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Figure 1. Particle field with 1 million particles inside unitary domain at T = 0.14 s (Present work). 

 

 
 

Figure 2. Vorticity module for homogeneous and isotropic turbulence at T = 0.14 s (Present work). 

 

2. PARTICLE-LADEN TURBULENT FLOWS 

 

Particle-laden flows are abundant in nature and can be found in various industrial systems. Pneumatic conveying 

systems in chemical, food and pharmaceutical industries, and the transport of pollutants in the atmosphere are typical 

examples. Energy production systems such as droplets in internal combustion engines, fluidized bed combustions and 

gasification for coal and biomass involve efforts to find a combustion process conducive to controlling pollutant 

emissions and efficient energy generation (Xu, 2008).  

It is helpful, to classify the regimes of particle-laden flows from the perspective of the interaction between particles 

and fluid phase motions. To describe this, the Fig. 3 proposed by (Elghobashi, 1993) shows numerically how the 

dimensions of the particles and the dimensions of the fluid field are connected to the type of interaction between the 

particles and turbulence. 
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coupling regimes are still at the infancy stage of understanding due to the highly nonlinear nature of the interactions in 

these flows. The mathematical approach to be reviewed in this work will take an important care about the two-way 

coupling formulation. 

 

3. HOMOGENEOUS ISOTROPIC TURBULENCE 

 

Turbulence was recognized as a distinct fluid behavior by Leonardo da Vinci more than 500 years ago. It is 

Leonardo who termed such motions ”turbolenze”, and hence the origin of our modern word for this type of fluid flow. 

But it wasn’t until the beginning of last century that researchers were able to develop a rigorous mathematical treatment 

of turbulence. The first major step was taken by G. I. Taylor during the 1930’s. Taylor introduced formal statistical 

methods involving correlations, Fourier transforms and power spectra into the turbulence literature. In a paper published 

in 1935 in the Proceedings of the Royal Society of London, he very explicitly presents the assumption that turbulence is 

a random phenomenon and then proceeds to introduce statistical tools for the analysis of homogeneous, isotropic 

turbulence. In 1941 the Russian statistician A. N. Kolmogorov published three papers that provide some of the most 

important and most-often quoted results of turbulence theory. These results, which will be discussed in some detail 

later, comprise what is now referred to as the K41 theory5, and represent a major success of the statistical theories of 

turbulence. This theory provides a prediction for the energy spectrum of a 3D isotropic homogeneous turbulent flow. 

Kolmogorov proved that even though the velocity of an isotropic homogeneous turbulent flow fluctuates in an 

unpredictable fashion, the energy spectrum (how much kinetic energy is present on average at a particular scale) is 

predictable (Glenn, 2010). 

The spectral theory of Kolmogorov had a profound impact on the field and it still represents the foundation of many 

theories of turbulence. It should however be kept in mind that 3D isotropic homogeneous turbulence is an idealization 

and its almost impossible to encounter in nature. The challenge is then to understand what aspects of these theories 

apply to natural flows and what are pathological. 

 

A turbulent flow is said to be isotropic if, 

 

• There is no variance of the statistical properties of a flow in relation to the rotation coordinate system. 

 

Rotation and buoyancy forces tend to suppress vertical motions and create an anisotropy between the vertical and 

the horizontal directions. The presence of a mean flow with a particular orientation can also introduce anisotropies in 

the turbulent velocity and pressure fields. 

 

A flow is said to be homogeneous if, 

 

• There is no variance of the statistical properties of the flow when promoted translation of the coordinate 

system. 

 

It is understood, therefore, that isotropy implies homogeneity. The reciprocal is not true (Aristeu, 1994). An 

example of 3D isotropic homogeneous flow is shown in Fig. 4. 

 

 
 

Figure 4: Instantaneous visualization of the enstrophy distribution in a compressible, homogeneous isotropic 

turbulent field. Data courtesy of Eric Johnsen, Michigan Institute for Plasma Science and Engineering. 
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4. TRANSPORT MECHANISM 

 

Particles can be entrained on the fluid motion, or they can roll along the ground. According to the transportation of 

small solid particles, literature divided into three different mechanisms: suspension, saltation and reptation. This 

classical division is described on observations of sand movement by (Bagnold, 1941) and shown in Figure 5. There are 

no provided information on the prevailing rates. However, since it is wind-induced movements, speeds should be within 

a moderate range. 

 

 
 

Figure 5: Division of the transport mechanisms of particles indicated by diameter range. 

 

Suspensions indicate a heterogeneous mixture of substances, in which solids are distributed in the fluid. At specific 

cases, suspensions are adopted for grain sizes smaller than 80 µm. The saltation is erratic transport of particles in a 

fluid, with particles in diameter range between 100 µm and 300 µm. There are particles that moves without losing 

contact with the ground, this process is called reptation. It occurs for particles whose diameter is larger than 300 µm and 

smaller than 400 µm. This does not mean that ”big” objects lie forever, for example, can be entrained ballast stones on 

high-speed lines also produced by the brindle. These stones do not fall within the described classification (Heinrich, 

2011). The next two sections provide a brief overview of the suspension and saltation processes. Reptation is not 

considered further, because it is not relevant for this work. Below on this text is often spoken of particles, for this work 

we will consider particles or beads as a round body with a diameter smaller than 1 mm. Its important to have all this 

concepts in mind in order to associate them with the study case. 

 

5. CONCLUSIONS 

 

There is a considerable evidence for a high correlation between, regions of high strain and low vorticity and regions 

of high concentration in heavy particles. Figure 6 shows a slice along the x = 0.5 of particles positions with respective 

vorticity field at t = 0.14 s and Fig. 7 shows particle concentration for the same position and time. The close interation 

between the coherent vorticity structures and particles clustering are observed in Fig. 6. In the review by (Eaton and 

Fessler, 1994) structured flows are considered in which it is easily seen that heavy particles are surrounding mixing 

layer or wakes vortices. The basic underlying mechanism is the following: due to their inertia, particles denser than the 

fluid tend to be ejected from vortical structures while they are easily trapped by convergent regions of the flow. The 

opposite behavior is expected for particles less dense than the carrier fluid. If these behaviors are easily seen and 

understood on simple steady flows, there is a wide gap to fill to directly apply them to homogeneous isotropic turbulent 

flows where, even if structures do exist, they do not necessarily live for long times. 
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Figure 6. Slice showing the close interations between coherent vorticity structures and particle clustering at t = 0.14s 

(Present work). 

 

 
 

Figure 7. Slice of particle density computed with particles positions and transposed to fluid nodes at t = 0.14 s 

(Present work). 

 

This work has been concerned with analyzing various aspects of direct numerical simulation of particle laden flows. 

A survey of the literature indicates a lack of consensus as to the number of particles that must be considered, and 

questions are raised about the typical method used to determine the statistically significant number of particles to track. 

Further, the accepted practice for determining the virtual release time for decaying turbulence has been assessed. 

Results indicate that basing the virtual release time on the time at which the maximum of the mean relative velocities 

occurs may not be long enough to ensure that particle trajectories are independent of their initial conditions. 

Recommendations regarding the determination of the virtual release time are made. 
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