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Abstract: - In simulations of many engineering problems, such as mixing layer flow, channel flow and jet flow 
etc., it is common to assume the turbulent flows as two-dimensional in order to reduce computation time. 
Turbulence is however a three-dimensional phenomenon. Simulation in two dimensions may lose a lot of 
information such as the more realistic vortex structures. In this paper, 2D and 3D simulation results are 
compared by calculating a two-phase turbulent flow over a backward-facing step. In the simulation, the gas 
phase is performed by Large Eddy Simulation and the particle phase is traced by a Lagrangian tracking model. 
The simulation is carried out with the flow parameters and geometry of the test section similar to those of the 
experiment performed by Fessler and Eaton [1]. Reynolds number of the gas phase over the backward facing 
step with an expansion ratio of 5:3 is 18,400, based on the maximum inlet velocity and step height. In this 
paper, the flow is considered as dilute. Hence a one way coupling method is applied, in which we only 
consider the effect of fluid on the particle. Particle-particle collisions are also neglected. Both 2D and 3D 
predicted statistical mean properties such as mean velocity profile, fluctuating velocity profile and 
reattachment length of both phases are compared with experimental results. Instantaneous turbulent flow 
structure simulated in 2D and 3D are also compared. 2D and 3D Particle dispersions are further numerically 
investigated by introducing into the backward facing step sphere particles with different Stokes numbers.  
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1   Introduction 
Two-phase flows occur frequently in many 
engineering and natural processes. A typical 
application to natural processes involves predicting 
of pollutants dispersion in our living environment. 
Hunt [2] has gave a review on environmental 
particulate problem. Engineering application of 
two-phase flow includes pulverized-coal combustion, 
spray combustion and solid transport. A detailed 
discussion of such two-phase flow problem can be 
found in Sirignano [3] and Ghosh and Hunt [4]. 
Describing and predicting the turbulent 
characteristics of two-phase flows is therefore an 
important research topic in applied fluid mechanics. 
Flow in many engineering devices often includes 
flow separation and flow reattachment. Momentum 
exchange in the region of flow separation and 
reattachment vary greatly. It may have significant 
effect on the performance of devices such as heat 
exchangers and combustion units. Backward-facing 
step, which provides structures of both flow 
separation and reattachment, is used frequently in 
many experimental and numerical studies. 

Several numerical calculations have been carried 
out on backward-facing step flows, assuming 

two-dimensional flow with either single phase [5, 6] 
or two-phase [7, 8] simulation. Three dimensional 
simulations have also been carried out by some 
researchers in single phase [9] and two-phase 
laminar flows [10]. Two-dimensional simulation has 
the advantage of requiring less computational time 
and less memory compared with three-dimensional 
simulation. However, turbulence is essentially a 
three-dimensional phenomenon. Two-dimensional 
simulation may lose a lot of information of the three- 
dimensional vortex structures. In this paper, 2D and 
3D simulation results are compared by calculating a 
two-phase turbulent flow over a backward-facing 
step. In the simulation, the gas phase is performed by 
Large Eddy Simulation and the particle phase is 
traced using a Lagrangian tracking model. 
 
 
2   Configuration 
Figure 1 shows the 3D schematic diagram of the 
simulation geometry, based on the experiment setup 
by Fessler and Eaton [1]. The backward-facing step 
has an expansion ratio of 5:3. Reynolds number of 
the air flow over the backward-facing step is 18,400, 
based on the maximum inlet velocity (U) of 10.5 
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ms-1 and step height (H) 26.7 mm. Particles 
introduced into the flow are glass spheres of density 
2,500 kgm-3 and different diameters with. Both 2D 
3D simulation are performed and compared in the 
present study. 

 
Fig. 1 Schematic diagram of the simulation geometry 
 
 
3   Equations for fluid phase 
Large eddy simulation (LES) is used to simulate the 
gas phase of the flow. The flow field variables are 
separated into a large-scale component and a subgrid 
scale (SGS) component by filtering. The effect of the 
subgrid scales on the resolved scales is modelled by 
the SGS stress according to the Smagorinsky [11] 
model. The space filtered time dependent 
incompressible Navier-Stokes equations with 
Smagorinsky model in Cartesian coordinates can 
then be written as 
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where i = 1, 2, 3 refers to the x (streamwise), y 
(transverse) and z (spanwise) directions respectively 
for 3D and i = 1, 2 for 2D simulation. , 
where 

Tµµµ +=*

µ is the dynamic viscosity and µT is the eddy 
viscosity given by 

ijijST SSC 2)( 2∆= ρµ . Sij is the 

rate of strain tensor of the filtered velocity field, 
zyx ∆⋅∆⋅∆=∆ is the filter width. After careful 

numerical experiments, Cs = 0.048 and Cs = 0.17 are 
chosen as the Smagorinsky model parameter for 2D 
and 3D simulation respectively. The equations have 
been nondimensionalized, using the step height as 
the length scale, the maximum inlet velocity as the 
velocity scale and the ratio of step height and 
maximum inlet velocity as the time scale. 

The governing equations are discretized spatially 
on a staggered Cartesian grid. The flow was resolved 
using 259 x 34 x 34 grid points in the x, y, and z 
directions for 3D simulation and 259 x 34 grid points 
for 2D simulation. Derivatives are approximated 
using central difference for the diffusion terms while 
the advection terms are discretized by a 

skew-symmetric form [12]. Time integration of the 
governing equations is carried out with a third-order 
Runge-Kutta method. The time step is taken as 0.005 
in both 2D and 3D simulation. Chorin’s 
fractional-step projection method [13] is adopted in 
solving the incompressible gas-phase equations. The 
Poisson equation for pressure correction is formed 
and solved directly using Fourier series expansion in 
the streamwise and spanwise directions with 
tri-diagonal matrix inversion [14]. 

The inlet velocity condition of the simulation is set 
as the mean velocity profile of channel flow with 
velocity fluctuation generated from a cosine function 
[15]. The maximum amplitude of the fluctuation 
velocity is limited at 10% of the inlet velocity. No 
slip boundary condition for velocity is applied at the 
top and bottom solid walls where the pressure 
gradient is set as zero. Periodicity boundary 
condition is assumed in the spanwise direction in the 
3D simulation. In order to prevent waves reflecting 
from the outlet, a convective open boundary 
condition [16] is applied at the outlet. 
 
 
4   Equations for particle phase 
Flow field of the particles is simulated and visualized 
when the fluid phase has become steady. 200 
particles are evenly spaced along the inlet and added 
at intervals of 10 time-steps. There are totally 
600,000 particles introduced into the backward 
facing step at the end of the simulation. Lagrangian 
approach is employed to predict the properties of 
each particle directly from the equations of motion. 
The other assumptions for the particle motion are 
 
1. All particles are rigid spheres with equal diameter 

and density. 
2. The density of the particles is assumed large 

compared with that of the fluid. 
3. Particle-particle interactions are negligible. 
4. Dilute two-phase particle-laden flow is assumed 

and effect of the particles on the flow structures 
is neglected. 

5. Collisions with boundaries are assumed to be 
elastic. 

The governing equations for a particle along its 
trajectory with drag and gravitational forces can be 
written as 
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where  is the instantaneous particle velocity, 
puv pxv  

is the displacement of particle,  is the mass of 
particle, 

pm
dragf
v  is the drag force and gv  is the 

gravitational acceleration. The drag and gravitational 
force of a single particle in a uniform flow field can 
be generally expressed by [17] 
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where  is the diameter of the particle, 

 
and 

 are the density and velocity of the fluid 
respectively, 

pd fρ

fuv

gv  is the gravitation acceleration and 
 is the drag coefficients [18] given by dC
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The particle Reynolds number, is defined by 
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Where 

fµ  is the fluid viscosity. 
 
 
4   Results and discussions 
4.1 Statistical velocity profile for fluid phase 
Figure 2 and Fig. 3 show the predicted 2D and 3D 
mean streamline flow pattern respectively. The 
predicted reattachment lengths of 7.41H in 2D 
simulation and 8.0H in 3D simulation agree well 
with the experimental value of 7.4H. The 2D 
simulation result is closer to the experimental result. 
 

 
Fig. 2. Mean 2D streamline (gas) 

 

 
Fig. 3. Mean 3D streamline (gas) 

 
Both 2D and 3D predicted mean velocity profiles 

of the gas phase are in good agreement with 
experimental results of Fessler and Eaton [1] at 
different downstream position of x/H = 2, 5, 7, 9 and 
14 as shown in Fig. 4. 
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Fig. 4. Streamwise mean velocity (gas) 

 
3D predicted fluctuating properties such as 

streamwise and transverse fluctuating velocity 
profiles of the gas phase are also in good agreement 
with experimental results as shown in Fig. 5-6, but 
there is large discrepancy between 2D predicted 
fluctuating properties and experimental results as 
shown in Fig. 5-6. The 2D predicted results are 
higher than experimental results, especially near the 
top and bottom wall regions. The 2D computation 
has serious limitation in predicting fluctuation 
properties of the turbulent flow. In other words, 2D 
computation can only reveal the properties of mean 
flow, but not fluctuating properties of turbulence of 
the gas phase.  
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Fig. 5. Streamwise fluctuating velocity (gas) 
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Fig. 6. Transverse fluctuating velocity (gas) 
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There are still large discrepancy between 3D 
simulation results and experimental value for section 
x/H = 2. In the present paper, the inlet velocity 
condition of simulation is set as the mean velocity 
profile of channel flow with velocity fluctuation 
generated from a cosine function [15]. This 
fluctuation may not reproduce the turbulence at the 
inlet and may have no correlations in space and time. 
However, a fully developed turbulent flow can be 
self-established for down stream. 
 
 
4.2 Statistical velocity profiles for particle 

phase 
In the numerical simulation, 150µm glass particles 
with initial velocities of 92% of those of the fluid 
phase are introduced to the backward-facing step 
according to the experimental finding [1]. The 
predicted result of particle phase is similar as the gas 
phase. Both the 2D and 3D predicted mean velocity 
profiles of particle phases are in good agreement 
with experimental results at different downstream 
position x/H = 2, 5, 7, 9 and 14 as shown in Fig. 7. 
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Fig. 7. Streamwise mean velocity (particle) 
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Fig. 8. Streamwise fluctuating velocity (particle) 
 
However, there is large discrepancy for the 

streamwise fluctuating velocity of 150µm glass 
particle between 2D results and experimental results, 

while 3D results are in good agreement as shown in 
Fig. 8. So 2D computation can only reveal the 
properties of the mean flow, but not the fluctuating 
properties of turbulence of particle phase. 
Discrepancy occurs in 3D prediction for lower part 
of sections at x/H = 2 and 5 as shown in Fig. 8. 
According to the simulation result, only a few 
150µm glass particles with Stokes number of 7.3 are 
found in the recirculation zone. The phenomena is 
consistent with the results of Hardalupas et al [19], 
who found that only particles with Stokes number 
less than 1 can be dispersed into the recirculation 
zone. This may lead to statistical error caused by the 
scarcity of particles in the zone. 
 
 
4.3 Instantaneous fluid structure and 

particle dispersion 
Both 2D and 3D simulations reveal the evolution of 
the turbulent flow, including roll up, growth, 
merging and breaking up of vortices as shown in Fig. 
9-10. 
 

 
Fig. 9. Vorticity contours of the gas phase (2D) 

 
In 2D simulation, vortices shed behind the step 

grow up and convect with the main flow in an 
orderly manner as shown in Fig. 9. However, it is 
rare to find the breaking up of vortices in 2D 
simulations. 

 

 
Fig. 10. Vorticity contours of the gas phase (3D) 

 

 
Fig. 11. Sectional view of vorticity contours of the 

gas phase (3D) 
 

However, the flow becomes more complex in 3D 
simulation as shown in Fig. 10. The shed vortices 
break up frequently to smaller ones. Some small 
vortices deform by stretching and folding. Fig. 11 
shows the different sectional views of vorticity 
contours of the gas phase. The vortical structure is 
revealed to be essentially three-dimensional, 
especially downstream. 
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Fig. 12 (a). Particle 2D dispersion (1µm) 

 
Fig. 12 (b). Particle 2D dispersion (20µm) 

 
Fig. 12 (c). Particle 2D dispersion (50µm) 

 
Fig. 12 (d). Particle 2D dispersion (100µm) 

 
Fig. 12 (e). Particle 2D dispersion (200µm) 

 
The Stokes number used to characterize the 

motion of selected particle is defined as the ratio of 
the modified particle dynamic relaxation time τp to 
the fluid time scale τf in the flow. Where 

( ) ( )( )687.02 Re15.0118 pfppp d += µρτ  and UHf 5=τ [1], 
based on the approximate large-eddy passing 
frequency in the separated shear layer. Glass 
particles of the same size are introduced into the 
flow when the simulation results of the gas phase 
become steady. Fig. 12-13 show 2D and 3D particle 
dispersion with different diameter of 1, 20, 50, 100 
and 200µm respectively. The corresponding Stokes 
numbers are 0.0006, 0.2, 1.06, 3.7 and 11.9. 

 

 
Fig. 13 (a). Particle 3D dispersion (1µm) 

 
Fig. 13 (b). Particle 3D dispersion (20µm) 

 
Fig. 13 (c). Particle 3D dispersion (50µm) 

 
Fig. 13 (d). Particle 3D dispersion (100µm) 

 
Fig. 13 (e). Particle 3D dispersion (200µm) 

 
Figure 13 shows the particle dispersion in the 

central x-y section. Both 2D and 3D simulation 
results show similar behaviour of particle dispersion 
in backward-facing step. Fig. 12(a) and Fig. 13(a) 
resemble that of the vorticity structure of the gas 
flow shown in Fig. 9 and Fig. 10 respectively. The 

relaxation time of these small particles of extreme 
low Stokes number of 0.0006 is much smaller than 
the gas time scale so that the particle has sufficient 
time to respond to the turbulence structure of the 
fluid flow. Hence the motion of small particles is 
fully controlled by the vortex structure of the gas 
phase. Particles in the recirculation zones by 2D 
prediction are much abundant than those by 3D 
prediction. The absence of spanwise movement in 
2D simulation may increase the probability of such 
particles to go into the recirculation zone. 

As the size of the particles increases, the effect of 
vorticity on particles becomes less efficient. Fig. 
12(b) and Fig. 13(b) show that the 20µm particles 
have the characteristic of preferential concentration 
along the boundary of the vortex structure [20]. The 
decreasing influence of vortex structure on particles 
of larger Stokes numbers is shown in Fig. 12(c)-(e) 
and Fig. 13(c)-(e). Most particles of the largest size 
in Fig. 12(e) and Fig. 13(e) can penetrate through the 
vortical structure with little transverse dispersion. 
This is because particles with largest Stokes number 
have the highest momentum and their motion is least 
influenced when the gas flow slows down or change 
direction. The largest particles do not go into the 
recirculation zone for both 2D and 3D simulation. 
 
 
5   Conclusions 
Both 2D and 3D numerical simulations of two-phase 
turbulent flow over a backward-facing step are 
successfully investigated by large eddy simulation 
for the gas phase and a Lagrangian tracing model for 
the particle phase. 

Based on the simulation results, 3D simulation can 
predict successfully both mean and fluctuating 
statistical properties. 2D simulation can only reveal 
the mean statistical properties, but is poor for 
predicting fluctuating statistical properties. As 
turbulence is essentially three dimensional, 
two-dimensional simulation may lose a lot of 
fluctuating information. 3D simulation is therefore 
necessary for two-phase turbulent flow.  

Predicted instantaneous turbulent flows resulted 
from 2D and 3D simulations are very much different. 
The evolutions of vortices are much more regular in 
2D simulation that the vortices leave the channel in 
an orderly manner. The 3D simulated flow is more 
turbulent, becoming complex and dissimilar as it 
moves downstream. 

Both 2D and 3D simulation give similar results on 
particle dispersion. For the smallest particles, the 
ratio of particle relaxation time to the gas integral 
time scale is much less than 1. These particles are 
strongly controlled by the vortices structure of the 
gas phase and follow closely to the gas vortices. 
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Such particles are not preferentially concentrated. 
Particles with time scales of similar order as the fluid 
time scale will be centrifuged out by a vortex and 
will be preferentially concentrated along the edge of 
the gas vortices. For large particles, the ratio of 
particle relaxation time to the gas integral time scale 
is much great than 1. These particles are more 
persistent in maintaining their own movement. They 
do not essentially respond to the vortex motion 
within the fluid time scale available and will also not 
be preferentially concentrated.  
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