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ABSTRACT 
One of the most controversial topics in the field of 

convection in porous media is the issue of macroscopic 
turbulence. It remains unclear whether it can occur in porous 
media. It is difficult to carry out velocity measurements within 
porous media, as they are typically optically opaque. At the same 
time, it is now possible to conduct a definitive direct numerical 
simulation (DNS) study of this phenomenon. We examine the 
processes that take place in porous media at large Reynolds 
numbers, attempting to accurately describe them and analyze 
whether they can be labeled as true turbulence. In contrast to 
existing work on turbulence in porous media, which relies on 
certain turbulence models, DNS allows one to understand the 
phenomenon in all its complexity by directly resolving all the 
scales of motion. 

Our results suggest that the size of the pores determines the 
maximum size of the turbulent eddies. If the size of turbulent 
eddies cannot exceed the size of the pores, then turbulent 
phenomena in porous media differ from turbulence in clear 
fluids. Indeed, this size limitation must have an impact on the 
energy cascade, for in clear fluids the turbulent kinetic energy is 
predominantly contained within large eddies. 

INTRODUCTION 
The topic of turbulence in porous media was reviewed in 

recent reference books on convection in porous media [1,2] and 
in many review chapters [3-6]. This topic is important in many 
applications, such as forestry (forest fires), agriculture 
engineering, chemical reactor design, catalytic converters, bio-
filters, crude oil extraction, biomechanics of porous organs, and 
many others [7]. 

The first physically-based turbulence model was developed 
in [8]. This classical paper started the field of turbulence 
modeling in porous media. There are two distinct views on 
turbulence in porous media. The first view is expressed in [9] 
and [10]. According to this view, true macroscopic turbulence, at 

least in a dense porous medium, is impossible because of the 
limitation on the size of turbulent eddies imposed by the pore 
scale. This prevents the transfer of turbulent kinetic energy from 
larger to smaller turbulent eddies. Thus any turbulence in porous 
media is restricted to turbulence within the pores. 

Although most published turbulence models attempt to 
obtain macroscopic characteristics of flow in porous media, 
some of them do this by simulating pore-scale turbulence. 
According to [10], the model developed by [11], due to the size 
of the periodic cell and the assumption of periodicity, in fact 
simulates turbulence within the pores. The same applies to [12]. 

The second class of models deals primarily with 
macroscopic turbulence in porous media. Representative models 
are those developed by [13,14] (there is a noteworthy discussion 
of the latter paper in [15]) as well as in [8,16]. Macroscopic 
turbulence models have also been used to simulate flow in a 
porous matrix represented by a periodic array of square cylinders 
[17,18]. 

Finally, many turbulence models attempt to simulate both 
pore-scale turbulence and large-scale turbulence. Representative 
models are those developed by M. de Lemos and colleagues, see 
[19-36]. 

Due to the opaque nature of the porous medium, there have 
been relatively few attempts to resolve turbulent flow in a porous 
medium experimentally. G.R. Thorpe’s group [37,38] cleverly 
avoided this difficulty by studying a system where turbulence is 
generated by using a round water jet impinging on a porous 
foam. The authors reported Laser Doppler Velocimetry (LDV) 
measurements only in a fluid layer, but since the flow field in the 
fluid layer is affected by what is happening in the porous layer, 
the accuracy of predictions of the velocity field in the fluid layer 
can help indirectly judge the performance of the turbulence 
model in the porous layer. 

Another possibility is to make a model porous medium out 
of transparent rods, use a viscous fluid with a refractive index 
similar to the refractive index of the rods, add some small 
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spherical particles to the flow, and perform a Particle Image 
Velocimetry. This idea was utilized to measure the velocity of a 
laminar flow in a porous medium [39-42]. The same idea was 
later used to study mean velocities and Reynolds stresses in a 
turbulent flow in a porous medium [43,44]. 

Refs. [45,46] investigated transition to turbulence in a flow 
of an electrolyte solution in a porous medium. By measuring 
current intensities from imbedded electrodes (an unsteady 
current was interpreted as the evidence of fluctuating velocity), 
the authors studied the evolution of velocity gradient 
fluctuations. With this technique, they were able to study the 
evolution of characteristic length scales of the flow for different 
Reynolds numbers. A similar idea, based on the utilization of an 
electrochemical technique, was used in [47]. 

Ref. [48] investigated the transition to turbulence in a pore-
doublet model designed to mimic flow around one solid particle 
in a porous medium. A large pipe was split into two smaller pipes 
that formed a U-shaped geometry. Two pressure transducers 
recorded pressure drops over the smaller pipes. 

Ref. [49] utilized Magnetic Resonance Imaging (MRI) to 
resolve the flow field in laminar and turbulent flows as well as 
passive scalar transport through porous fins. Unlike other 
methods, MRI allowed for resolving the flow field in a realistic, 
rather than idealized, geometry of the porous medium. 

Ref. [50] used an Ultrasonic Velocity Profiler, a probe 
capable of measuring the average pore velocity, at a series of 
points along the pore. These authors also reported the two-point 
velocity statistics. 

GENERIC POROUS MATRIX (GPM) 
Recently we investigated whether macroscopic turbulence 

is possible in a porous medium by conducting a DNS study of a 
turbulent flow in a specially designed porous matrix [51]. The 
advantage of DNS is that it avoids any kind of turbulence 
modeling. The obtained results suggest that in a porous medium 
the size of turbulent structures is restricted by the pore scale. The 
pore scale prevalence hypothesis (PSPH) was proven by three 
independent techniques of analyzing turbulent length scales 
(two-point correlations, integral length scales, and pre-
multiplied energy spectra). 

The GPM-geometry that we used is shown in Fig. 1. It is 
built by a large number of rectangular bars of size d×d being s 
apart in both directions. Quite generally a porous matrix can be 
characterized by its representative elementary volume (REV) 
which is the smallest subvolume that shows the same behavior 
with respect to the flow through it as the flow that can be 
observed in the whole matrix. In a geometrically regular matrix 
the REV is of the order of the pore size when the flow is laminar. 
Such an REV is shown in Fig. 1 and labelled REV-L. However, 
when the flow is turbulent, some turbulent structures may be 
much larger than the REV-L, so that the appropriate REV, now 
labelled REV-T, is also much larger than REV-L. In Fig. 1 the 
REV-T occupies the whole area shown in Fig. 1. 

Figure 1. Schematic diagram of the GPM used in our 
DNS study. The GPM is shown here for five rows in 
the x1-direction and four rows in the x2-direction, 
together with the representative elementary volumes 
REV-L and REV-T. 

 
DNS METHODS 

Two different methods which complement and verify each 
other were applied to search for possible macroscopic turbulence 
in porous media. They are 

 The finite volume method (FVM) which directly 
solves the Navier-Stokes equations. 

 The Lattice-Boltzmann method (LBM) which 
determines the particle distribution. This method 
indirectly corresponds to solving the Navier-Stokes 
equations. 

Both of the two DNS methods have second order accuracy in 
space and time. The Reynolds number was defined as 

Re mu d


 ,     (1) 

where mu  and d are defined in Fig. 1 and   is the kinematic 
viscosity of the fluid.  
A measure of the overall accuracy of the DNS solution is  , 
which is defined as 

p s

p

g g
g


  ,     (2) 

where pg  and sg  are the pressure gradients in the flow 
determined by evaluating the pressure in two opposing cross-
sections ( pg ) and by integrating the dissipation of the 

mechanical energy between them ( sg ). 
As explained in [51], for a perfect DNS solution the 

accuracy measure   would be zero since in such a case gp=gs. 
In real DNS sg  will always be smaller than pg  since not all 
scales are resolved and certain local dissipation effects are 
missing. For example,   values are 0.1%-1.5% for the DNS 
results for a flow in a channel with smooth walls while they are 
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7%-10% for more complicated turbulent flows such as a flow in 
a channel with rough walls [52,53]. 

TURBULENT LENGTH SCALES 
Taking into account the requirements with respect to the 

REV-T as well as the available computational resources, we have 
performed low resolution DNS (domain size: 20݀ ൈ 20݀ ൈ
10݀; typical mesh resolution: 280 ൈ 280 ൈ 140) and high 
resolution DNS studies (domain size: 12݀ ൈ 8݀ ൈ 4݀; typical 
mesh resolution: 1200 ൈ 800 ൈ 400). The Reynolds numbers 
were from 500 to 1000. Periodic boundary conditions were 
imposed in all three directions. The FVM was used for low 
resolution DNS studies while both the FVM and the LBM were 
used for high resolution DNS studies. The numerical results 
show that the accuracy measure ∆ was 20%-40% in the low 
resolution DNS studies and smaller than 10% in the high 
resolution DNS studies. However, domain sizes, mesh resolution 
and numerical methods do not have noticeable effect on the 
statistical results. 

Turbulence is characterized by fluctuating flow quantities in 
a field that is strongly affected by eddy structures of various 
sizes, often called coherent structures. These coherent structures 
are the building blocks of turbulence and need to be identified 
when turbulence is analyzed in detail. We used three different 
methods to analyze the turbulent flow with respect to the scales 
that are involved. 

Two-Point Correlations 
This technique of turbulent length scale analysis uses two 

quantities of the same kind, which are a certain distance r apart. 
Fluctuation behavior of these quantities is observed. When b is 
such a quantity, its fluctuation b  is defined by the following 
equation 

b b b  ,     (3) 

where b  is the time mean value of b. When two such 
fluctuating quantities 1b  and 2b  are considered, nonzero values 
of 1 2b b   will occur when physical correlations of whatever kind 

exist. Analyzing 1 2b b   can be used to detect flow structures in 
unsteadily fluctuating flow fields. 

A two-point correlation between the quantities  ib x  and 

 jb x + r  at a certain time t is called the two-point, one-time 
autocovariance. It is defined as 

     , ,ij i jR b t b t r, x x x + r .   (4) 

For example, for velocity fluctuations  0 ,iu t x  and 

 0 ,iu t x r , the two-point correlation is defined as 

     0 0 0, , ,ii i iR u t u t  r x x x r .   (5) 

Fig. 2a shows such a correlation for the GPM displayed in 
Fig. 1 with the correlation point 0x  in the middle of the 
computational domain. The correlation was calculated by time 
averaging of the FVM results for the Reynolds number of 500. 

Non-zero correlations occur not solely from turbulent 
fluctuations but also due to simultaneous unsteady motions 
around each of the bars. They are called non-turbulent 
correlations and have to be distinguished from the true turbulent 
correlations due to the turbulent coherent structures. This can be 
done assuming that the non-turbulent correlations are the same 
for all values 3r , i.e. that  0 ,iu t x  correlated with 

 0 3 3,iu r t  x r e  has the same non-turbulent correlation 
pattern. Adding 3 3r e  to the correlation distance r means that now 
the correlation points are located in two parallel planes which are 
a distance 3r  apart. This special correlation is called a two-point 
lateral correlation, and is defined by 

     3 0 0 0 3 3, , , ,ii i iR r u t u r t    r x x x r e .  (6) 

When now iiR , which is defined by Eq. (6), is subtracted 
from iiR , which is defined by Eq. (5), the difference ii iiR R   
gives the true turbulent correlations providing that 3r  is so large 
that there are no correlations due to the large-scale turbulent 
structures in iiR . 

Thus, turbulent correlations can be identified by studying 
the following quantity 

     0 0 3 3 0
ˆ , , , ,ii ii ii cR R R r r  r x r x > r x ,  (7) 

with 3cr  being the critical value of 3r  up to which there is an 
influence of large-scale turbulent structures. 

Fig. 2b shows 11R , 11R , and 11R̂  for a part of the 
computational domain in Fig. 2a. Appreciable non-zero values 
of 11R̂  only occur around 0x  at a distance smaller than the pore 
scale s, indicating that Fig. 2b shows the REV-T for this case and 
that, at least here, the PSPH holds. 
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(b)Figure 2. Two-point correlations in the generic 
porous matrix; correlation point 0x  marked by the cross in 
the middle; / 2, Re 500s d   , FVM-DNS. (a) Two-point 

correlation 11R  in the whole computational domain, (b) 
Two-point correlations near the correlation point 0x .  

11R : Two-point correlation defined by Eq. (5); 11R : Two-point 

lateral correlation defined Eq. (6), 3 5r d ; 11R̂ : Turbulent 
correlation defined by Eq. (7). 

Integral Length Scales 
Another way to quantify the size of large eddies is to 

determine their integral length scales. These length scales are 
defined as longitudinal, transverse and spanwise lengths iiL , 
similar to the definitions in [54] for homogeneous and isotropic 
turbulent flows: 

   2
1 1 0 0

ˆ ˆ,ii ii i iL R r u dx



  e x x  (i=1,2,3),  (8) 

where  0ˆiu x  is the root-mean-square turbulent velocity 
component, which is defined as 

 0ˆiu x  1/2
0

ˆ 0,iiR x .    (9) 

These definitions were used despite the fact that the flow in 
porous media is not one with isotropic and homogeneous 
turbulence. However, since the analysis must provide only the 
order of magnitude of these length scales (whether they are of 
the pore or domain (REV-T) size), it was assumed that iiL  
obtained from Eq. (8) were of the same order of magnitude as 
the corresponding length scales of the non-isotropic turbulence 
prevailing in porous media flows. 

For the flow shown in Fig. 2 it was found that 11 0.52L s , 

22 0.36L s , and 33 0.21L s , again confirming the PSPH for 
this case. 

Premultiplied Energy Spectra 
For sufficiently large Reynolds numbers energy spectra 

have been derived by Kolmogorov (they are now called the 
Kolmogorov spectra) under the assumption of locally 
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homogeneous and isotropic turbulence being statistically in 
equilibrium. They are 

     0 1 1 1 0 1 1 1
1ˆ ˆ, e , cosii iiE k R x k x dx





 x x . (10) 

Premultiplied energy spectra are the energy spectra 
multiplied by 1sk . These curves, which depict 1

ˆ
iisk E  versus 1sk

, plotted in semilogarithmic axes, have a distinct maximum with 
a corresponding wavelength   which indicates the wavelength 
and thus the size of the large scale energy-containing turbulent 
structures. For the flow shown in Fig. 2 the wavelengths in the 
three coordinate directions are 2s  , 1.25s  and 1.25s , 
respectively. They are of the order of the REV-L size, see Fig. 1, 
which again confirms the PSPH for this case. 

Visualization of Turbulent Structures 
In Fig. 3 the so-called ܳ-method is used to visualize 

coherent structures in turbulent flows. Surfaces with constant 
values of ܳ/ܳ௠ represent the vortex structure. The quantity ܳ is 
the second invariant of the instantaneous velocity gradient 
tensor. ܳ௠ is the maximum value of ܳ. Iso-surfaces with larger 
ܳ/ܳ௠ are closer to the vortex cores. Fig. 3 shows the transient 
flow structure in a part of the solution domain for the Reynolds 
of 1000. The high resolution LBM was used in this simulation. 
 

 
Figure 3. Snapshot of parts of the flow field in two REV-L 
elements (Re=1000, s/d=2), iso-surfaces ܳ/ܳ௠ ൌ 0.011, color 
coding shows the instantaneous value of the vertical velocity, 2u
. 

DIRECTIONS FOR FUTURE WORK 
DNS results reported in this paper and in our previous work 

[51,55,56] suggest that any turbulence in porous media is 
restricted to turbulence within the pores. This finding presents 
the following questions: 

 If this is true, does what is observed in porous media 
at large Reynolds numbers constitute true turbulence?  

 What effects the additional production terms (due to 
solid obstacles) will have on turbulence? 

 How the turbulent kinetic energy is transported to 
smaller eddies and then dissipated? 

 It is well-known that most of turbulent kinetic energy 
is contained by large eddies, in the energy-containing 
range. If flow in a porous medium is turbulent, and 
there are no large eddies (due to size restrictions), how 
much turbulent kinetic energy is present in such a 
flow? 

 If in a porous medium the turbulent kinetic energy is 
much smaller than in a clear fluid, how much 
influence turbulence has on the mean flow in a porous 
medium? 

 What are the implications for heat transfer? 
 Can turbulent flow in a porous medium exhibit some 

new fundamental features, not exhibited in a classical 
turbulent flow, such as the second critical Reynolds 
number in a bi-dispersed porous medium? 

 How to model this phenomenon, in particular its effect 
on transport of thermal energy? 

These topics should be addressed in future research. 
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