.053 
 Turbulence length 0.000169 
 Solution method SIMPLE 
 Computation time 11 mins 
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Figure8. Unit cell straight physical fin simulation Pressure vs. velocity plot 
Table 2  

Heat transfer characteristics for a unit cell of a straight fin 
 

Interfacial area 

(m2) 

Porous volume 

(m3) 

IAD 

(1/m) 

HTC 

(W/m2-K) 

Tref 

(K) 

0.001567621 1.93678x10-6 809 133 321 

 
 

Table 3  
Porous jump coefficients for a unit cell of a straight fin 

 
 Face permeability 

(1/m2) 

Thickness  

(m) 

Inertial coefficient 

(1/m) 

Inlet 

Outlet 

4.49x106 

4.49x106 

0.1 

0.1 

1.54 

-3.6 

 

 
After porous medium flow coefficients, porous jump coefficients and heat transfer parameters 
were obtained from the simulation of a unit cell of a straight physical fin, porous medium 
simulations were analyzed with the same input parameters and comparison was made. Fig. 9 
compares the sectional average pressure drop for the physical fin and porous medium. Fig. 10 
shows the same comparison for the sectional mass flow averaged temperature drop. 
 
 

y = 0.3422x2 + 3.041x 

R² = 0.99979 

0 

50 

100 

150 

200 

250 

0.00  5.00  10.00  15.00  20.00  25.00 

Pr
es

su
re

 D
ro

p 
[P

a]
 

Velocity [m/sec] 



 CONV-14 ―176 
 

 

 
 
 

Figure 9. Comparison of the sectional average pressure drop for the physical fin and porous 
medium 

 

 
 
 

Figure 10. Comparison of the sectional mass flow averaged temperature drop for the physical 
fin and porous medium 

 
 

According to the presented results, the pressure and temperature drop characteristics are 
coherent for the physical fin and porous medium. Finally, the simulation of 2x10 tube radiator 
was performed. Input parameters and boundary conditions for this simulation are presented in 
Table 4. A converged solution was obtained after 457 iterations when the minimum residual 
was smaller than 1x10-4. The simulations were performed on a DELL T5600 Workstation 
(Intel® Xeon®, 3.30Ghz, 2 processors, 128 RAM). Mesh independence was checked, and 
approximately 9,417,705 elements were used. The overall solution time was approximately 
125 minutes. 
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Cross-sectional temperature distribution for the air-side and streamlines colored by 
temperature at water side is presented in Figs. 11 and 12, respectively. Temperature gradients 
are achieved in z- and y-directions as expected. Air-side has an increasing temperature in the 
flow direction as a result of the heat transfer from the water-side. On the other hand, water-
side has a decreasing temperature in the flow direction. According to the simulation, the 
average outlet water temperature was found to be 356.9 K. As a result, total temperature drop 
across the radiator for the water was 2.75 K. According to this temperature drop, total heat 
capacity of the radiator was calculated as 3584.4 W. The pressure drop for water which is also 
a important performance parameter for radiators was found to be 2.2 kPa. 

 
 

Table 5 
Input parameters for the simulation of a 2x10 tube radiator 

 

Inlet air 
velocity 

(m/s) 

Inlet water 
mass flow rate 

(kg/sec) 

Heat transfer 
coefficient 
(W/m2K) 

Interfacial 
area density 

(1/m) 

Water inlet 
temperature 

(K) 

Air inlet 
temperature 

(K) 
7  0.309  133  809  359.65  304.15 

 
 

 
 

Figure 11. Air-side  temperature distribution 
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Figure 12. Water-side streamlines colored according to thetemperature 
 
 

CONCLUSIONS 
 
In this study, a radiator is modeled by using porous medium approach. Modeling radiator with 
porous medium approach decreases the computational cost dramatically, and leads the way to 
obtain thermal performance of a fin-and-tube type radiator by using CFD. Porous medium 
approach is successfully applied to represent the physical fin structures. By using this 
methodology, the thermal performance of a complete radiator design can be obtained within a 
reasonable computational time. At this point, there is no available experimental data to 
validate the computational results. However, this study shows that the porous modeling can be 
used effectively to model the thermal characteristic of a radiator. Actually, once the 
computational results are validated with the experiments, a CFD model with the proposed 
methodology can be implemented as a design tool for the radiator design which would lead to 
more optimized radiator designs. As a future work, the implementation of the proposed 
computational model for a real size tractor radiator (radiator with 4x39-tubes) to determine 
the thermal performance of the radiator, and the experimental validation of the computational 
results will be performed. 
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