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ABSTRACT 
Turbulent flow in a homogeneous porous medium was 

investigated through the use of numerical methods by employing 
the Reynolds Averaged Navier-Stokes (RANS) modeling 
technique. The focus of our research was to study how 
microscopic vortices in porous media flow influence the heat 
transfer from the solid obstacles comprising the porous medium 
to the fluid. A Representative Elementary Volume (REV) with 
4×4 cylindrical obstacles and periodic boundary conditions was 
used to represent the infinite porous medium structure.  

Our hypothesis is that the rate of heat transfer between the 
obstacle surface and the fluid (𝑞௔௩௚) is strongly influenced by the 
size of the contact area between the vortices and the solid 
obstacles in the porous medium (𝐴௩௖). This is because vortices 
are regions with low velocity that form an insulating layer on the 
surface of the obstacles. Factors such as the porosity (𝜑), Pore 
Scale Reynolds number ሺ𝑅𝑒௣), and obstacle shape of the porous 
medium were investigated. All three of these factors have 
different influences on the contact area 𝐴௩௖, and, by extension, 
the overall heat transfer rate 𝑞௔௩௚. Under the same Pore Scale 
Reynolds number (𝑅𝑒௣), our results suggest that a higher overall 
heat transfer rate is exhibited for smaller contact areas between 
the vortices and the obstacle surface. Although the size of the 
contact area, 𝐴௩௖ , is affected by 𝑅𝑒௣ , the direct influence of 
 𝑅𝑒௣ on the overall heat transfer rate 𝑞௔௩௚ is much stronger, 
and exceeds the effect of 𝐴௩௖  on 𝑞௔௩௚ . The Pore Scale 
Reynolds number, 𝑅𝑒௣ , and the mean Nusselt number, 𝑁𝑢௠ , 
have a seemingly logarithmic relationship. 
 
INTRODUCTION 

Porous media are commonly used in heat exchangers to 
enhance thermal efficiency due to their high surface contact area 
per unit volume, which helps to enhance the heat transfer rate. 
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Microscopic vortices, caused by flow interaction with solid 
obstacles, have a significant influence on heat transfer. We 
examine the characteristics of microscopic vortices and their 
influence on heat transfer in turbulent porous media flow. 

Convection in porous media has been reviewed by Nield and 
Bejan [1], discussing factors such as pressure changes, viscous 
dissipation, and lack of local thermal equilibrium. Nakamura et 
al. [2] reported that for flow over a single cylinder, the relation 
between the Nusselt number and Reynolds number varies greatly 
for different flow regimes, which correspond to different lengths 
of the vortex formation region behind the cylinder. Similar 
correlations of the Nusselt number and Reynolds number were 
reported in studies of convection heat transfer for an array of 
obstacles. Direct numerical simulations were conducted for 
uniformly spaced squares, circular rods, and spheres by 
Kuwahara et al. [3]. McCarthy [4] performed Lattice gas cellular 
automata simulations for flow through arrays of cylinders. 
Although extensive work has been done for the macroscopic heat 
transfer in convection flow in porous media, the various effects 
of the microscopic vortices on heat transfer in different 
conditions have yet to be explored thoroughly. 

 
METHODS 

A Representative Elementary Volume (REV) was used in 
order to simulate an infinite periodic matrix. The REV is defined 
as the smallest sub-volume that shows the same behavior as the 
flow in the whole porous domain. Uth et al. [5] performed a DNS 
study of turbulent forced convection in porous media and 
reported that the largest scale of turbulence structures observed 
in their study was approximately four times the distance between 
centers of the obstacles, s. Thus, a REV with a side length of 4s 
is assumed to be a sufficiently large size to capture the largest 
turbulent eddies in the porous medium. 
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The REV is 4s×4s×2s in the x, y, and z-directions 
respectively, as shown in Fig. 1. The REV consists of 4×4 
cylindrical obstacles whose center points are a distance s apart in 
the x and y-directions. In our computations, the porosity 𝜑 is 
varied from 0.800 to 0.497, while the Pore Scale Reynolds 
number 𝑅𝑒௣  varies from 50 to 5000. These parameters are 
defined as 
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where d is the diameter of cylindrical obstacles, 𝑢௠,௫  is the 
mean velocity in the x-direction, and 𝜈  is the kinematic 
viscosity of the fluid. 
 

 
 
Fig. 1 The REV, marked by the dashed lines, for a 

homogeneous porous medium with infinite cylindrical obstacles. 
The distance between centers of the obstacles s and the obstacle 
diameter d are also shown in the figure. 

 
Periodic boundary conditions were used in the x, y, and z-

directions, respectively. A mass flow rate, ṁ, was specified in the 
x-direction to match the desired Pore Scale Reynolds number 
(𝑅𝑒௣). No-slip boundary conditions were used on the walls of 
cylindrical obstacles. The temperature of the walls of the 
cylindrical obstacles was set to a constant value of 353K, while 
the average temperature of the inlet flow was set to 323K. With 
this boundary condition setting, the characteristic temperature 
difference, ∆𝑇, was 30K. 

The turbulence model used in this study was the realizable 
k-ε model. Computations were performed using the commercial 

software ANSYS FLUENT 18.1 (ANSYS, Canonsburg, 
Pennsylvania) [6]. 

To validate our results, a Large Eddy Simulation (LES) 
study for a REV consisting of cylindrical obstacles was 
performed to verify results with the k-ε model at 𝜑 ൌ 0.497 
and 𝑅𝑒௣ ൌ 500 . The discussion comparing RANS and LES 
results is presented in the Reynolds Number section of Results 
and Discussion. A grid independence study was performed for 
the case of  𝜑 ൌ 0.497  at 𝑅𝑒௣ ൌ 5000  for cylindrical 
obstacles representing the porous medium. The 𝑦ା values were 
kept at 1 near the walls while the maximum grid size was altered. 
RANS results were compared while decreasing the grid size until 
the changes of the applied pressure gradient and the average 
Nusselt number 𝑁𝑢௠ were below 1%. 𝑁𝑢௠ is defined as 
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RESULTS AND DISCUSSION 
 
POROSITY 

We investigated the influence of porosity on the microscopic 
vortices and, by extension, the effects of porosity on heat transfer 
between the obstacle surface and fluid (𝑞௔௩௚). The Pore Scale 
Reynolds number was kept constant at 𝑅𝑒௣ ൌ 5000  and the 
porosity was varied by adjusting the distance between 
neighboring obstacles s.  

  

Fig. 2. Variation of macroscopic flow angle 〈𝜃〉𝑖 with 
porosity for circular cylindrical obstacles. 
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Fig. 3. Streamlines and temperature distribution obtained from RANS results in the midplane of the REV. 𝑅𝑒௣ ൌ 5000, ∆𝑇 ൌ 30K 
(a) 𝜑 ൌ 0.600 (b) 𝜑 ൌ 0.650 and (c) 𝜑 ൌ 0.717. 

 
As reported by Srikanth et al. [7], a symmetry breaking 

phenomenon is shown to occur in turbulent flow in porous media 
with low porosity. After the symmetry breaking occurs, the 
macroscopic flow deviates from the direction in which the 
pressure gradient is applied, forming a macroscopic flow angle 
〈𝜃〉௜, which is defined as the angle between the direction of the 
applied pressure gradient and the volume average flow direction. 
The variation of macroscopic flow angle 〈𝜃〉௜ with porosity is 
shown in Fig. 2. This phenomenon results in different vortex 
patterns forming in the porous medium flow as 〈𝜃〉௜ varies, as 
shown in Fig. 3. The magnitude of the deviation is strongly 
influenced by the porosity of the porous medium. As the porosity 
decreases from unity, the macroscopic flow angle 〈𝜃〉௜ 
increases. 

The macroscopic flow angle exhibits a sudden increase as 
the porosity decreases from 0.65 to 0.6, then slightly increases as 
the porosity decreases further. At higher porosities (𝜑 ൐ 0.800), 
the average flow direction generally stays in the same direction 
of applied pressure gradient (〈𝜃〉௜ ൌ 2.3 ൈ 10ିହ). As the porosity 
decreases (0.497 ൏ 𝜑 ൏ 0.717 ), the direction of the average 
flow starts to deviate from the direction of applied pressure 
gradient. In this range of porosity, the shape of the wake behind 
each obstacle changes with respect to the change in the 
macroscopic flow angle. The vortices inside the wake are regions 

with a low velocity that form an insulating layer on the surface 
of the obstacles, affecting heat transfer from the area of contact 
between the vortices in the wake and the surface of an obstacle 
(𝐴௩௖). 𝐴௩௖ is defined as  
 

 𝐴௩௖ ൌ 𝐴௪௔௞௘/𝐴௧௢௧௔௟ (4) 
 
where 𝐴௪௔௞௘ is the area of the wake in contact with the obstacle 
(between the two separation points on the obstacle) and 𝐴௧௢௧௔௟ 
is the total surface area of the obstacle. The increase in the 
macroscopic flow angle leads to a decrease in 𝐴௩௖. 

Due to the nature of the flow interaction with the obstacle 
walls, larger vortices are formed during the transition between 
minimum to maximum deviation, which leads to a decrease in 
the heat transfer rate during the transition. Once the deviation of 
the flow from the direction in which the pressure gradient is 
applied reaches its highest value, the vortex separation point on 
one side of the obstacle is pushed downstream, resulting in the 
contact area between the vortices and the obstacle surface to 
decrease. Consequently, the heat transfer rate increases. The heat 
transfer rate at maximum deviation, having a smaller contact area 
𝐴௩௖, is higher than that for the case with zero deviation, showing 
that the observed phenomenon can help to increase the rate of 
heat transfer in porous media under certain conditions. The 

(K) 
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corresponding macroscopic flow angle, 〈𝜃〉௜ , and contact area 
between the wake and obstacle, 𝐴௩௖ , for various values of 
porosity, 𝜑, are shown in Table 1. 

The correlation of the average heat flux on the surfaces of 
the obstacles in the REV (𝑞௔௩௚) and the contact area between the 
wake vortices and the obstacle surface (𝐴௩௖) is shown in Fig. 4. 
The heat flux, 𝑞௔௩௚ , increases as the contact area, 𝐴௩௖ , 
decreases. We anticipate that 𝑞௔௩௚  reaches an upper limit as 
𝐴௩௖ decreases to zero. This result supports our hypothesis that 
the vortices are regions with low velocity that form an insulating 
layer on the surface of the obstacles.  

 

Fig. 4. Correlation between the average heat flux on surfaces 
of the obstacles in the REV ሺ𝑞௔௩௚) and the contact area between 
the wake vortices and the obstacle surface ( 𝐴௩௖ ). The 
corresponding porosity is labeled for each data point.  

 
 
𝜑 0.497 0.600 0.650 0.717 

〈𝜃〉௜ 33.63o 29.81o 16.63o 11.82o 

𝐴௩௖ 0.230 0.340 0.372 0.417 

Table 1. Macroscopic flow angle, 〈𝜃〉௜ , and contact area 
between the wake and obstacle, 𝐴௩௖ , for various values of 
porosity, 𝜑. 

 
There are two main vortices forming in the wake of each 

obstacle, with the top vortex being slightly smaller than the 
bottom vortex. To measure the size of the top and bottom vortices 
in the wake, we define the non-dimensional Vortex Core 
diameter, 𝑑௩, as follows. Drawing a straight line between the top 
and bottom vortex cores (located using the maximum vorticity 
magnitude), there is a point of minimum vorticity, 𝑃௖௢௡௧௔௖௧, on 
this line. 𝑃௖௢௡௧௔௖௧ corresponds to a location where the top and 
bottom vortices are in contact. The vortex radius is defined as the 
distance between the vortex core and 𝑃௖௢௡௧௔௖௧ . The obstacle 
diameter is used to non-dimensionalize the Vortex Core 
diameter. The variation of 𝑑௩ with porosity is shown in Fig. 5. 

The size of the vortices, measured by 𝑑௩, stays relatively 
constant for 𝜑 ൏ 0.600  and increases with the increase of 
porosity between 0.600 ൏ 𝜑 ൏ 0.717 . The ratio of the 
diameters of the top and bottom vortices is independent of the 
value of porosity for 0.600 ൏ 𝜑 ൏ 0.717. For 𝜑 ൐ 0.800, the 
average flow direction does not deviate from the driving force 
direction and the sizes of the top and bottom vortices become 
equal. More investigation is needed to verify the relation 
between the porosity and vortices inside the wake. 
 

Fig 5. Variation of the Vortex Core Diameter, 𝑑௩, of the top 
and bottom vortices in the wake versus porosity, 𝜑. 

 
OBSTACLE SHAPE 

Different shapes of obstacles composing a porous medium 
result in different flow patterns in a porous media flow, with flow 
separation happening on sharper edges of the obstacle wall. 
Under the conditions of 𝜑 ൌ 0.497 , 𝑅𝑒௣ ൌ 5000 , and ∆𝑇 ൌ
30K, the results for two homogeneous porous media consisting 
of either circular or square cylinders are vastly different. The 
streamlines and temperature distributions for these two cases are 
shown in Fig. 6. 

The case of a porous medium composed of circular cylinders 
has two vortices in the wake of each cylinder that are attached to 
the obstacle surface, with a contact area 𝐴௩௖ ൌ 23%  and the 
average heat flux 𝑞௔௩௚ ൌ 5.554 ൈ 10ହ  𝑊/𝑚ଶ , as shown in 
Fig. 6(a). In the case of a porous medium comprised of square 
cylinders, a square obstacle is in contact with four vortices, 
located in the gaps between the upstream and downstream 
obstacles, as shown in Fig. 6(b). The vortices for the square 
obstacle case form a flow similar to that of a lid driven cavity, 
with a total contact area on an obstacle of 𝐴௩௖ ൌ 50%, and the 
average heat flux of 𝑞௔௩௚ ൌ  4.723 ൈ 10ହ 𝑊/𝑚ଶ. In the case 
of cylindrical obstacles, the primary flow in the porous medium 
weaves around the obstacles. As our hypothesis suggests, the size 
of the contact area between the vortices and the obstacle surface, 
𝐴௩௖, correlates with the heat transfer between the obstacles and 
porous media flow. 
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 (a) (b) 

 
Fig. 6. Streamlines and the temperature distribution obtained from RANS results in the midplane. Porous media flow in (a) A porous 

medium comprised of circular cylinders, (b) A porous medium comprised of square cylinders. 𝜑 ൌ 0.497 and 𝑅𝑒௣ ൌ 5000. 
 

REYNOLDS NUMBER  
At low Reynolds numbers (𝑅𝑒௣ ൏ ~100 ) in the laminar 

flow regime, the phenomenon of flow deviation from the 
direction of the applied pressure gradient does not occur, and the 
flow remains parallel to the direction of the pressure gradient. 
This forms large vortices between neighboring obstacles in the 
x-direction. As the flow transitions from laminar to turbulent 
somewhere between 50 ൏ 𝑅𝑒௣ ൏ 500, the flow pattern changes 
with the change of the Reynolds number, resulting in smaller 
vortices attached to the obstacles as the macroscopic flow angle, 
〈𝜃〉௜ , deviates from zero. Our numerical finding that the flow 
transition happens between 50 ൏ 𝑅𝑒௣ ൏ 500  is supported by 
de Lemos [8] and Kaviany [9], who stated that flow in porous 
media is fully turbulent at Rep = 300. 

 

Fig. 7. Correlation between the Pore Scale Reynolds number 
𝑅𝑒௣ and mean Nusselt number 𝑁𝑢௠ on the top left obstacle in 
the REV. 

 
Although our hypothesis states that the areas of the obstacle 

surface in contact with wake vortices will have a lower heat 
transfer rate compared to the areas in contact with the primary 
flow, the effect of this is small compared to the effect of the 
Reynolds number, 𝑅𝑒௣ , on the overall heat flux, 𝑞௔௩௚ . The 
correlation between the Pore Scale Reynolds number, 𝑅𝑒௣, and 
the mean Nusselt number, 𝑁𝑢௠, of an obstacle is shown in Fig. 
7. The slight change of the correlation between 𝑅𝑒௣ and 𝑁𝑢௠ 
between ሺ50 ൏ 𝑅𝑒௣ ൏ 500ሻ  is likely due to the wake 
developing into a complex three-dimensional flow in this flow 
regime. 
 

 RANS LES(time averaged) 
〈𝜃〉௜ 32.903o 32.875o 

𝑢௠,௫ 0.1258 0.1296 
𝑢௠,௬ 0.0814 0.0837 
𝑁𝑢௠ 59.953 72.650 

Table 2. Comparison of RANS and time averaged LES 
results at 𝜑 ൌ 0.497  and 𝑅𝑒௣ ൌ 500 . Here 𝑢௠,௫  and 𝑢௠,௬ 
are the mean velocities in the x-and y-directions, respectively, 
and 〈𝜃〉௜  is the macroscopic flow angle, defined as 
tanିଵሺ𝑢௠,௬/𝑢௠,௫ሻ. 

 
An LES simulation was performed for 𝜑 ൌ 0.497  and 

𝑅𝑒௣ ൌ 500. The time averaged LES solution in the REV mid-
plane is shown in Fig. 8 and a comparison between the RANS 
and LES solutions is shown in Table 2. The discrepancy between 
the 𝑁𝑢௠ of the RANS and LES cases are caused by the vortex 
shedding off the obstacle walls in the LES case, which is absent 
in the steady RANS simulation. Energy “packages” are delivered 
from the obstacle wall to the primary flow as the vortices are 
shed off the wall. This mechanism enhances heat exchange 
between the obstacle wall and the primary flow, and is 

(K) 
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responsible for the higher 𝑁𝑢௠ for the LES case compared to 
the RANS case (Table 2).  
 

 
 
Fig. 8 Streamlines and the temperature distribution obtained 

from the time averaged LES results in the midplane of the REV. 
𝑅𝑒௣ ൌ 500, ∆𝑇 ൌ 30K, and 𝜑 ൌ 0.497. 
 
 
CONCLUSIONS 

The results of our simulations support the hypothesis that 
the rate of heat transfer between the obstacle surface and the fluid 
is influenced by the size of the contact area of the vortices that 
are attached to the solid obstacles in the porous medium. The 
phenomenon of flow deviation from the driving force direction 
is shown to help increase the rate of heat transfer in porous media 
under certain conditions. 

Although the contact area between the vortices and the 
obstacle surface, 𝐴௩௖, has a considerable effect on the overall 
heat transfer from the obstacle to the fluid, it is not as significant 
compared to the effect of the Pore Scale Reynolds number 𝑅𝑒௣. 
However in practice, increasing the Reynolds number requires 
using a larger applied pressure gradient to drive the flow faster. 
Our results show that by manipulating the vortex contact area 
with the obstacle by modifying such parameters as the obstacle 
shape or porosity while keeping the Reynolds number the same, 
the overall heat transfer rate between the obstacles and fluid can 
be increased in an “economical” way, without increasing the 
applied pressure gradient. 

More DNS and LES studies are needed to gain a further 
understanding into the effect of turbulent vortices on heat 
transfer in porous media. 
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