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Abstract 

In this study, two-dimensional and three-dimensional numerical 

investigation of a low speed particle-laden turbulent flow over a backward-facing 

step has been carried out. An assumption of incompressibility of the flow is used 

due to low Mach number of the flow. The gas phase is performed by Large Eddy 

Simulation (LES) and the particle phase is solved by a Lagrangian particle 

tracking model. Effect of both drag and gravitational forces on particle motion is 

considered. Numerical simulation results reveal evolution of detailed vortical 

structures with different Reynolds numbers of 18,400 and 1,290 respectively in 

the backward-facing step flow. Simulation also predicts the instantaneous 

concentration of particles with different Reynolds numbers, Stokes numbers, 

initial velocity slip and the effect of gravitational force. 

Both the 2D and 3D simulations predict mean properties, such as mean 

velocity profiles for both phases and reattachment lengths for the gas phase, are 

in good agreement with experimental results. However, there is large discrepancy 

between 2D predicted fluctuating properties and experimental results, such as the 

rms velocity profiles, especially those near the top and bottom wall regions. The 

3D simulation, on the other hand, has successfully predicted fluctuating 

properties that are in good agreement with experimental results. In other words, 

3D computation can successfully reveal the properties of both the mean flow and 

the fluctuating properties of turbulence flows. Further comparison indicates that 

although both simulations can reveal the evolutions of the turbulent flow of the 

fluid phase, the 3D simulation predicts much frequent activity of vortex 

evolutions such as rolling up, growing, merging and breaking up. Evolutions of 
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vortices are regular and orderly in 2D simulation. In 3D simulation, breaking up 

of vortices is common throughout the flow, so that the flow field becomes 

complex and diverse.  

Particle dispersions are numerically investigated by introducing spherical 

particles with different Stokes numbers and inlet velocity slip into the backward 

facing step. Both 2D and 3D simulations give similar results on particle 

dispersions. Smallest particles are strongly controlled by the vortex structure of 

the gas phase and follow closely the gas vortices. Particles with time scales of 

similar order as the fluid time scale are centrifuged out by a vortex and are 

preferentially concentrated along the edge of the gas vortice. Large particles 

essentially do not respond to the vortex motion within the fluid time scale 

available and are also not preferentially concentrated. 

The success of 3D simulation in predicting a two-phase turbulent flow using 

the Lagrangian trajectory model provides a numerical basis for revisiting the 

fluid-particle correlations model. In two-fluid model, the fluid phase and particle 

phase are regarded as two separate continuous flows, which are governed by 

separate transport equations. The approach has the advantage of a simpler 

formulation but will lead to closure problems due to fluid-particle correlations. 

Several second-order closure models for gas-particle covariance are evaluated in 

the present study. The predicted results by the models are in agreement with the 

numerical simulation results. However, a proper empirical constant is needed for 

different cases and there is no formula to determine the constant. A modified 

model is proposed in this study so that an empirical constant is no longer 

necessary. The predicted results using our model are as good as those from other 
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models. Therefore, a better closure model is introduced for the gas-particle 

covariance model. 
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Chapter 1. Introduction 

1.1. Background and objectives 

Two-phase flows occur frequently in many engineering and natural 

processes. A typical application to natural processes involves predicting 

pollutants dispersion in our living environment. Hunt [1] gave a review on 

environmental particulate problems. Engineering applications of two-phase flow 

include pulverized-coal combustion, spray combustion and solid transport. A 

detailed discussion of such two-phase flow problems can be found in Sirignano 

[2] and Ghosh and Hunt [3]. Almost all particle-laden flows in engineering are 

turbulent in nature and contain eddies in size from Kolmogorov scales to the 

integral scales. Eddies of the continuous phase have an important effect on 

particle dispersion. The interaction between particles and fluid eddies is therefore 

a fundamental problem in turbulent two-phase flows, and so accurate prediction 

of particle-laden turbulence is important in order to gain a better understanding 

of particle transport by turbulent flow as well as ultimately improve engineering 

devices in which two-phase flows occur. 

 As discussed by Crowe et al. [4], there are two commonly used approaches 

to describe the properties of particle-laden flow. They are the Eulerian two-fluid 

model [5] based on the Eulerian-Eulerian (E-E) approach and the Lagrangian 

trajectory model [6] based on the Eulerian-Lagrangian (E-L) approach. The 

particle trajectories are calculated by integrating the equations of particle motion 

in the Lagrangian trajectory model. The Eulerian two-fluid model is based on the 

continuum assumption for the particle phase. The particle equations are easy to 
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be implemented and solved by the same numerical methods as those for the fluid 

phase.  However, the continuum assumption of particles is not so physical and 

the approach fails to treat properly certain properties that involve history effects 

[7].  In the E-L approach, particles are treated as discrete objects in the 

Lagrangian reference frame and the motion of an individual particle is tracked as 

it moves through the flow field. This approach is capable of taking into account 

different forces including drag force, collision force and gravity force etc acting 

on the particles, the discrete behavior of particles, and particle history effects.  

However, Lagrangian models are more difficult to manage than the Eulerian 

models, due to the difficulty in imposing the turbulence effect of the fluid phase 

on motion and reaction of particles [7].  Therefore, both approaches have some 

advantages and are commonly used in computing two-phase flows.  The choice 

of a particular model depends on the flow structure and the type of information 

that is to be extracted. In the present study, the Eulerian-Lagrangian approach is 

adopted to predict the particle flow field and track the particle movement. 

The widely used numerical simulation of the continuous phase is by 

calculating the statistical average of the flow properties, in which the 

spatial-temporal features of the turbulent eddy structure are filtered by the time 

average to obtain the equations of the mean flow. This is known as the Reynolds 

Averaged Navier-Stokes method [8]. The effect of vortices is not present when 

particles are tracked in the predicted ensemble mean flow and has to be 

considered by empirical models.  Several current computational models used to 

simulate movement of particles employ a stochastic Lagrangian particle 

methodology.  These include the deterministic separated flow (DSF) models [9], 

stochastic separated flow (SSF) models [10], time-correlated dispersion models 
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[11] and probability density function (PDF) propagation models [12]. However, 

in these models, the effect of eddies on particles is based solely on empirical 

rules, which require improvement or verification through knowledge of the 

actual effect of eddies on particle movement. 

Advancement in computer techniques has made it possible to predict fluid 

flow by resolved-eddy simulation, which can provide at least some 

spatial-temporal features of turbulent eddy structures.  This is the key advantage 

of these simulations for investigating the particle-eddy interaction directly.  The 

vortex dynamics (VD) method [13], the proper orthogonal decomposition (POD) 

model [14], large eddy simulation (LES) [15] and direct numerical simulation 

(DNS) [16] are common simulation methods used for the fluid phase.  The VD 

method is good only for 2D representation. The POD models cannot 

quantitatively self-determine the resolved-eddy structure for a generic set of 

boundary and initial conditions.  The eddy structures are fully solved without 

any empirical turbulence modeling in DNS. However, the method is only suitable 

for simple flows with low Reynolds numbers due to the large volume of 

calculation. A low-pass spatial filtering is applied in LES to the Navier-Stokes 

equations and the filtered equations are solved directly.  This technique is most 

promising for engineering flows of low to moderate Reynolds numbers. 

In this investigation of the direct effect of vortices on particles, large eddy 

simulation (LES) is employed to model gas-phase flow for obtaining detailed 

information on the spatial-temporal distribution of appropriate eddies. The 

Lagrangian approach is adopted to track the particles and predict the particle 

flow field and distribution. The validity of simulation results is verified with 
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experimental data. The findings are important for understanding the particle 

dynamics in turbulent flow. They will also help to improve the second-order 

closure of fluid-particle correlation models used in two-fluid model simulations 

and to initiate some new models for concentrated two-phase flow. In the present 

study, several second-order closure models for fluid-particle correlations were 

evaluated and a modified model has been proposed. 

The overall objective is to simulate the detailed eddy structure in 

gas-particle flow and to investigate the effect of eddies on particles. Specifically, 

the objectives are 

1. To realize the numerical simulation of gas-particle flows behind a 

backward-facing step using LES for the gas phase and Lagrangian method 

for the particle phase;  

2. To compare the predicted results of the two phases with the experimental 

data and evaluate the accuracy of the simulation; 

3. To investigate the effects of Reynolds number, Stokes number, initial 

velocity slip and gravitational force on particle dispersion through observing 

the change in particle concentration; 

4. To investigate the particle-eddy interactions by selecting eddies of typical 

size, intensity and structure and tracking them in the flow field; 

5. To explore possible improved/new models used in unresolved-eddy 

simulations to describe particle-eddy interactions. 

Flow in many engineering devices often includes flow separation and flow 
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reattachment. Momentum exchange in the regions of flow separation and 

reattachment varies greatly. It has significant effect on the performance and 

efficiency of engineering devices including heat exchangers and combustion 

units. Backward-facing step provides flow structures of the shear layer 

emanating from step edge, flow separation at channel expansion, recirculation 

zone and flow reattachment. Therefore, particulate turbulent flow over a 

backward-facing step is a widely used benchmark problem [17] [18] to evaluate 

the performance of numerical schemes and turbulence two phase models. So a 

backward-facing step flow is used as a test configuration for simulation of 

two-phase flow in the present study. The assumption of incompressibility of gas 

flow is used due to low Mach number of the flow. 
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1.2. Literature review 

There is a huge number of investigations on two-phase flows with different 

complexity of flow geometry. Both experimental work and numerical simulation 

of two-phase flows began with simple systems. An isotropic homogeneous 

turbulent flow involving particles can be treated as the simplest particulate 

turbulent flow. Shih and Lumley [19] calculated a particle mixing layer in a 

decaying homogeneous turbulence with a second-order closure modeling. They 

found that the influence of the crossing-trajectories effect is to decrease the 

particle dispersion. The numerical simulation results were in good agreement 

with Well and Stock’s [20] experimental data. 

More complex flows than isotropic homogeneous particle-laden turbulent 

flow are shear flows and jet flows. However, these flows are still quite simple 

because solid boundaries are not taken into account. Crowe et al. [7] first 

reviewed mixing mechanisms and models for particle dispersion in homogenous 

isotropic turbulence, and they then compared the difference between such flow 

and mixing layers, jets and wakes. They also developed numerical models for 

particle dispersion in free shear layers. Both experimental and numerical results 

show that particle dispersion is controlled by the large vortex structures in free 

shear flow. 

Simonin et al. [21] developed a second-moment model of two-phase flow 

with two-fluid approach. The model is suitable for predicting axial-symmetric 

dilute particle-laden jets and confined swirling particle-laden flow. The 

simulation results agree favourably to experimental results by Modarress et al. 
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[22] 

For a real engineering system, the motion of two-phase flow in a chamber is 

always bounded by solid walls, thus it is important to understand such 

wall-bounded particle-laden flows. The simplest flow with wall is channel flow. 

Numerical simulation on two phase turbulent flows such as channel flow has 

been studied by many researchers. The deposition of particles in a 

fully-developed turbulent channel flow has been calculated using large eddy 

simulation by Wang and Squirers [23]. Statistical properties of the particle phase 

are in good agreement with the direct numerical simulation results by Rouson 

and Eaton [24], and reasonable agreement has been obtained with the 

experimental measurements by Kulick et al. [25]. The phenomena of particle 

preferential concentration are also in good agreement with Fessler et al. [26]. 

Lun and Liu [27] studied numerically dilute turbulent gas-solid flows in 

horizontal channels. They used turbulent transport equations and k-εclosure 

model to calculate the fluid and applied a Lagrangian tracking model for the 

particle phase. Particle-particle collision was considered with sticking-sliding 

collision model by Lun and Bent [28]. A two-way coupling scheme was used to 

calculate the effects of particles on the fluid phase. The simulation results are in 

favorable agreement with the experimental results. They claimed that 

inter-particle collision could play an important role even in dilute flow. 

Portela and Oliemans [29] studied numerically two-phase flow in a 

wall-bounded channel by using direct numerical simulation for fluid phase and 

Lagrangian tracking model for particle phase. They performed one-way coupling 

simulation for pipe flow, and then compared one-way and two-way coupling 
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simulations for channel flow. They found that the particles produced large 

damping to the intensity of the streamwise vortices of fluid for two-way coupling 

and resulted in the weakening of the streaky pattern.   

Apart from the simple wall-bounded flow, flow separation and reattachment 

are important phenomena in many natural flows and practical engineering 

applications. In order to advance our understanding on such flows, turbulent flow 

over a backward-facing step can serve as a prototype. The flow consists of 

several main components: the shear layer emanating from the step edge, the 

separation zone at the channel expansion, flow reattachment and the fully 

developed channel flow further downstream. Turbulent flow over a backward 

facing step is a widely used benchmark problem to evaluate the performance of 

numerical schemes and turbulence two phase models. During the past few 

decades, fluid flow over a backward facing step has been an attractive research 

area. A lot of experimental and numerical work has been carried out on the 

backward-facing step flow. 

Bradshaw & Wong [30] studied experimentally a thin laminar boundary 

layer over a backward-facing step. They concluded that the conventional law of 

the wall and law of the wake were inapplicable for flow after the reattachment, 

due to the effect of the perturbation caused by adverse pressure gradient with 

channel expansion on the turbulence structure.  

Kim et al. [31] investigated experimentally the flow characteristics in the 

separated shear-layer, the reattachment zone, and the redeveloping boundary 

layer after reattachment of an incompressible flow over a backward-facing step. 

They pointed out a consistent trend for the values of turbulence intensities and 
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shear stress. A peak value was found at a position very close to the reattachment, 

which decayed quickly downstream of the reattachment. 

Kuehn [32] studied experimentally the effect of the ratio of the channel 

height downstream of the step to that upstream of the step on the reattachment 

length of the backward-facing step flow. He claimed that larger step expansion 

ratio would lead to a larger adverse pressure gradient and cause longer 

reattachment length. 

Eaton and Johnston [33] gave a review on subsonic turbulent flow over a 

backward-facing step. They gave a summary of experiments on reattachment 

flow carried out between 1965 and 1980. They also reported some new data and 

proposed several physical mechanisms to explain some phenomena observed in 

reattachment flow, including the effect of free stream turbulence on the 

reattachment length, the effect of the aspect ratio of the flow apparatus, 

turbulence intensity, large-eddy structure in the reattaching shear layer, etc. 

Armaly et al. [34] studied experimentally and numerically a flow over a 

single backward-facing step. Experimental investigations covered laminar 

transitional and turbulent regimes of the flow with Reynolds number ranging 

between 70 and 8000. They found that the reattachment length increased with 

Reynolds number in the laminar regime for Reynolds number less than 1200, 

then decreased in the transition regime for Reynolds number between 1200 and 

6600, and remained constant in the turbulent regime for Reynolds number larger 

than 6600. They also reported an additional recirculation zone at the upper wall 

downstream of the expansion. Two-dimensional numerical simulation with 

Reynolds number up to 800 was also carried out by Armaly et al. The predicted 
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reattachment length was in good agreement with the experimental results of 

lower Reynolds number. However, the predicted reattachment length was much 

less than experimental results for Reynolds number larger than 400. 

Driver and Seegmiller [35] studied experimentally and numerically an 

incompressible turbulent flow over a backward-facing step in a diverging 

channel flow. The parallel top wall case and deflected top wall case were studied 

in the paper. They measured the mean velocities, Reynolds stresses and triple 

products for the two cases. They compared their experimental results with 

various eddy viscosity turbulence models. The modified algebraic stress model 

(ASM) had a significant improvement over the standard ASM and k-ε model for 

prediction of reattachment length, wall static pressure, wall skin friction and 

mean velocity data etc. 

Adams and Johnston [36] studied experimentally the effect of the initial 

boundary layer state (laminar or turbulent) and its thickness on the reattachment 

length of a separated flow over a backward-facing step with Reynolds number 

from 800 to 40000. Measured reattachment lengths for the case with an upstream 

laminar boundary layer was 30% smaller than those with an upstream turbulent 

boundary layers. The wall skin friction and the fluctuating skin friction were 

more sensitive to upstream boundary layer thickness than upstream boundary 

layer state such as turbulent, laminar, etc. 

Otugen [37] studied experimentally the effects of expansion ratio of 

backward-facing step on mean velocity, turbulence intensity and reattachment 

length. He found that an increase in expansion ratio would lead to an increase in 

turbulence intensities and hence lead to a decrease in mean reattachment length. 
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The mean reattachment in the middle section of the step was found to be similar. 

But, a decrease in reattachment length was found near the side walls where 

stronger shear layer turbulence was found. 

Kaiktsis et al. [38] performed two-dimensional and three-dimensional 

numerical investigations for a turbulence flow over a backward-facing step by 

using direct numerical simulation. Both 2D and 3D simulations showed that 

transition to turbulence in the flow started at a Reynolds number of 

approximately 700. This Reynolds number was smaller than the experimental 

work 1,290 done by Armaly et al. [34].  

Neto et al. [39] performed two and three dimensional numerical 

investigation for a low-step and high-step flow without an upper wall at 

Reynolds number of 38,400 by using large eddy simulation and Euler 

computation. They found that the flows were similar to a mixing layer in the 

high-step case, and the separation of the a boundary layer in low-step case. 

Le et al. [40] studied numerically a turbulent flow over a backward-facing 

step by 3D direct numerical simulation at Reynolds number of 5100. 

Reattachment length, coefficient of friction, pressure distribution, velocity 

profiles, turbulence intensities, Reynolds shear stresses and turbulent kinetic 

energy budget were investigated and compared in the paper. They also pointed 

out a large negative skin friction in the recirculation region and the velocity 

profiles did not follow the log-law of wall in the recovery region. 

Yoshioka et al. [41] studied experimentally the effect of periodic 

perturbation on a flow over a backward-facing step at Reynolds number of 3700. 
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They found that additional periodic perturbation would reduce the reattachment 

length as well as increasing the Reynolds stress near the reattachment zone.  

Avancha and Pletcher [42] performed large eddy simulation to investigate 

numerically heat transfer and fluid mechanics of a turbulent flow over a 

backward-facing step at Reynolds number of 5540. They found the maximum 

heat transfer rate occurred near upstream of the reattachment point. The viscous 

sub-layer has an important effect controlling the rate of heat transfer. 

Nie and Armaly [43] presented a three-dimensional simulation with 

SIMPLE algorithm [44] for incompressible laminar flow over a backward-facing 

step with Reynolds number 343. They investigated the effect of different 

expansion ratios of 1.67, 2.00 and 2.50 on the heat transfer and flow 

characteristics. The Nusselt number, the reattachment length and the size of the 

side wall reverse flow region increase with increasing expansion ratios. 

Nie and Armaly [45] investigated experimentally the reverse flow regions in 

the backward-facing step with different Reynolds numbers. In comparison with 

their previous study by Armaly et al. [34], the variation of the reattachment 

length has similar trends as the Reynolds number increases, but the reattachment 

length is slightly higher for Reynolds numbers less than 400 (laminar regime), 

significantly lower for Reynolds numbers ranging between 400 and 3400 

(transition regime), and slightly lower for Reynolds numbers larger than 3400 

(turbulent regime). 

Dejoan and Leschziner [46] investigated numerically the effect of a periodic 

perturbation by a jet injection at the step 45o into the flow over a 
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backward-facing step with Reynolds number 3700. They found that the 

perturbation reduces the reattachment length by 26% and increases the Reynolds 

stresses. The perturbation provides higher momentum transportation, hence it 

enhances flow recovery. 

Biswas et al. [47] investigated numerically the effect of different expansion 

ratios of 1.94, 2.5 and 3.0 on the behavior of flows over a backward-facing step  

with SIMPLE algorithm [44]. A constant size corner vortex was found behind the 

step for Reynolds number between 10-4 and 1. The corner vortex grew up to 

reach the step height at Reynolds number of 10. They also found that pressure 

loss decreases with increasing Reynolds number and increases with increasing 

step height for Reynolds number larger than 200. 

Apart from the above single phase research work on a backward facing step, 

there was also a lot of experimental and numerical work on particle-laden flow 

over a backward-facing step. Particle-laden flows occur frequently in many 

engineering and natural processes, such as pulverized-coal combustion and spray 

combustion in engineering systems and pollutant dispersion in the natural 

environment. 

Ruck and Makiola [48] studied experimentally the particle dispersion in a 

backward-facing step with particles of diameters 1µm, 15µm, 30µm and 70µm. 

Mean velocity profile of larger particles differed greatly from that of the gas 

phase. The fluctuating velocity of particles and dimension of the recirculation 

zone decreased with increasing particle size.  

Fessler and Eaton [49] studied experimentally particle response in a 
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backward-facing step. They measured particle velocity and concentration 

statistics in the step for particles with Stokes numbers between 0.5 and 7.4. They 

found that mean particle and fluctuating particle streamwise velocities were 

generally higher than those of the fluid. Particles with Stokes number greater 

than 3 were not able to entrain into the recirculation zone. 

The latest significant and comprehensive experimental work on particulate 

turbulent flow in such a step was carried out by Fessler and Eaton [50]. They 

investigated turbulence modification by particles in a backward facing step flow 

and revealed the level of attenuation decreased with decreasing particle Stokes 

number, particle Reynolds number and mass loading. The effect of particles on 

turbulence modification was also different for different flow regimes. Their 

results were employed by Zhang et al. [51] as a validation for numerical 

simulation. 

Chan et al. [17] studied numerically a gas-particle flow behind a 

backward-facing step with the k-ε model for the gas phase and an improved 

stochastic separated flow model for the particle phase. They concluded that the 

improved stochastic separated flow model has the advantage of requiring less 

particles than normal stochastic separated flow model in obtaining reasonable 

statistical results. The predicted mean and fluctuating velocity of both phases 

were in good agreement with the experiment carried out by Fessler and Eaton 

[50]. 

Chen et al. [18] performed a numerical simulation of two-phase flow over a 

backward-facing step with an Eulerian-Lagrangian scheme. The particle phase 

was calculated by an exponential Lagrangian scheme and the fluid phase was 
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calculated by Lattice Boltzmann Method proposed by Chen and Doolen [52]. 

They employed a two-way coupling mechanism to deal with the interaction 

between the fluid and particle phases. Their simulation recaptured behaviors such 

as reattachment length and particle dispersion of two-phase flow over a 

backward-facing step. 

Tian et al. [53] studied numerically the behavior of a dilute gas-particle flow 

over a backward-facing step by a Lagrangian particle tracking model and an 

Eulerian two-fluid model. They found that the RNG k-ε model and realizable k-ε 

model proposed by Shih et al. [54] gave better results than those of the standard 

k-ε model. The Eulerian model gave marginally better results than those of 

Lagrangian model when comparing with experimental results. 

2D numerical simulation of two-phase turbulent flow over a backward 

facing step has been carried out in Yu’s previous studies [55]. The first order 

statistical mean such as reattachment length and mean velocity profiles were in 

good agreement with experimental results. However, the second order statistical 

mean such as fluctuating velocity profiles was not studied. Some results and 

comparisons can be found in Yu’s publications [56] [57] [58] [59]. 

Shang [60] proposed a pSk −− ε model to predict the two-phase flow 

problem. In the model, he treated the gas phase and particle phase as a mixture, 

the difference between the two phases is represented by the diffusion of particles 

calculated from the slip velocities of particles relative to the gas phase. The 

proposed model has an advantage over two-fluid models because it is much 

simpler. He performed a 2D numerical simulation with the configuration from 
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Fessler and Eaton [50]. The results calculated by the pSk −− ε model can match 

up to two-fluid models. 

In dealing with the above two-phase flow simulations, there are two 

common approaches including the Lagrangian model[6] and Eulerian two-fluid 

model developed by Harlow and Amsden [61] [5]. In the Lagrangian model, the 

particle trajectories are obtained by integrating the particle motion equation. In 

Eulerian two-fluid model, the fluid phase and particulate phase are regarded as 

two separate continuous flows, which are governed by separate transport 

equations. The approach will lead to closure problems due to fluid-particle 

correlations and fluid-particle interaction. 

Pourahmadi and Humphrey [62] proposed a second-order closure for 

gas-particle covariance terms based on the equation of motion for a single 

particle with the drag force as the only force. The gas-particle covariance was 

modeled as a function of fluid turbulent kinetic energy, particle response time 

and fluid integral time scale. Another gas-particle covariance model similar to 

Pourahmadi’s model was proposed by Chen and Wood [63]. The gas-particle 

covariance decays exponentially with the ratio of particle response time and fluid 

integral time scale. Both Pourahmadi’s and Chen’s models considered the fluid 

turbulent kinetic energy as a main variable to model gas-particle covariance. 

Chang and Wu [64] first claimed that the two phase correlation should be related 

not only to the fluid kinetic energy, but also the particle kinetic energy. 

Crowe [4] reviewed the numerical model for two-phase turbulent flows. The 

review focused on the turbulence models used for the continuous phase including 

turbulence energy-dissipation models, large eddy simulation, direct numerical 
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simulations and discrete vortex models. 

Wang et al. [65] evaluated second-moment closure approximation in the 

two-fluid model of Simonin [21] by using large eddy simulation of the simplest 

non-homogeneous particle-laden turbulent shear flow. In general, the model by 

Simonin [21]  gave good agreement with LES results for the particle kinetic 

stress and fluid particle covariance term. 

Recently, Zhou et al. [66] use an improved second-order moment two-phase 

turbulence model to simulate a swirling gas-particle flow. The improved model is 

based on the algebraic closure expression by Derevich and Zaichik [67] but 

modified by using Lagrangian analysis given by Wang and Stock [68] and Huang 

and Stock [69]. The modified model gives a good agreement for two-phase mean 

velocities of swirling flow, but still under-estimates the fluctuation velocities. 

In spite of the large amount of numerical work on the backward-facing step 

flow, there is still lack of numerical simulation of the backward-facing step with 

high Reynolds number by large eddy simulation technique. A numerical 

simulation over a backward-facing step with high Reynolds number of 38,400 by 

large eddy simulation has been done by Neto et al. [39]. However, the flow 

configuration used in the simulation was an open channel with a step but no top 

wall. Therefore, no upper wall effect has been considered. Many engineering 

devices such as engine chamber, combustion chamber and heat exchange 

chamber are always bounded by solid walls, so the numerical simulation done by 

Neto et al. [39] is not sufficient for real engineering devices. The present study 

attempts to perform the necessary numerical simulation of a high Reynolds 

number flow over a backward-facing step with due consideration of the upper 
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wall effect. In dealing with such a problem, direct numerical simulation provide 

the most accurate and powerful way by computing all turbulence scales directly, 

but it is too costly for solving the flow with high Reynolds number. Large eddy 

simulation is the preferred method for solving high Reynolds number flow by 

calculating the low frequency turbulence scales directly and modeling the effect 

of high frequency turbulence scales. 

Apart from the lack of numerical simulation on single-phase flow over the 

backward-facing step with high Reynolds numbers, there is no quantitative and 

qualitative numerical simulation of two-phase flow over a backward-facing step 

with high Reynolds number by large eddy simulation for gas phase and 

Lagrangian tracking method for particle phase. Therefore, a numerical simulation 

has been carried out in the present study to investigate quantitatively and 

qualitatively a two-phase turbulent flow over a backward-facing step with high 

Reynolds number. In dealing with the presence of a particle phase, the widely 

used numerical method is Eulerian two-fluid model. However, the method is less 

convincing than the more physical approach of the Lagrangian tracking method 

which can provide a complete motion history of each particle and is capable of 

taking into account directly different forces such as drag force and gravity force 

acting on the particles. The simulation is validated by comparing the first and 

second order statistical averages with experimental data of Fessler and Eaton 

[50]. In order to show the reliability of the simulation, a low Reynolds number 

two-phase flow over a backward-facing step is also studied. 

Based on the quantitative and qualitative studies on the high and low 

Reynolds number two-phase flows over a backward-facing step, several 
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gas-particle covariance models used in two-phase flow simulation based on 

two-fluid assumption are evaluated in the present study. Gas-particle covariance 

represents the correlation between the particle velocity fluctuation and gas 

velocity fluctuation measured at the particle location. The prediction of 

gas-particle covariance is very important [70] for the closure of two-phase flow 

model based on two-fluid assumption. Although some gas-particle covariance 

models are in good agreement with the LES results, a proper empirical constant 

is needed for an individual flow configuration and particle diameters, but there is 

no formula to determine the constant. A modified model that gives more 

emphasis on the effect of particle kinetic energy has been proposed in the present 

study. The predicted results by the modified model without empirical constant 

give good agreement with LES result. 
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Chapter 2. Large Eddy Simulation 

Turbulent two-phase flow, consisting of gas and particle, gas and liquid or 

particle and liquid, can be found almost everywhere in nature and in applications. 

As discussed by Crowe et al. [7], there are two commonly used approaches to 

describe the properties of a two-phase flow. They are the two-fluid model based 

on the Eulerian-Eulerian (E-E) approach and the Lagrangian particle tracking 

(LPT) model based on the Eulerian-Lagrangian (E-L) approach.  Particles are 

treated in an E-E approach as a continuum phase intermixed with the fluid phase 

and described by a set of continuum conservation equations.  In the E-L 

approach, which is used in the present study, particles are treated as discrete 

objects in the Lagrangian reference frame and the motion of an individual 

particle is computed according to the particle equations of motion. In the present 

study, the gas-phase is first determined by large eddy simulation and based on the 

flow field of the continuous phase, the motion of each particle is then traced 

using the E-L approach. This Chapter outlines some background of the 

simulation work on gas flows. 

In numerical simulation of fluid flow, the basic idea is to use appropriate 

algorithms to find solutions to the equations describing the fluid motion, for 

example, Navier-Stokes equations. Solving the Navier-Stokes equations implies 

that all the space-time scales of the flow must be taken into account. The 

discretization has to be fine enough to represent all these scales numerically. The 

simulation is discretized in ∆x (in space) and ∆t (in time) that must be smaller 

than the smallest characteristic length and characteristic time. According to 

Kolmogorov’s theory [71] [72], the smallest length scale is the Kolmogorov 
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dissipation scale, which can be represented by 
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In the above representation, ν is the kinematic viscosity, U0 is the 

characteristic velocity of the largest velocity scale, and H0 is the characteristic 

largest length scale. 

The largest time scale can be represented by 
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The Reynolds number of a flow gives a measure of the relative importance 

of inertial forces and viscous forces. The number can be represented by 
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The ratio of the largest time scale to the smallest time scale is 
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In order to resolve all scales of motion, the number of grid points required 

for one-dimensional domain should at least be the nearest whole number given 

by equation ( 2-6 ). For a three-dimensional domain, the number of grid points 

needed is therefore 

4/9000 Re
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ηηη

 ( 2-8 )

Similarly, the number of time steps required to advance the computation for 

a given period scale is determined by equation ( 2-7 ). Therefore, in order to 

calculate the evolution precisely, the number of evaluations should be at least 

34/92/1 ReReRe ≈×  
( 2-9 )

Hence, to solve directly the Navier-Stokes equations, for example by Direct 

Numerical Simulation (DNS), nearly  calculations are required. 3Re

2.1. Direct numerical simulation (DNS) 

The most accurate and powerful way to calculate a turbulent scale is to take 

the size of the computational grid smaller than the Kolmogorov scale and 

integrate the Navier-Stokes equations directly. This approach can be done by 

DNS [16]. Fig. 2-2 shows the decomposition of spectrum of the solution 

associated with DNS. Reviews of works related to DNS can be found in the 

articles of Rogallo and Moin [73]. DNS is a very useful tool for the study of 

transitional and turbulent flows, but it has some serious limitations. One of the 
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limitations is that the computation cost is proportional to . In many 

engineering systems, Reynolds number is normally in the order of 10

3Re

6. The 

demand for computer resources is therefore very much greater than the currently 

available supercomputer capacities, and is hence not practicable for real 

engineering systems. So DNS has largely been limited to simple geometries at 

low Reynolds numbers.  

Before more powerful computers are readily available, the number of 

operations is needed to be reduced by confining the scales of a flow field in order 

to solve a practical system, which is usually not necessary to obtain details down 

to the very small Kolmogorov scales. 

2.2. Reynolds averaged Navier-Stokes (RANS) 

Reynolds averaged Navier-Stokes (RANS) [8] is a method used mostly for 

engineering calculations to compute the statistical average of the variables in a 

flow field. Reynolds averaging is applied to the equations of motion to obtain the 

mean quantities from the time-averaged Navier-Stokes equations. 

A time dependent flow property  can be thought of as the sum of a 

steady mean component 

iu

iu  and a time-varying fluctuating component   

with zero mean value, hence 

'
iu

'
iii uuu += . To investigate the effects of 

fluctuations, the flow property in Navier-Stokes equations is replaced by the sum 

of a mean and fluctuating component. Then the time average is taken on the 

Navier-Stokes equations. 
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The process of time averaging has introduced new terms  in the 

resulting time-averaged Navier-Stokes equations. These extra turbulent stresses 

are termed as the Reynolds stresses, which must be modeled to close the system. 

One of the oldest and most common approaches for obtaining closure equations 

is the mixing length model (zero equation model) as first introduced by Prandtl 

[74]. The k-ε model (two-equation model) [8] is another widely used and 

validated turbulence model.  

''
jiuu

2.3. Large eddy simulation (LES) 

Large Eddy Simulation [75] is a technique intermediate between the Direct 

Numerical Simulation of turbulent flows and the solution of the 

Reynolds-averaged equations. In LES the contribution of the large, 

energy-carrying structures (low frequency mode) is computed exactly, and only 

the effect of the small scales of turbulence is modeled. The small scale structures 

(high frequency mode) tend to be more homogeneous, universal, and less 

affected by the boundary conditions than the large ones. In order to define large 

and small scales, a reference or cutoff length has to be determined. Scales having 

a characteristic size greater than the cutoff length are called large or resolved 

scales, and those remaining are called small or subgrid scales. This 

decomposition is illustrated in Fig. 2-1, where is the spectrum as a function 

of the wave number k. As a comparison, the corresponding decompositions 

associated with DNS and RANS are shown respectively in Fig. 2-2 and Fig. 2-3. 

)(kF
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Fig. 2-1 Decomposition of spectrum of the solution associated with LES.  

 
Fig. 2-2 Decomposition of spectrum of the solution associated with DNS. 

 

 
Fig. 2-3 Decomposition of spectrum of the solution associated with RANS. 
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In large eddy simulation, the energy carried by large scales is calculated 

uid flow. The effects of smaller and 

isotr

Application of the method of LES to turbulent flow consists of three 

oved by applying a filtering 

proc

motion of three-dimensional incompressible fluid include the continuity equation 

and t

Continuity Equation: 

directly by the governing equations of fl

opic scales are modeled by a subgrid scale (SGS) model. The first subgrid 

scale model was proposed by Smagorinsky [76] in his study on atmospheric 

turbulent flow. Since the first work done by Deardorff [77] who applied large 

eddy simulation to a channel flow, the method has become a very popular and 

essential tool to study turbulent flow, especially for higher Reynolds number 

turbulent flows which can not be handled by DNS. 

separate steps. First, the small spatial scales are rem

ess on the Navier-Stokes equations. The resulting equations describe the 

space-time evolution of the large eddies and contain the subgrid scale stress that 

represents the effect of the filtered small scales on the large scales. The second 

step is the replacement of the SGS stress (which is unknown, since it depends on 

the unresolved scales) by a model which can be expressed by the resolved scales. 

The final step is to solve the resulting “closed” equations for the large scale field. 

In the numerical simulation of turbulent flow, the governing equations for 

he Navier-Stokes equations expressed as 
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Momentum Equations: 
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where ρ, ν, p and ui are respectively the density, kinematic viscosity, pressure of 

fluid and the velocity field expressed with Cartesian coordinate system xi. The 

source terms Si are due to body forces, including gravity force. The Einstein 

summation convention is used in writing the equations. 

Defining the large scale field can be processed by the convolution of the 

original function with a space filtering function as shown by Leonard [78]. 

Leonard defined the large scale field in real space as: 

( ) ( ) ( ) ''')(*)( dxxfxxgxgxfxf −== ∫  ( 2-12 )

or in Fourier space as 

)()()( kFkGkF =  ( 2-13 )

where k is the wave number,  and  are the Fourier transforms of 

ely. 

The term  is a filter function with a characteristic length applied 

r, a box or top-hat filter, a sharp cutoff filter and 

so on. For example, consider a velocity component measured in a turbulent 

flow. This velocity signal contains both low frequency and high frequency 

fluct e high f

)(kG )(kF

)(xg and )(xf respectiv

)( 'xxg −

to LES. It can be a Gaussian filte

iu  

uations. Th requency signal will be eliminated from the original 

function iu  after applying a filtering process. The filtered function iu  is the 

space average of iu in the neighborhood of the location. Thus iu  is a smoothed 
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out version of iu as shown in Fig. 2-4. 

 
Fig. 2-4 The effect of filtering process 

The follow ng shows the most commonly used filter functions [15]. 
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π ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ ∆− 2k
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24
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)'(
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xxsin
xxg

−
∆

−
∆=−

π

π

 
⎪⎩

⎪
⎨
⎧

∆
≤

=
otherwise

kif
kG

0

1
)(

π

Table  2-1 The most commonly used filter functions in LES 
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When applying a filtering process to the governing equations for constant 

density (incompressible flow), the following set of equations can be obtained 

which represent the large energy-containing st ations, the 

overbar in

ructure. In these equ

dicates a spatially filtered variable. 

Continuity Equation: 

0=
∂
∂

i  

i

x
u

( 2-14 )

Momentum Equations: 
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∂
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( 2-15 )

 

2.4. Decomposition of the non-linear term 

The filtered momentum equations bring out the non-linear terms jiuu

to calculate these 

 in 

equation ( 2-15 ), which cannot be resolved directly. In order 

terms, the term jiuu  will be used instead of jiuu . The difference between the 

two is represented by jijiij uuuu −=τ , known as subgrid scale stress. The 

filtered momentum equation is then expressed as (neglecting the body force term 

for convenience):  

j

ijjijii

xx
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x
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uu
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 ( 2-16 )

The filtered momentum equation brings out a major difficulty of the 

non-linear term 

ijjij xx
p

⎥⎦

⎤

⎢
⎢
⎣

⎡

⎠⎝

⎛

∂
∂

+
∂
∂ ν

ρ
1

jiuu . In order to calculate the term, the approach suggested by 
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Leonard [79] is used as follows: 

'
iii uuu +≡  ( 2-17 )

iu  is the or l velocity field igina

iu  is the filtered, spatial averaged, large-scale velocity field 

is the subgrid-scale velocity field

Note that the subgrid-scale velocity field is different from Reynolds 

decomp -17 ) into the 

nonlinear term 

'
iu   

osition for time averaged velocity. Appling equation ( 2

jiuu , the following is obtained: 

  jijjiijijiij

  

uuuuuuuuuu −++=−= )')('(τ  

jijiijjiji uuuuuuuuuu −+++= ''''  

  jiijjijiji uuuuuuuuuu '')''()( +++−=  

  

( 2-18 )

The SGS stress term 

ijijij RCL ++=  

ijijijij RCL ++=τ contains the small-scale, 

able component , which must be monon-resolv deled. '
iu

1. jijiij uuuuL −= , called Leonard stress tensor, represents the 

rge scales.  interactions among the la

2. ijjiij uuuuC '' += , called cross stress tensor, represents the 
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interactions betwe

3. 

en large and small scales.  

jiij uuR ''= , called Reynolds subgrid stress tensor, represents the 

interactions betwe

. 

sent study

and are identically zero [81]. The subgrid-scale stress is then reduced to 

the tens

en subgrid scales. This has an effect on the 

large-scale eddy known as backscattering [80]

In the pre , the sharp cutoff filtering is used. Then the tensors 

ij

ijR , and can be represented as ijij R

ijL C  

or =τ . 

2.5. Subgrid-scale (SGS) viscosity 

The SGS stress ij  is expressed in termτ  of small-scale, non-resolvable 

components , which must be expressed as functions of large-scale, resolvable 

ls are based on the eddy-viscosity 

assumption (Boussinesq’s hypothesis). This hypothesis assumes that the behavior 

of the subgrid scales is analogous to th

'
iu

components ui. Most SGS stress mode

e behavior of large scales, with the 

kinematic viscosity replaced by a subgrid scale turbulent viscosity denoted νs: 

ijsjiij Suu ντ 2'' −==  ( 2-19 )

ijS is the rate of linear deformation of a fluid element expressed as follows: 
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S
2
1  ( 2-20 )

Applying SGS model to the momentum equations, the equations become 
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For most cases, the subgrid viscosity sν  is obtained algebraically in order 

to avoid solving additional equations that should increase the cost of an already 

expensive calculation. Moreover, since the subgrid scales are more homogeneous 

and isotropic than the lar

accurately. Also, the SGS stresses only account for a fraction of the total stress, 

modeling errors should not affect the overall accuracy of the results so much. 

ge ones, algebraic models can describe their physics 

There are several subgrid-scale viscosity models to calculate sν , including 

the Smagorinsky model [76], Structure function model [82] and Dynamic models 

[83]. The Smagorinsky model is used for the present simulation. The standard 

Sma

SGS kinetic energy of steady flow can by written as [84]: 

gorinsky model can be derived as follows. The transport equation for the 

sss
jj xx

+−
∂
∂

=
⎠
⎞

⎝
⎛

∂
∂ ε''

2
1  

The production term: 

kkj PTuuu ⎟⎜ ( 2-22 )

ijjis SuuP ''−=  ( 2-23 )

The transport term: 

'''''''

2
121

2
1

iijjijjs uuuusupT ⋅−+−= ν
ρ

 ( 2-24 )

The viscous dissipation term: 

''2 ijijs ssνε =  ( 2-25 )

Whenever in a steady-state flow, the local rate of production of turbulence 
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must be in equilibrium with the local dissipation rate of turbulence, and so the 

viscous dissipation term can be represented as follows: 

ssP ε=  ijjis Suu ''−=⇒ ε  ( 2-26 )

Using equation ( 2-19 ) and equation ( 2-26 ), one can obtain the following 

expression for the subgrid-scale viscosity as a function of the filtered 

deformation rate and the dissipation rate, 

 22
ijijij

s
SSS

ss εε
ijijij SSS 2=  ν == , where ( 2-27 )

According to Kolmogorov’s theory [71] [72], the viscous dissipation term εs 

can be calculated using ijS and the subgrid length scale of eddies  as follows: sl

 23

sijs lS≈ε  ( 2-28 )

Thus 

 ijss Sl 2≈ν  ( 2-29 )

In the original Smagorinsky model [76],  was expressed as . Cs is 

called the Smagorinsky Coefficient. In num rical simulations, Cs is usually taken 

in a 

is: 

sl ∆sC

e

certain range depending on the characteristics of the flow. Numerical values 

of 0.17 and 0.05 decided by several numerical tests are considered suitable for 

Reynolds number of 18,400 and 1,290 respectively for the present calculation. Cs 

may be a function of Reynolds number and other non-dimensional parameters 

and is different in different flows. ∆ is the characteristic cutoff length of the filter. 

For moderate resolution simulation, Deardorff’s [77] estimate of the length scale 
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So SGS stress can be modeled as: 

⎤

i
idx  ( 2-30 )

( ) ijss SC 2∆=ν
 ( 2-31 )

2.6.  governing equations 

All variables used in the simulation of backward-facing step turbulent flow 

are non-dimensionalized by the maximum inlet velocity  , step heigh , 

Non-dimensionalization of the

0U t 0H

density of fluid 0ρ  and kinematic viscosity of fluid 0ν . The variables in the 

Navier-Stokes equations are non-dimensionalized as follows using these 

parameters: 

0
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* ==
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 ( 2-32 )
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Using the non-dimensional variables defined above, the non-dimensional 

filtered Naiver-Stokes equations in the Cartesian coordinate system are expressed 

as: 

Continuity equation 

0*

*

=
∂

∂

j

j

x
u

 ( 2-33 )
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Momentum equations 
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where Re is the Reynolds number of the fluid expressed as  

0

00

ν
HU

Re =  ( 2-35 )

For convenience, superscript is omitted in the following discussion. 

 

*)(  
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Chapter 3. Numerical method for fluid phase 

This chapter describes the flow configuration and the computational 

procedures used to solve the governing equations for fluid flow described in the 

previous chapter. Due to the nonlinearity of the equations and complexity of the 

boundary conditions, analytical solutions cannot be obtained. Therefore, one has 

to resort to numerical procedures to solve the equations. A numerical scheme, in 

general, consists of grid generation, discretization and iteration etc. 

3.1. Flow Configuration 

 

Fig. 3-1 Schematic diagram of backward-facing step

A backward-facing step duct is used in the present study. Fi

schematic diagram of a 3D backward-facing domain. The comput

for 3D simulations consists of a streamwise length x, transvers

spanwise width z while the 2D domain consists of a streamwise

components only. Despite the simple geometry of the backward-f

flow behind a step is quite complex and contains many features 

interest. Fig. 3-2 the zones of the mean flow over a backward-fac

are 

y 
h

inlet 

H
x 
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A: Main flow 

B: Shear flow 

C: Recirculation zone 

D: Flow reattachment 

E: Flow recovery 

A 

B E 

C D
 

Fig. 3-2 Zonal description of the mean flow over a backward-facing step 

The present simulation of the gas phase is validated by comparison with the 

experimental results of Armaly et al. [34] and Fessler and Eaton [50] respectively 

for laminar and turbulent flows. Flow structure has significant effect on 

engineering devices. For example, turbulence will enhance heat transfer rate 

inside the heat exchanger, but laminar flow does not have such phenomena. It is 

necessary to modify the flow structure if the flow is laminar inside the heat 

exchanger. In the present study, the backward-facing step configuration based on 

Armaly et al. has an expansion ratio of 1.94:1 with step height of 0.049 m and 

channel length with 35 times of step height. The Reynolds number is 1,290 based 

on two-thirds of the maximum inlet velocity of 0.28 ms-1 and two times the inlet 

height of 0.052 m. Backward-facing step configuration based on Fessler and 

Eaton has an expansion ratio of 5:3 with step height of 0.04 m and channel length 

with 20 times the step height. The Reynolds number is 18,400 based on 

maximum inlet velocity of 10.5 ms-1 and step height of 0.04 m. 
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3.2. Staggered grid 

In the finite difference method, the computational domain is divided into a 

number of grid points. For a two-dimensional grid system, each grid point is 

surrounded by four grid points. The aim is to obtain the value of the dependent 

variables at every grid point in the computational domain. Fig. 3-3 shows the 

arrangement of a standard 3D grid system. 

 

Fig. 3-3 Schematic diagram of standard grid system 

In a non-staggered grid, all dependent variables are defined at the same grid 

points in the center of control volume. Solution of the incompressible 

Navier-Stokes equations on a non-staggered grid may give rise to pressure and 

velocity profiles with non-physical oscillations. These drawbacks of 

non-staggered grids are discussed in detail by Patankar [85]. 

To overcome the said problems, the staggered grid system suggested by 

Harlow and Welch [86] is commonly employed for computation of flows. Kim 

and Moin [87] successfully applied the staggered grid for a flow over a 
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backward-facing step based on a fractional-step method in conjunction with the 

approximate-factorization method [88]. Fig. 3-4 shows the schematic diagram of 

the three-dimensional staggered grid system. All scalar variables such as pressure, 

temperature and fluid properties such as density and viscosity are defined at the 

center of the control volume, and the velocity components are located at the 

centers of the cell faces. For three-dimensional problems, the staggered grid can 

be viewed as a composite of four grid systems, three for each velocity component 

at the center of cell face and one for the scalar variables at the center of the 

control volume. Grid number used in the present study is 256 in streamwise 

direction, 34 in transverse direction and 33 in spanwise direction for 3D 

simulation, and for 2D simulation, 256 in streamwise direction and 34 in 

transverse direction. The selection of grid number is based on comparing the 

simulation results and experimental results with several numerical simulation 

tests. The selection of time step conforms to the Courant, Friedrichs and Lewy 

stability condition. So the typical spatial size and time step are 0.078 and 0.005 

respectively. 

u velocity 
kjiw ,,

kjiv ,, v velocity 

kjiu ,,1−  kjiu ,,

kjip , w velocity ,

kjiv ,1, −  
pressure 

1,, −kjiw

 

Fig. 3-4 Schematic diagram of staggered grid system 
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3.3. Discretization for derivatives 

In the simulation, the finite difference approximations are used for the 

governing equations. A third-order finite difference scheme is accurate enough 

for time derivatives while a second order finite difference scheme is applied for 

spatial derivatives. Time derivative of the governing equations is carried out with 

a third-order Runge-Kutta method which is more computationally efficient than 

the fourth-order Runge-Kutta scheme as listed below: 
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 ( 3-1 )

where  is for old time step,  is for new time step n
iu 1+n

iu

A skew-symmetric form [89] of equation ( 3-2 ) is used for the convection 

terms in the governing momentum equation. The first part is discretized by a 

central difference method as equation ( 3-3 ) while the second part is discretized 

by an upwind difference method as equation ( 3-4 ). 
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A second order central difference method is applied for the diffusion term as 

the following: 
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3.4. Initial and boundary conditions 

There are four kinds of boundaries related to an enclosed channel flow, 

namely inflow, outflow, solid and periodic boundaries, each of which requires a 

different boundary condition. 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 [90]. The maximum amplitude of the fluctuation velocity 
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is limited to 10% of the inlet velocity. The derivative of pressure is set to zero at 

inlet boundary. 

At the outflow, the zero-gradient extrapolation boundary condition is most 

commonly used. However, Ku et al. [91] pointed out this kind of boundary 

condition depends too much on the development of upstream flow. Therefore 

another kind of outflow boundary condition called convective open boundary 

condition [92, 93] is used in the present study in order to prevent waves 

reflecting from the outlet. The boundary condition is based on the assumptions 

that there is no diffusion and pressure is zero at outflow region as follows: 

0=
∂
∂

+
∂
∂

x
u

U
t

u ii  ( 3-8 )

where U is the mean velocity over the outflow boundary.  

No slip boundary condition for velocity is applied at the top and bottom 

solid walls. The velocities and velocity gradients at no slip wall are zero so the 

pressure does not vary at the location perpendicular to the wall. Therefore the 

pressure gradient is also zero at wall. Periodicity boundary condition is assumed 

in the spanwise direction in the 3D simulation. Particular  

Initial velocity condition of the simulation is simply set as the mean inlet 

velocity profile. This initial condition will be ‘forgotten’ after a number of 

iterations as mentioned by other researchers [94]. The simulation results show 

that using these initial conditions does not affect the validity of our predictions. 

The initial and boundary conditions are tabulated as follows for easy reading. 
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Table 3-1 Initial conditions for gas phase 

 Inlet condition Downstream 

u Hyperbolic tangent velocity profile Average velocity of inlet 

v 0 0 

w 0 0 

 

Table 3-2 Boundary conditions for gas phase 

 inlet outlet top bottom side 

u Small fluctuation added 0=
∂
∂

+
∂
∂

x
uU

t
u  0 0 periodic

v 0 0=
∂
∂

+
∂
∂

x
vU

t
u  0 0 periodic

w 0 0=
∂
∂

+
∂
∂

x
wU

t
u  0 0 periodic

p 0=
∂
∂

x
p  p=0 0=

∂
∂

y
p 0=

∂
∂

y
p  0=

∂
∂

z
p

 

3.5. Fractional step projection method 

The fractional step projection method is the most frequently used for 

solving the incompressible Navier-Stokes equations. The method is firstly 

proposed by Chorin [95, 96]. The filtered Navier-Stokes equations ( 2-34 ) are 

first rewritten in the following form: 
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An intermediate velocity field not satisfying the continuity of fluid is solved 

as solution of the momentum equation without the pressure term. The equation 

( 3-9 ) can then be rewritten as follows: 
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Time integration, convection term and diffusion term in the governing 

equations ( 3-10 ) are discretized with a third-order Runge-Kutta method, 

skew-symmetric form and central difference respectively as equations 

( 3-1 )-( 3-7 ). 

The solved intermediate velocity field does not satisfy the continuity of the 

flow. A new equation must be formulated to update the intermediate velocity 

field. A possible way is to derive a Poisson equation for the pressure to update 

the velocity field. Using explicit difference scheme in time direction for 

equations ( 3-9 ) and ( 3-10 ), the equations become 
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From the difference of equations ( 3-11 ) and ( 3-12 ), the equations become 
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Taking partial derivatives of equation ( 3-13 ) respect to , the equations 

become 

ix
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From the sum of equations ( 3-14 ) to ( 3-16 ), the equations become 
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Appling the continuity equation as follows 
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We have 
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The pressure correction equation is a Poisson equation which is solved by 

applying fast Fourier transformation in the streamwise and spanwise directions, 

and the resulting tri-diagonal matrix is solved by TDMA method [97]. 

Then, updating the velocity field with equation ( 3-13 ) as follows: 
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Chapter 4. Particle phase equations 

4.1. Basic equations for particle phase 

The Lagrangian particle tracking is employed for the motion of each particle. 

The equation of motion for a particle, with a mass m, can be expressed as 

pi
pi u

dt
dx

=  ( 4-1 )

pi
pi f

dt
du

m =  ( 4-2 )

where  and  are respectively the location and the velocity of the  

particle, and  is the force acting on the particle. For general particle motion 

formulation, the equation of motion of a particle in an arbitrary flow can be 

expressed by 

pix piu
thk

pif

forcesotherf

ffffff
gravity

pi

lcollisiona
pi

Magnus
pi

Saffman
pi

Basset
pi

drag
pipi

++

++++=
 ( 4-3 )

drag
pif  is the drag force. In a particle-laden flow, the velocity slip of two 

phases leads to unbalanced pressure distribution and viscous stresses on the 

particle surface, resulting in the drag force. 

Basset
pif  is the Basset force. Once a particle is accelerating or decelerating 

in a fluid, a force is resulted known as the Basset force, discussed in detail by 

Odar and Hamilton [98]. The Basset force may be negligible when the fluid to 

particle density ratio is small and the fluid time scale is much longer than the 

particle relaxation time or the acceleration is low. 
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Saffman

pif  is the Saffman force. In a region where a velocity gradient exists, 

for instance, near a wall or in a high shear region, a particle moving in a flow is 

subjected to a lift force caused by the velocity gradient. This lift force is termed 

the Saffman force [99]. 

Magnus
pif  is the Magnus force. Particle rotation may result from collisions of 

the particle with a solid wall or other particles, or from a velocity gradient in a 

non-uniform flow region. Particle rotation results in an increase in the velocity 

on one side of the particle and a decrease in the velocity on the other side. Thus, 

a lift force is established which moves the particle toward the region of higher 

velocity. This phenomenon is known as the Magnus effect [100] and the lift force 

is called the Magnus force. 

lcollisiona
pif  is the collisional force. The effect of the collisional force due to 

the impact of particles should be included when accounting for the motion of a 

particle especially in a dense particle flow situation. 

gravity
pif  is the gravitational force. 

Other forces include the electrostatic force, the van der Waals force, the 

magnetic force etc. 

In order to simplify the numerical simulation of the motion of a particle, 

several basic assumptions for the particle motion are used in the present study: 

1. All particles are assumed as rigid spheres with same density and diameter. 

2. The particles’ density is assumed large compared with that of the fluid. 
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3. Particle-particle interactions are negligible. 

4. Dilute two-phase particle-laden flow is assumed and the effect of the 

particles on the fluid flow structures is neglected. 

5. Collisions with boundaries are assumed to be highly elastic. 

Based on the above assumptions, the equation of velocity  of the  

particle with drag and gravitational force can be expressed as 

piu thk

gravity
pi

drag
pi

pi ff
dt

du
m +=  ( 4-4 )

Gravitational force is only considered for the particles in sections 5.2, 5.6 

and 6.5.  

The drag force of a single particle in a uniform flow field can be generally 

expressed by [101] 

( )piipiipd
drag

pi uuuudCf −−=
24

1 2 ρπ  ( 4-5 )

where is the diameter of particle, pd ρ  is the density of fluid phase and 

pii uu −  is the velocity slip,  is the drag coefficient, which is a function of 

the particle Reynolds number, given by an empirical formula of Putnam [102]: 

dC

70044.0

700)15.01(24 687.0

>=

≤+=

pd

pp
p

d

ReforC

ReforRe
Re

C
 ( 4-6 )

where is Reynolds number of the particle defined by pRe
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µ

ρ ppii
p

duu
Re

−
=  ( 4-7 )

where µ  is the viscosity of fluid phase. 

After combining equation ( 4-4 ) and equation ( 4-5 ), the momentum of the 

particle can be expressed in terms of Stokes relaxation time, drag coefficient and 

particle Reynolds number by 

( ) ip
Stokesp

pii
ipii

pd

pd

pi g
uu

guu
C

ddt
du

++
−

=+−= )Re15.01(
24
Re18 687.0

,
2 τρ

µ  ( 4-8 )

The coefficient Stokesp,τ  is called Stokes relaxation time, expressed as 

µ
ρ

τ
18

2

,
pd

Stokesp

d
=  ( 4-9 )

where dρ  is the density of particle phase. 

The Stokes relaxation time is the time required for a particle introduced 

from zero velocity to achieve 63% of the fluid velocity given by solving the 

particle governing equation with integration time of Stokes relaxation time. A 

modified time constant according to Fessler and Eaton’s experiment [50] is used 

in the present study as follows: 

)Re15.01( 687.0
,

p

Stokesp
p

+
=

τ
τ  ( 4-10 )

Particle Stokes number, St defined as follows, is a very important parameter 

in fluid particle flow. 

Department of Applied Physics 65



      The Hong Kong Polytechnic University                                        Chapter 4 

 

f

pSt
τ
τ

=  ( 4-11 )

where fτ  is the characteristic fluid time scale. The characteristic time for a flow 

through a channel, for example, may be H/U where H is the channel width and U 

is the maximum inlet velocity. Because the present simulation is carried out with 

flow parameters and geometry of the test section the same as those of the 

experiment of Fessler and Eaton [50], the fluid characteristic time scale of 5H/U 

is chosen, based on an approximate large-eddy passing frequency in the 

experiment. 

If St <<1, the particle relaxation time is much less than the characteristic 

time associated with the flow field. So the particles have enough time to respond 

to the fluid velocity changes. Thus the particle and fluid velocities are nearly in 

velocity equilibrium. On the other hand, if St >>1, then the particles have 

essentially no time to respond to the fluid velocity changes and the particle 

velocity is essentially unaffected by the fluid phase. 

4.2. Non-dimensionalization of governing equations for particles 

All governing equations of particle phase are non-dimensionalized by the 

characteristic variables as follows: 
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 ( 4-12 )

After applying the above scaling to the governing equations of particles, the 
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non-dimensionalized equations can be represented as follows: 

Particle Reynolds number 

p
ppii

p Re
duu

Re =
−

= *

****
*

µ

ρ
 ( 4-13 )

Drag coefficient factor 
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( 4-14 )

 

Stokes relaxation time 
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Stokesp
pp

Stokesp τ
µ

ρ
τ ==  ( 4-15 )

Modified Stokes relaxation time 
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( 4-16 )

Equations for motion of particles 
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*
*

*

pi
pi u

dt
dx

=  ( 4-18 )

For convenience, the non-dimensionalized superscript  will be dropped. 

All variables used in the numerical simulation are in non-dimensionalized scales 

for sections to follow. 

*)(
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4.3. Numerical method for particle phase 

The initial condition of particles are varied for different simulation cases 

from dynamic equilibrium [103] with the gas phase to stationary when they are 

released at the inlet of the backward facing step channel. Elastic collision 

boundary condition is applied at wall for the particles. 

In the numerical simulation, particles are introduced into the flow at equal 

space in y-direction at the inlet of the backward facing step channel after the 

fluid phase has become steady. The velocity of each particle is calculated by 

equation ( 4-17 ) and its displacement is calculated by equation ( 4-18 ). 

Advancing by a certain number of time steps, another set of particles is 

introduced into the flow and the velocities and displacements are also calculated 

by the same equations. The action is repeated until the statistical mean of the 

particles becomes stable. As an example, 200 particles are introduced at the inlet 

at intervals of 10 time steps from time step 30,000 to 50,000 of the simulation. 

There are totally 400,000 particles introduced into the backward facing step 

channel at the end of the simulation.  
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Chapter 5. 2D and 3D results at high Reynolds 

number of 18,400 

5.1. Initial and boundary conditions for the simulations 

Refer to section 3.4 for all initial and boundary conditions for the gas phase. 

Elastic collision boundary condition is applied at wall for the particles. Initial 

conditions of the particles are listed in Table 5-1 

Table 5-1 Initial conditions of the particles 

Figure Initial condition of the particle phase 
Fig. 5-1 to Fig. 5-6 Not applicable 
Fig. 5-7 to Fig. 5-8 92% of the initial velocity of the gas phase 
Fig. 5-9 to Fig. 5-10 88% of the initial velocity of the gas phase 
Fig. 5-11to Fig. 5-16 Not applicable 
Fig. 5-17 to Fig. 5-20 Dynamic equilibrium with the gas phase 

Fig. 5-21 Not applicable 
Fig. 5-22 Dynamic equilibrium with the gas phase 

Fig. 5-23 to Fig. 5-27 Varied from stationary to dynamic equilibrium 
Fig. 5-29 to Fig. 5-35 Dynamic equilibrium with the gas phase 

 

5.2. Statistical velocity profiles for fluid phase 

In this section, computer simulation is carried out with the same flow 

parameters and geometry of the test section as those of the experiment carried 

out by Fessler and Eaton [50]. The test section has an expansion ratio of 5:3. The 

Reynolds number of the backward facing step, based on the centerline velocity of 

10.5 and step height of 26.7 mm is 18,400. The length of reattachment is 

the most important parameter for characterizing the backward-facing step flow. 

1−ms
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The reattachment length is used as a parameter to evaluate the validity of a 

simulation. 2D simulation result of the mean flow pattern from Yu’s previous 

study [55] and 3D mean flow patterns from the present study are shown in Fig. 

5-1 and Fig. 5-2 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. It is due to 

artificial velocity fluctuation at the inlet, because 3D simulation is more sensitive 

to inlet velocity fluctuation than 2D simulation. The simulation also predicts a 

small anti-clockwise circulation region near the corner between the step and the 

lower wall in both 2D and 3D simulations. This region has not been reported in 

the experimental work of Fessler and Eaton [50] nor predicted by simulation 

using Reynolds-averaged equations with the ε−k  model [17], but observed in 

another experimental work by Galperin and Orszag [104]. 

 
Fig. 5-1 Mean flow pattern by 2D simulation (gas) 
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Fig. 5-2 Mean flow pattern by 3D simulation for different x-y plan (gas) 

 

Fig. 5-3 Mean flow pattern by 3D simulation for different y-z plan (gas) 

 

Backward-facing step flow becomes fully developed after sufficient 

calculation steps of 20,000. Statistical means of the gas phase including mean 

velocity and fluctuating velocity are obtained by the following equations: 

 

Mean velocity: 
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where iu  is mean velocity, is instantaneous velocity, is fluctuating 

velocity and n is the total number of calculation steps. 

iu '
iu
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In order to evaluate the numerical simulation further, profiles of statistical 

quantities by 2D and 3D simulations at different positions are compared. Both 

2D and 3D predicted mean velocity profiles of the gas phase are in good 

agreement with experimental results of Fessler and Eaton [50] at different 

downstream positions of  = 2, 5, 7, 9 and 14 as shown in Fig. 5-4. Mean 

streamline for different 

Hx /

yx −  planes by 3D simulation are similar as shown in 

Fig. 5-2. The mean flow in the backward-facing step channel is therefore 

essentially two-dimensional. Fig. 5-3 shows the cross-sections of the mean flow 

at different positions, which reveal clearly the three-dimensional structure of 

mean flow by 3D simulation. That is why mean velocity profiles predicted by 2D 

simulation also have good agreement with results predicted by 3D simulation. 
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Fig. 5-4 Streamwise mean velocity (gas) 
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3D predicted fluctuating properties of streamwise and transverse fluctuating 

velocity profiles of the gas phase are also in good agreement with experimental 

results as shown in Fig. 5-5 and Fig. 5-6, but there is large discrepancy between 

2D predicted fluctuating properties from Yu’s previous study [55] and 

experimental results as shown in the same figures. The 2D predicted results are 

higher than the experimental results, especially near the top and bottom wall 

regions. The 2D computation has serious limitation in predicting fluctuation 

properties of turbulent flow because the instantaneous flow structure is 

essentially three-dimensional but the 2D assumption for turbulent flow has 

restricted any movement in the spanwise direction. In conclusion, 2D 

computation can only reveal the properties of mean flow, but not fluctuating 

properties due to turbulence in the gas phase.  
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Fig. 5-5 Streamwise fluctuating velocity (gas) 
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Fig. 5-6 Transverse fluctuating velocity (gas) 

There is still large discrepancy between 3D simulation results and 

experimental values for the section x/H = 2. 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 [90]. This fluctuation may not 

resemble the actual turbulence at the inlet and it may have no correlations in 

space and time. However, a fully developed turbulent flow can be self 

established as it goes down stream where the agreement with experimental 

results becomes better. 

5.3. Statistical velocity profiles for particle phase 

Statistical means of the particle phase including mean velocity and 

fluctuating velocity are obtained by the following equations: 
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Mean velocity: 
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Fluctuating velocity: 
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( 5-4 )

 

where piu  is particle mean velocity, is instantaneous velocity of the particle 

passing through the control volume, is fluctuating particle velocity, k is 

particle number and  represents the residence time of the 

computational particle in a control volume. 

piu

'
piu

inoutp ttt −=∆

In the numerical simulation, 150 µm glass particles and 70 µm copper 

particles with initial velocities of 92% and 88% respectively of the experimental 

values of the fluid phase [50] are introduced to the backward-facing step. The 

gravitational force in flow direction is also considered. The particles were chosen 

to have similar Stokes number but different particle diameters. The predicted 

results of the particle phase are similar to those of the gas phase. Both the 2D and 

3D predicted mean velocity profiles of particles are in good agreement with the 

experimental results of Fessler and Eaton [50] at different downstream positions 
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x/H = 2, 5, 7, 9 and 14 as shown in Fig. 5-7 and Fig. 5-9 for 150 µm glass and 70 

µm copper particles. According to the experiment, few particles can go into the 

recirculation region, and so no experimental data are available at the position 

near the wall at x/H=2, 5 and 7. Our simulation results also show no particles will 

go into the recirculation zone.  
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Fig. 5-7 Streamwise mean velocity (150 µm glass) 
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Fig. 5-8 Streamwise fluctuating velocity (150 µm glass) 

However, there is large discrepancy between 2D results and experimental 

results for the streamwise fluctuating velocity of 150 µm glass particles and 70 

µm copper particles, while 3D results are in good agreement as shown in Fig. 5-8 

and Fig. 5-10. Again, 2D computation can only reveal the properties of the mean 

flow, but not the fluctuating properties of turbulence of the particle phase. There 

is some discrepancy in 3D prediction just behind the step at the lower parts of 

sections x/H = 2 and 5 as shown in Fig. 5-8. According to the simulation result, 

few 150 µm glass particles with Stokes number of 7.3 are found in the 

recirculation zone. The phenomenon is consistent with the results of Hardalupas 

et al. [105], who found that no particles with Stokes number less than 1 can be 

dispersed into the recirculation zone. The insufficient number of particles will 

lead to huge statistical errors in the recirculation zone. 
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 Fig. 5-9 Streamwise mean velocity (70 µm copper) 

0.0 0.2 0.4
0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.2 0.4 0.0 0.2 0.4 0.0 0.2 0.4 0.0 0.2 0.4

y/
H

 

 

x/H=2

 

 

x/H=5

 

x/H=7

 

x/H=9

u'
p
 (m/s) measurement 3D prediction 2D prediction  

x/H=14  

Fig. 5-10 Streamwise fluctuating velocity (70 µm copper) 
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5.4. Instantaneous fluid structure and particle dispersion 

Temporal and spatial growths of the vortical structures in the flow have 

been successfully simulated using both 2D and 3D simulations. Both simulations 

show the vortex development in the backward facing step flow. Detailed vortical 

structures, including rolling up, growing, merging and breaking up of vortices are 

shown where the repeated growth and separation of vortices in the flow can be 

easily identified.  

 
(a) t=150 

 
(b) t=200 

 
(c) t=250 

Fig. 5-11 Instantaneous vorticity contour patterns of the gas phase (2D) 

In the previous 2D simulation by Yu [55], vortices shed behind the step. The 

shed vortices grow up and convect with the main flow in an orderly manner and 

move downstream of the backward-facing step as shown in Fig. 5-11. However, 

it is rare to see breaking up of vortices in 2D simulations. 
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(a) t=150 

 

(b) t=200 

 

(c) t=250 

Fig. 5-12 Instantaneous vorticity contour patterns of the gas phase (3D) 

The flow becomes more complex in 3D simulation as shown in Fig. 5-12. 

The shed vortices break up to smaller ones. Some small vortices deform by 

stretching and folding. Fig. 5-13 shows the perspective views of temporal vortex 

development of the gas phase in the backward-facing step at different time steps 

from 10 to 100. The flow structure is similar to the free mixing layer behind the 

backward-facing step. Fig. 5-13 (a) shows a quasi-two-dimensional vortex shed 

behind the step because of sudden expansion of the channel. The shed vortex will 

grow up and separate from the main flow and hit the lower boundary as shown in 

Fig. 5-13 (b). The backward-facing step shows a two-dimensional structure at 

initial flow development as shown in Fig. 5-13 (a) and Fig. 5-13 (b). The flow 

structure will lose its two-dimensional characteristics caused by flow stretching 
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and folding [106] as shown in Fig. 5-13 (c). At last, the flow structure becomes a 

fully three-dimensional structure as shown in Fig. 5-13 (d) and Fig. 5-13 (e). 

 

(a) t=10 

 

(b) t=30 

 

(c) t=50 

 

(d) t=70 

 

(e) t=100 

Fig. 5-13 Perspective views of vortex development of the gas phase (3D) 
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Fig. 5-14 shows the y-z-sectional views of instantaneous vorticity contours 

of the gas phase. Flow structure at the backward-facing inlet is essentially 

two-dimensional as shown in the y-z-section 1. The flow structure becomes 

three-dimensional in the lower recirculation zone while the main flow retains its 

two-dimensional structure as shown in the y-z-sections 2-4. Flow structure 

becomes fully three-dimensional downstream of the backward-facing step as 

shown in the y-z-sections 5-7. 

 
Fig. 5-14 y-z sectional view of vorticity contours of the gas phase (3D) 

Fig. 5-15 shows the different x-z sectional views of instantaneous vorticity 

contours of the gas phase. There is no vortex at the top x-z section for the region 

x/H<9. The flow becomes unstable and turbulent for x/H > 9 due to the effect of 

the top wall. The flow becomes more unstable for x/H > 3 due to shear layer 

effect at the inlet as shown in the central x-z section. Many vortices can be found 

in the recirculation zone at x/H <9 as shown in the bottom x-z section. The 

vorticity patterns of different x-y sections are remarkably different as shown in 

Fig. 5-16. 

 
Fig. 5-15 x-z sectional view of vorticity contours of the gas phase (3D) 
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(a) z=0 

 

(b) z=1.25 

 

(c) z=2.35 

Fig. 5-16 x-y sectional views of vorticity contours of the gas phase (3D) 

5.5. Effect of Stokes number on particle behavior 

The mixing mechanics of particles with fluid and diffusion of particles by 

the turbulence structure are topics of interests in many engineering applications. 

Understanding the interaction between particles and the turbulent fluid is 

important for improving the performance of engineering devices. It is now well 

known that turbulence is usually dominated by a lot of vortical structures from 

the Kolmogorov scale to characteristic length scale. Such structures would be 

expected to have strong effect to move particles in an organized manner. In this 

section, the effects of vortices on the particles with different Stokes numbers are 

compared. 
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The ratio of the particle dynamic relaxation time pτ  to the fluid time scale 

fτ  of the flow is defined as the particle Stokes number. The particle dynamic 

relaxation time is a measure of the responsiveness of a particle to the fluid flow 

field and the fluid time scale is a measure of the time available for eddy-particle 

interaction. The major role of the Stokes number in determining the effects of 

turbulence on a particle’s motion has been pointed out in the review of Crowe et 

al. [7]. It is frequently quite difficult to select an appropriate fluid time scale. 

According to the experiment of Fessler and Eaton [50], fluid time scale can be 

represented by 

0

05
U
H

f =τ  ( 5-5 )

It is based on an approximate large-eddy passing frequency in the separated shear 

layer. A modified particle dynamic relaxation time suggested by Fessler and 

Eaton [50] is as follows 

( )687.0

2

Re15.0118 p

pp
p

d
+

=
µ

ρ
τ  ( 5-6 )

where Rep is particle average Reynolds number calculated by an assumed 

average slip velocity of 1.2  according to the experimental finding by 

Fessler and Eaton [50]. 

1−ms

Glass spheres of diameters 1 µm, 20 µm, 50 µm, 100 µm and 200 µm 

respectively are chosen to simulate particles of different Stokes number as listed 

in Table 5-2. Each set of spheres of the same size is introduced into the flow 

when the simulation result of the gas phase becomes steady. Initial velocities of 

the particles are set to be equal to the local fluid velocities, ensuring that the 

particles are in dynamic equilibrium with the gas flow. 
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Table 5-2 Particle parameters 

Particle glass 

Density 

(kg m-3) 
2500 

Diameter 

(µm) 
1 20 50 100 200 

Stokes 

number 
0.0006 0.2 1.06 3.7 11.9 

 

Glass particles of the same size are introduced into the flow when the 

simulation results of the gas phase become fully developed. Fig. 5-16 and Fig. 

5-17 show 2D particle dispersion predicted by Yu’s previous study [55] and 3D 

particle dispersion with diameters of 1 µm, 20 µm, 50 µm, 100 µm and 200 µm. 

The corresponding Stokes numbers are 0.0006, 0.2, 1.06, 3.7 and 11.9. Fig. 5-18 

shows the particle dispersion in the central x-y section of the 3D grid points. 

 
(a) Vorticity contours of gas phase (2D) 

 
(b) 1 µm 

 
(c) 20 µm 
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(d) 50 µm 

 
(e) 100 µm 

 
(f) 200 µm 

Fig. 5-17 Particle 2D dispersion with different diameters 

 

 

(a) Vorticity contours of the gas phase (3D) 

 
(b) Particle 3D dispersion (1 µm) 

 
(c) Particle 3D dispersion (20 µm) 

 
(d) Particle 3D dispersion (50 µm) 
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(e) Particle 3D dispersion (100 µm) 

 
(f) Particle 3D dispersion (150 µm) 

Fig. 5-18 Particle 3D dispersion with different diameters 

Both 2D and 3D simulation results show similar behavior of particle 

dispersion in the backward-facing step. Fig. 5-17 (a) and Fig. 5-18 (a) show the 

instantaneous vorticity pattern of the gas phase from 2D simulation and 3D 

simulation respectively. Distributions of 1 µm particles as shown in Fig. 5-17 (b) 

and Fig. 5-18 (b) resemble those of the vorticity structures of the gas flow shown 

in Fig. 5-17 (a) and Fig. 5-18 (a) respectively. The relaxation time of these small 

particles of extremely low Stokes number of 0.0006 is much smaller than the gas 

time scale so that the particles have 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. As a result, many small particles manage 

to enter into the recirculation zones. However, particles in the recirculation zones 

predicted by 2D are much more abundant than those predicted by 3D. It may be 

due to the absence of spanwise movement in 2D simulation so that particles have 

more ways to go into the recirculation zones. 

As the size of the particles increases, the effect of vorticity on particles 

becomes less efficient. Fig. 5-17 (c) and Fig. 5-18 (c) show that the 20 µm 

particles have the characteristic of preferential concentration [107] along the 
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boundary of the vortex structure, caused by stretching and folding [106]. The 

phenomenon of preferential concentration can also be found in certain regions 

for 1 µm glass particles as shown in Fig. 5-18 (c). Particle time scale is similar to 

the fluid time scale in those regions. According to Eaton and Feller [108], 

preferential concentration is the instantaneous particle concentration in the 

turbulent flow. Regions of either high or low particle concentration are associated 

with specific turbulent structures. The decreasing influence of vortex structure on 

particles of larger Stokes numbers is shown in Figs. 5-17 (d)-(f) and Figs. 5-18 

(d)-(f). The Stokes numbers of all these particles are greater than unity and fewer 

particles are found in the recirculation zones for both 2D and 3D simulations. 

The phenomenon is consistent with the results of Hardalupas et al. [105], who 

found that only particles with Stokes number less than 1 can be dispersed into the 

recirculation zone. Most particles of the largest size in Fig. 5-17 (f) and Fig. 5-18 

(f) 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 will not stay in the recirculation zone for both 2D 

and 3D simulations. It is however noted that even the largest particles nearest to 

the backward-facing step are more likely driven into the recirculation zone 

because of the greatest velocity gradient of the gas phase there. 

In conclusion, particles with the smallest Stokes number (St << 1) are 

strongly controlled by the vortex structure of the gas phase and follow closely the 

gas vortices. Such particles cannot be preferentially concentrated. Particles with 

time scales of a similar order as the fluid time scale (St ~O(1)) will be 

centrifuged out by a vortex and will be preferentially concentrated along the 
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peripheral region of the vortex. Particles with large Stokes number (St >>1) are 

more persistent in maintaining their own movement. They cannot respond to the 

vortex motion within the fluid time scale available and will also not be 

preferentially concentrated.  

In order to have a better understanding of the dispersion effect of large scale 

vortex on particles of different Stokes numbers, spheres of different diameters are 

introduced with the same velocity as the fluid at a position upstream of the same 

vortex structure. The corresponding effects of particle dispersion for 2D 

simulation predicted by Yu’s previous study [55] are shown in Figs. 5-19 (a)-(f). 

The 3D simulation results of particle dispersion are shown in Figs. 5-20 (a)-(f). 

Fig. 5-21 is the 3D fluid vortex structure to which particles have been introduced. 

Fig. 5-19 (a) and Fig. 5-20 (a) show the dispersion of 1 µm particles. The 

particles follow closely the fluid flow and the particle distribution pattern is very 

similar to the pattern of the vortex elements in the flow field. For increased 

particle diameters of 5 µm, 10 µm, 20 µm and 50 µm in the 2D field as shown in 

Figs. 5-19 (b)-(d), the vortex cores of the fluid are essentially devoid of particles, 

i.e. particles are centrifuged out. The particles are preferentially concentrated 

[108] within the extremely thin regions, outlining the boundaries of the large 

scale vortex structures. Figs. 5-20 (b)-(d) show the corresponding results in 3D. 

Preferential concentration also occurs but not as conspicuous as their 2D 

counterparts.  For larger particles with diameters of 100 µm and 200 µm, 

mixing is even less obvious and the particles are simply convected downstream 

with only slight waviness detectable along their paths, as shown in Figs. 5-19 

(e)-(f) and Figs. 5-20 (e)-(f). 
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(a) 1 µm particles (b) 5 µm particles 

   

(c) 10 µm particles (d) 20 µm particles 

   

(e) 100 µm particles (f) 200 µm particles 
 

Fig. 5-19 The effect of large scale vortex on particle dispersion (2D) 
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(a) 1 µm particles (b) 5 µm particles 

     

(c) 10 µm particles (d) 20 µm particles 

     

(e) 100 µm particles (f) 200 µm particles 

 

Fig. 5-20 The effect of large scale vortex on particle dispersion (3D) 
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Fig. 5-21 Part of the fluid vortices (3D) 

To confirm the effect of the main recirculation zone on particles of different 

sizes, the motion trajectories of 20 glass particles of given diameter have been 

traced from inlet to outlet. The particles are initially set in dynamic equilibrium 

with the fluid when they are released into the fluid flow without gravitational 

force. Figs. 5-22 (a)-(e) show the motion trajectory of the glass particles over the 

backward-facing step. Small glass particles can penetrate easily into the 

recirculation zone, responding effectively to the velocity gradient of the gas 

phase as shown in Figs. 5-22 (a) and (b). These particles have larger transverse 

and spanwise dispersion as shown in Figs. 5-22 (a) and (b). Some particles 

remain in the recirculation zone as shown in Fig. 5-22 (a) and some particles are 

deflected outward by the recirculation zone as shown in Fig. 5-22 (b). Larger 

glass particles do not stay in the recirculation zone, and they penetrate right 

through the vortex structure with little transverse and spanwise dispersion as 

shown in Figs. 5-22 (c) and (e). However, large particles close to the step are 

changed in direction due to the larger velocity gradient of the gas phase as shown 

in Figs. 5-22 (d) and (e). 
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(a) 3D and top view for 1 µm glass particle 

 

 

 
(b) 3D view and top view for 20 µm glass particle 

 

 

 
(c) 3D and top view for 50 µm glass particle 
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(d) 3D and top view for 100 µm glass particle 

 

 
(e) 3D and top view for 200 µm glass particle 

Fig. 5-22 Trajectories of glass particle with different diameters 

5.6. Effect of initial velocity slip on particle dispersion 

Velocity slip is a measure of the velocity difference between the two phases. 

Depending on how particles are introduced into the channel, the initial velocity 

slip at the inlet always varies greatly in different real situations. For example, 

particles can be introduced into a device with zero velocity or at dynamic 

equilibrium with fluid. The different initial velocity will have sufficient effect on 

particles dispersion. It is therefore of interest to investigate the effect of initial 

velocity slip on particle dispersion through the vortex structures of the fluid. The 

inlet velocity slip is defined as  
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u
u p=α  ( 5-7 )

where  and u  are the initial velocities of the particle phase and gas phase 

respectively. When α = 0, the particles are stationary when released into the flow, 

whereas for α =1 the particles are in dynamic equilibrium with the fluid. Real 

velocity slip is between 0 and 1, the likely limits for larger particles and small 

particles respectively. However, it is very common that α =1 is adopted in 

two-phase flow simulation. 

pu

Flows with different initial velocity slips α = 1, 0.5 and 0 are simulated in 

the present study. Numerical results reveal that although trajectories of small 

particles are strongly affected by the vortex structure of the gas phase, their 

distributions are insensitive to the change of initial velocity slips. Distributions of 

particles of diameters 1 µm, 20 µm and 50 µm and with α = 0.5 and α = 0 are 

similar to those with α = 1 as shown in Fig. 5-23, Fig. 5-24 and Fig. 5-25.  

 
(a) Particle distribution with α = 1.0 

 
(b) Particle distribution with α = 0.5 

 
(c) Particle distribution with α = 0.0 

Fig. 5-23 Distribution of 1 µm particles with different initial velocity slips 
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(a) Particle distribution with α = 1.0 

 
(b) Particle distribution with α = 0.5 

 
(c) Particle distribution with α = 0.0 

Fig. 5-24 Distribution of 20 µm particles with different initial velocity slips 

 
(a) Particle distribution with α = 1.0 

 
(b) Particle distribution with α = 0.5 

 
(c) Particle distribution with α = 0.0 

Fig. 5-25 Distribution of 50 µm particles with different initial velocity slips 

Fig. 5-26 shows the dispersion of 100 µm particles with different initial inlet 

velocity slips. Although the effect of vortex structures on the dispersion of large 

particles is relatively small, moderation becomes progressively significant as the 

slip reduces from α = 1 to α = 0 as shown respectively in Fig. 5-26 (a) to Fig. 
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5-26 (c). The lower or even zero initial momentum of the particles favors the 

transverse dispersion of the particles in the flow and the low or zero initial 

particle velocities result in a much longer time for the particles to respond to the 

fluctuating turbulence structure.  

 
(a) Particle distribution with α = 1.0 

 
(b) Particle distribution with α = 0.5 

 
(c) Particle distribution with α = 0.0 

Fig. 5-26 Distribution of 100 µm particles with different initial velocity slips 

The dependence on initial velocity slip becomes more obvious for even 

larger particles of diameter 200 µm as shown in Fig. 5-27, because the effect of 

initial velocity of particles becomes sufficiently larger due to larger mass of the 

particles. Particles trajectories with α = 1.0 shown in Fig. 5-27 (a) essentially 

maintain their initial direction all the way, because drag force of the gas phase is 

not enough to change the direction of the particles with larger momentum. Apart 

from a few particles near the step that migrate into the recirculation area because 

of the great velocity gradient of the gas phase there. However, smaller velocity 

slips result in relatively greater transverse dispersion of particles as shown in Fig. 

5-27 (b) and Fig. 5-27 (c).  
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(a) Particle distribution with α = 1.0 

 
(b) Particle distribution with α = 0.5 

 
(c) Particle distribution with α = 0.0 

Fig. 5-27 Distribution of 200 µm particles with different initial velocity slips 

5.7. Effect of gravity on particle dispersion 

Gravitational force is introduced in the x-direction or the y-direction in 

order to compare the effect of gravity on particle dispersion. Gravitational force 

in the x-direction represents that the backward-facing step is installed vertically. 

Flow direction is from top to bottom and the force is parallel to the main flow. 

Gravitational force in the y-direction represents that the channel is installed 

horizontally. Flow direction is from left to right and the force is perpendicular to 

the main flow. Particles are initially set in dynamic equilibrium with the fluid 

when they are released into the fluid flow. Fig. 5-28 shows schematically the 

directions of gravitational force in the two separate simulations. 

x-direction
y-direction

 
Fig. 5-28 Schematic diagram of directions of gravity force 
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Rewrite the governing equations for particle motion as follows: 

2
0

0687.0

,

)Re15.01(
U
H

g
uu

dt
du

ip
Stokesp

piipi ++
−

=
τ

 ( 5-8 )

pi
pi u

dt
dx

=  ( 5-9 )

According to the simulation results, dispersions of all tested particles are 

insensitive to the gravity effect when its direction is along the x-axis. This is why 

the backward facing step channel is always set in a vertical direction in 

experiments in order to avoid the effect of gravity. Fig. 5-29 shows the dispersion 

of particles with different Stokes numbers. They show similar particle patterns as 

those without gravitational force shown in Fig. 5-18. 

 
(a) Particle 3D dispersion (1 µm) 

 
(b) Particle 3D dispersion (20 µm) 

 
(c) Particle 3D dispersion (50 µm) 

 
(d) Particle 3D dispersion (100 µm) 

 
(e) Particle 3D dispersion (200 µm) 

Fig. 5-29 Particle distribution with x-direction gravity (3D) 
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Figs. 5-30 (a), (b) and (c) illustrate that the dispersion process of particles 

for St << 1 and St ~O(1) is insensitive to the y-direction gravity effect. The 100 

µm particles exhibit small transverse displacement due to y-direction gravity as 

shown in Fig. 5-30 (d). A sharp contrast occurs for particles with St ~ 10 as 

shown in Fig. 5-30 (e). Progressive lateral sedimentation occurs in the lower 

section of the channel. 

 
(a) Particle 3D dispersion (1µm) 

 
(b) Particle 3D dispersion (20µm) 

 
(c) Particle 3D dispersion (50µm) 

 
(d) Particle 3D dispersion (100µm) 

 
(e) Particle 3D dispersion (200µm) 

Fig. 5-30 Particle distribution with y-direction gravity (3D) 
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5.8. Instantaneous velocity for two phases 

In order to investigate the fluctuating behavior of particles in turbulent flow, 

velocity temporal evolution of both phases in different flow regions is compared. 

Based on the typical structure of the flow in the backward-facing step channel, 

instantaneous velocities for the two phases are recorded at four different points 

located in different flow regions: shear flow region at x/H=2, y/H=1.06, z/H=1.25; 

main flow region at x/H=5, y/H=1.75, z/H=1.25; reattachment region at x/H=8, 

y/H=0.51, z/H=1.25 and recovery region at x/H=14, y/H=1, z/H=1.25, indicated 

by A, B, C and D respectively in Fig. 5-31. Particles with diameters of 1 µm, 20 

µm, 50 µm, 100 µm and 200 µm are tested. 

B
A 

D 
C

 

Fig. 5-31 Sample points for instantaneous velocity 

Flow structure includes most forms of flow fields such as rolling up, 

growing up and separation of the flow and large velocity gradient in the shear 

flow region. The flow is relatively steady and the variation of the flow is small in 

the main flow region. There is no reverse flow in the main flow region near the 

inlet and so the streamwise velocity is always positive. There are many vortex 

structures and reverse flow in the reattachment region due to strong adverse 

pressure gradient and bottom wall effect. Large vortices break up into smaller 

vortices in the recovery region, so the variation of the flow is also strong. Fig. 

5-32 to Fig. 5-35 show the instantaneous velocity fluctuation of the two phases in 
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the regions A, B, C and D. 

In the shear region, temporal fluctuation of the u component for different 

particles is stronger than that for the gas phase due to strong pressure gradient 

and strong velocity gradient occurring in the shear region as shown in Fig. 5-32, 

even for large particles of diameters of 100µm and 200µm. The standard 

deviations of the instantaneous velocity of particles with diameters of 1 µm, 20 

µm, 50 µm, 100 µm and 200 µm are 0.024 ms-1, 0.020 ms-1, 0.023 ms-1, 0.030 

ms-1 and 0.019 ms-1 respectively. The decreased fluctuation for 200 µm particles 

is due to the effect of vortex becomes less for sufficiently large particles. These 

values are larger than the gas phase value of 0.018 ms-1 as shown in Table 5-3. 

The results indicate that the fluctuating velocity of all particles is larger than that 

of the gas phase at corresponding locations. The phenomenon does not agree 

with classical particle dynamics theory, in which the fluctuating velocity of the 

particle phase is always weaker than that of the gas phase and larger particles 

lead to weaker fluctuating velocity. However, the phenomenon is in agreement 

with the experimental finding by Zhou [109], who observed that the fluctuating 

velocity of the particle phase was stronger than that of the gas phase in the region 

of recirculation zone. If the high frequency variation is ignored, the tendency of 

fluctuation of 1 µm and 20 µm particles is similar to that of the gas phase. Small 

particles such as 1 µm and 20 µm have sufficient time to respond to the 

turbulence of the gas phase and so the temporal profiles of the u components 

have patterns similar to those of the gas phase. All tested particles have similar 

mean velocities between 0.590 ms-1 and 0.615 ms-1, minimum velocities between 

0.511 ms-1 and 0.532 ms-1 and maximum velocities between 0.662 ms-1 and 

0.689 ms-1 as shown in Table 5-3. 
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In the main flow region near the inlet, the flow property depends mainly on 

the inlet velocity and the flow is still not affected by the channel expansion, so 

the variation of gas velocity is small and there is no reverse flow due to stronger 

inlet flow, and so the velocity distribution is always positive. Temporal evolution 

of the u component velocity for 1 µm particles is almost identical to that of the 

gas phase as shown in Fig. 5-33, and the standard deviation of 0.021 ms-1 is the 

same as the gas phase as shown in Table 5-4, because the motion of small 

particles is fully controlled by the motion of the gas phase. The velocity temporal 

evolution for 1 µm and 20 µm particles in the main flow region is much smoother 

than those in the shear region due to the small velocity gradients in the gas phase 

in the main flow region. The velocity variation decreases from 0.021 ms-1 to 

0.00035 ms-1 with increasing particle diameters from 1 µm to 200 µm as shown 

in Table 5-4. This is because larger particles have higher momentum so that their 

motion is less affected by the gas phase [7] and the particles do not have 

sufficient time to respond to changes in the gas phase. There is almost no 

fluctuation for large particles with diameters of 100 µm and 200 µm. All tested 

particles have similar mean velocities between 0.972 ms-1 and 0.995 ms-1, 

minimum velocities between 0.914 ms-1 and 0.994 ms-1 and maximum velocities 

between 0.996 ms-1 and 1.022 ms-1 as shown in Table 5-3. 

The gas phase with velocity standard deviation of 0.160 ms-1 in the 

reattachment region is much higher than the 0.021 ms-1 in the main flow region, 

which is mainly due to the strong reverse flow in the reattachment region. The 

tendency of velocity fluctuation is similar to that in the main flow region, where 

the amplitude of the fluctuation decreases with increasing particle diameter as 

shown in Fig. 5-34 and Table 5-5. The velocity standard deviations of the 

Department of Applied Physics 103



      The Hong Kong Polytechnic University                                        Chapter 5 

 

particles with diameters of 1 µm, 20 µm, 50 µm, 100 µm and 200 µm are 0.161 

ms-1, 0.154 ms-1, 0.144 ms-1, 0.089 ms-1 and 0.031 ms-1 respectively. However, 

discontinuity of instantaneous particle velocity distribution occurs in the 

reattachment region which does not happen in the main flow region. The 

discontinuity indicates the fact that no particles pass through the location. Hence 

no statistical average of particles can be obtained. The phenomenon is consistent 

with the results of Hardalupas et al. [105], who found that only particles with 

Stokes number less than one could disperse into the recirculation zone. Negative 

velocity appears at the reattachment region for the gas phase due to reverse flow 

in the region. Small particles have similar behavior as the gas phase, and so 

negative velocity also appears for 1 µm particles. However, there is no negative 

velocity for particles with diameters larger than 20 µm, because such particles 

have larger momenta and the drag force due to the gas phase is not sufficient to 

change the direction of particles. 

In the recovery region, the phenomenon of breaking up of vortex occurs 

frequently and many small vortices are present in the region, and so the gas 

phase with velocity standard deviation of 0.147 ms-1 in the recovery region is 

also much higher than the 0.021 ms-1 in the main flow region. 1 µm, 20 µm and 

50 µm particles with velocity standard deviations of 0.128 ms-1, 0.125 ms-1 and 

0.144 ms-1 respectively are similar as the gas phase and the standard deviations 

decrease sharply to 0.090 ms-1 and 0.018 ms-1 for 100 µm and 200 µm particles 

respectively as shown in Fig. 5-35 and Table 5-6. Because heavy particles have 

larger inertia and cannot respond to the vortex motion of the gas phase. The 

discontinuity of instantaneous velocity distribution for 20 µm and 50 µm 

particles reflects no particles pass through the corresponding control volume due 
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to preferential concentration [107]. The particles have similar time scale with the 

gas phase in the region. They are centrifuged out and the vortex cores of the gas 

phase are devoid of particles. As a result, particles do not go into the 

corresponding location. 

 
 

Fig. 5-32 Instantaneous u-velocity of the two phases at shear flow region (x/H=2, 
y/H=1.06, z/H=1.25 Point A) 

Table 5-3 Statistical analysis on temporal evolution of u-velocity (x/H=2, 
y/H=1.06, z/H=1.25 Point A) 

 

 Mean Velocity 
(ms-1) 

s.d. 
(ms-1) 

Min. Velocity 
(ms-1) 

Max. Velocity 
(ms-1) 

Gas 0.607 0.018 0.567 0.652 
1µm 0.590 0.024 0.525 0.662 
20µm 0.608 0.020 0.519 0.677 
50µm 0.615 0.023 0.532 0.682 
100µm 0.605 0.030 0.511 0.689 
200µm 0.603 0.019 0.526 0.669 

 

Department of Applied Physics 105



      The Hong Kong Polytechnic University                                        Chapter 5 

 

 

 

 

Fig. 5-33 Instantaneous u-velocity of the two phases at main flow region (x/H=5, 
y/H=5, z/H=1.75 Point B) 

 

Table 5-4 Statistical analysis on temporal evolution of u-velocity (x/H=5, y/H=5, 
z/H=1.75 Point B) 

 

 Mean Velocity 

(ms-1) 

s.d. 

(ms-1) 

Min. Velocity 

(ms-1) 

Max. Velocity 

(ms-1) 

Gas 0.975 0.021 0.916 1.024 

1µm 0.972 0.021 0.914 1.022 

20µm 0.983 0.010 0.955 1.009 

50µm 0.992 0.003 0.983 1.000 

100µm 0.995 0.00092 0.986 0.997 

200µm 0.995 0.00035 0.994 0.996 
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Fig. 5-34 Instantaneous u-velocity of the two phases at reattachment region 
(x/H=9, y/H=0.51, z/H=1.75 Point C) 

 

Table 5-5 Statistical analysis on temporal evolution of u-velocity (x/H=9, 
y/H=0.51, z/H=1.75 Point C) 

 

 Mean Velocity 

(ms-1) 

s.d. 

(ms-1) 

Min. Velocity 

(ms-1) 

Max. Velocity 

(ms-1) 

Gas 0.330 0.160 -0.136 0.677 

1µm 0.337 0.161 -0.122 0.675 

20µm 0.455 0.154 0.019 0.682 

50µm 0.379 0.144 0.078 0.644 

100µm 0.375 0.089 0.213 0.570 

200µm 0.372 0.031 0.311 0.432 
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Fig. 5-35 Instantaneous u-velocity of the two phases at recovery region (x/H=14, 
y/H=1.75, z/H=1.75 Point D) 

 

Table 5-6 Statistical analysis on temporal evolution of u-velocity (x/H=14, 
y/H=1.75, z/H=1.75 Point D) 

 

 Mean Velocity 

(ms-1) 

s.d. 

(ms-1) 

Min. Velocity 

(ms-1) 

Max. Velocity 

(ms-1) 

Gas 0.622 0.147 0.097 0.881 

1µm 0.634 0.128 0.105 0.873 

20µm 0.644 0.125 0.138 0.881 

50µm 0.632 0.144 0.121 0.809 

100µm 0.821 0.090 0.508 0.909 

200µm 0.943 0.018 0.874 0.965 
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Chapter 6. 2D and 3D simulation results at low 

Reynolds number of 1290 

6.1. Initial and boundary conditions for the simulations 

Refer to section 3.4 for all initial and boundary conditions for the gas phase. 

Elastic collision boundary condition is applied at wall for the particles. Initial 

conditions of the particles are listed in Table 6-1. 

Table 6-1 Initial conditions of the particles 

Figure Initial condition of the particle phase 
Fig. 6-1 to Fig. 6-7 Not applicable 

Fig. 6-8 Dynamic equilibrium with the gas phase 
Fig. 6-9 to Fig. 6-14 Varied from stationary to dynamic equilibrium 
Fig. 6-15 to Fig. 6-16 Dynamic equilibrium with the gas phase 

 

6.2. Statistical velocity profiles for fluid phase 

In this section, computer simulation is carried out with the same flow 

parameters and geometry of the test section as those of the experiment carried 

out by Armaly et al. [34]. The test section has an expansion ratio of 1.94:1. The 

Reynolds number of the backward facing step, based on the centerline velocity of 

0.28 m/s and step height of 49 mm is 1,290. Fig. 6-1 and Fig. 6-2 show the 2D 

mean streamline flow patterns from Yu’s previous study [55] and 3D mean 

streamline flow patterns from the present study respectively. The predicted 

reattachment length of 16.2H in 2D simulation and 15H in 3D simulation agrees 

well with the experimental value of 16H. The 2D simulation result is closer to the 

experimental result. An additional recirculation zone appears also in the low 
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Reynolds numbers case. Flow separation occurs at the boundary layer from the 

upper wall. This phenomenon does not occur in the high Reynolds numbers case. 

The explanation for the flow separation is as follows. The velocity drops towards 

the wall, so the kinetic energy of the gas phase close to the wall is much less than 

that at the outer regions. A small pressure rise caused by a sudden expansion will 

cause the gas phase near the wall to stop, resulting in a flow separation. Armaly 

et al. [34] have shown the same phenomenon in their experiment, and they 

claimed the upper wall separation could occur due to adverse pressure gradient 

caused by a sudden expansion. The predicted upper recirculation position 

separates at x/H=13.8 and reattaches at x/H=27 in 2D simulation, and separates at 

x/H=13 and reattaches at x/H=24 in 3D simulation. Both 2D and 3D simulation 

results are also in good agreement with experimental data with separation at 

x/H=14 and reattachment at x/H=23. 

 
Fig. 6-1 Mean 2D streamline (2D) 

 

Fig. 6-2 Mean 3D streamline (3D) 

Both 2D and 3D predicted mean velocity profiles of the gas phase are in 

good agreement with experimental results of Armaly et al [34] at different 

downstream positions of x/H=3.06, 6.12, 10.20, 12.24, 15.31, 18.37 and 22.45 as 

shown in Fig. 6-3. 
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x/H=22.45  

Fig. 6-3 Streamwise mean velocity ( Re=1290) 

6.3. Temporal and spatial evolution of gas phase 

Temporal and spatial development of the gas flow with Reynolds number of 

1,290 as shown in Fig. 6-4 is very different from the flow with Reynolds number 

of 18,400 shown in Fig. 5-12. The snapshots of instantaneous flow structures at 

different times are almost identical. The flow is steady and there are no 

phenomena of rolling up, merging and breaking up of vortices. The flow with 

Reynolds number of 1,290 is at an early stage of transition as claimed by Armaly 

et al. [34], and the flow is characterized by laminar flow properties. There is an 

additional upper recirculation zone in the low Reynolds number flow as shown in 

Fig. 6-4. The upper recirculation zone is caused by adverse pressure gradient 

created by the expansion of the channel. The upper recirculation zone can also be 

found in the experimental work by Armaly et al. [34] and they claimed that its 
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existence is dependent on the expansion ratio of the backward-facing step 

channel. The existence of an upper recirculation zone was also confirmed 

numerically by Kaiktsis et al. [38] and Kim and Moin [87]. In a combustion 

chamber, the existence of the recirculation zone will enhance the mixing of air 

and coal particles if particles can go into the recirculation zone. So a proper coal 

particles size need to be selected in order to increase the efficiency of the 

combustion chamber. 

 
(a) t=150 

 
(b) t=200 

 

(c) t=250 

Fig. 6-4 Instantaneous vorticity contour patterns of the gas phase (3D) 

 
Fig. 6-5 y-z sectional view of vorticity contours of the gas phase (3D) 
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Fig. 6-5 shows the y-z sectional views of instantaneous vorticity contours of 

the gas phase with Reynolds number of 1,290. Flow structure is essentially 

two-dimensional from inlet to outlet with little variation in the z-direction. No 

three-dimensional flow structures occur in the backward-facing step channel. Fig. 

6-6 and Fig. 6-7 also confirm the two-dimensional characteristic of the flow. 

 

Fig. 6-6 x-z sectional view of vorticity contours of the gas phase (3D) 

 

 

 
Fig. 6-7 x-y sectional view of vorticity contours of the gas phase (3D) 

 

6.4. Effect of Stokes number on particle behavior 

Particle dispersion with different Stokes numbers in the flow with Reynolds 

number of 18,400 has been discussed in Chapter 5. Here, only the 3D results are 

reported to show particle dispersion in flows with Reynolds number of 1,290. Fig. 
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6-8 shows the particle dispersion in the central x-y section.  

Glass spheres of diameters 1 µm, 20 µm, 50 µm, 100 µm and 200 µm 

respectively are chosen to simulate particle dispersion. The diameters of glass 

particles are the same as those used in the high Reynolds number case, but 

different Stokes numbers due to different gas time scales. The corresponding 

particles Stokes numbers in a flow with Reynolds number of 1,290 are 

0.0000084, 0.0029, 0.016, 0.053 and 0.17. The Stokes numbers of all particles 

are much smaller than unity, so these particles will be fully controlled by the gas 

structure. Particle dispersion with smallest Stokes numbers <<1 are along the 

main stream of the gas flow and the particles do not disperse into the upper 

recirculation zone as shown in Figs. 6-8 (a) and (b). Only a small number of 

particles with Stokes number less than 0.016 can go into the bottom recirculation 

zone behind the bottom reattachment point due to the larger adverse velocity 

gradient at the reattachment point. Therefore, the particle behavior in the flow 

with Reynolds number of 1,290 is largely different from that in the flow with 

Reynolds number of 18,400 even when the particles have the same diameter, and 

the vortex structure of the gas phase has an important effect of enhancing 

transverse and spanwise dispersion of particles. Detailed discussion for particle 

dispersion with different Stokes numbers but same diameters in high Reynolds 

number flow can be found in Chapter 5. 

 

 
(a) 1µm 
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(b) 20µm 

 
(c) 50µm 

 
(d) 100µm 

 
(e) 200µm 

Fig. 6-8 Dispersion of particles with different diameters (3D) 

In order to compare further the behavior of particles with different Stokes 

numbers in low Reynolds number flow, particles with larger Stokes numbers of 

0.2, 1.06, 3.7 and 11.9 respectively, which are the same as in the high Reynolds 

number flow case studied earlier, are simulated. Particle dispersion with Stokes 

number of 0.2 is shown in Fig. 6-9 (a). The particle time scale is much smaller 

than the gas time scale and the momenta of the particles are also small, so the 

motion of the particles is fully controlled by the main flow. The particles are not 

allowed to go into the bottom and upper recirculation zone due to small 

transverse velocity of the gas phase. This is in great contrast with the particle 

behavior in high Reynolds number of 18,400 where particles with small Stokes 

numbers can easily go into recirculation, so vortex structure of the gas phase has 

an important effect on particles’ transverse dispersion. Particle dispersion with 

Department of Applied Physics 115



      The Hong Kong Polytechnic University                                        Chapter 6 

 

Stokes number of 1.03 is shown in Fig. 6-9 (b). The particles have larger 

momenta than in flow of Stokes number of 0.2, so the particles are more 

persistent in maintaining their own movement. The reattachment length of the 

particles is longer than that of the particles with small Stokes number. The effect 

of increasing Stokes number on reattachment is shown in Figs. 6-9 (a)-(d). 

Particles with larger Stokes number lead to larger particles reattachment length. 

For the largest particles with Stokes number of 11.9, the particles will not attach 

to the bottom wall as shown in Fig. 6-9 (d). Because the drag force acting on the 

largest particles is not enough to change the direction of the particles. Largest 

transverse dispersion of particles occurs with Stokes number of 1.03 as shown in 

Fig. 6-9 (b). There are two possible explanations for the phenomena. The first 

one is that the time scale of those particles is similar to the gas time scale and the 

gas structure still has sufficient effect on particle movement, so these particles 

will reattach to the upper wall beyond the upper recirculation zone. The second 

one is that the particles after passing the bottom reattachment point are more 

persistent in maintaining their own movement due to larger momentum. The 

particles with Stokes number larger than 1.06 will not reattach to the upper wall 

after going through upper recirculation zone as shown in Figs. 6-9 (c) and (d). 

Because the drag force acting on these particles is not enough to change the 

direction of the particles with larger momentum after the upper recirculation 

zone. 

 
(a) Particle dispersion with Stokes number of 0.2 
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(b) Particle dispersion with Stokes number of 1.06 

 
(c) Particle dispersion with Stokes number of 3.7 

 
(d) Particle dispersion with Stokes number of 11.9 

Fig. 6-9 Dispersion of particles with different Stokes numbers (3D) 

 

6.5. Effect of initial velocity slip on particle behavior 

Particles with different initial velocity slips α = 1, 0.5 and 0 are also 

simulated for flow with Reynolds number of 1,290. The detailed description of 

the method can be found in Chapter 5. Particles with Stokes numbers of 0.0006, 

0.2, 1.06, 3.7 and 11.9 which are the same as in the previously studied high 

Reynolds number flow are simulated. 

The effect of initial velocity on particle behavior in the flow with Reynolds 

number of 1,290 is similar to the case of Reynolds number of 18,400. According 

to the simulation results, particles with Stokes number less than 1.06 in low 

Reynolds number flow are insensitive to initial velocity as shown in Fig. 6-10, 

Fig. 6-11 and Fig. 6-12. Because particles with small Stokes number have small 

particle time scale and momentum and they are fully controlled by the flow 
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structure of the gas phase. The particles are not able to go into the upper and 

bottom recirculation zones due to small transverse velocity in the zone, so vortex 

structure of the gas phase enhances the transverse dispersion of particles. 

 
(a) Particle distribution with α = 1.0 

 
(b) Particle distribution with α = 0.5 

 
(c) Particle distribution with α = 0.0 

Fig. 6-10 Particle dispersion with different initial velocity slips (Stokes 
number=0.0006) 

 
(a) Particle distribution with α = 1.0 

 
(b) Particle distribution with α = 0.5 

 
(c) Particle distribution with α = 0.0 

Fig. 6-11 Particle dispersion with different initial velocity slips (Stokes 
number=0.2) 
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(a) Particle distribution with α = 1.0 

 
(b) Particle distribution with α = 0.5 

 
(c) Particle distribution with α = 0.0 

Fig. 6-12 Particle dispersion with different initial velocity slips (Stokes 
number=1.06) 

 

The effect of initial velocity becomes progressively significant for particles 

with Stokes number of 3.7 as shown in Fig. 6-13. Particles with larger Stokes 

number have a higher inertia and their behavior is mostly affected by initial 

velocity slip, so the particles with initial velocity slip α = 1.0 can penetrate 

through the upper recirculation zone as shown in Fig. 6-13 (a). For the particles 

with initial velocity slip α = 0, the particles having smaller momenta will change 

in direction before the upper recirculation zone due to drag by the gas phase. 

 
(a) Particle distribution with α = 1.0 

 
(b) Particle distribution with α = 0.5 
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(c) Particle distribution with α = 0.0 

Fig. 6-13 Particle dispersion with different initial velocity slips (Stokes 
number=3.7) 

The dependence on initial velocity slip becomes more obvious for the 

largest particles with Stokes number of 11.9 as shown in Fig. 6-14. For initial 

velocity slip α = 1.0, most of the particles maintain their initial direction and 

disperse in the upper part of the channel as shown in Fig. 6-14 (a). However, 

particles near the bottom recirculation zone will change in direction due to the 

great velocity of the gas phase there. Particles with initial velocity slip α = 0 are 

not able to penetrate through the upper recirculation zone due to smaller 

momentum. 

 
(a) Particle distribution with α = 1.0 

 
(b) Particle distribution with α = 0.5 

 
(c) Particle distribution with α = 0.0 

Fig. 6-14 Particle dispersion with different initial velocity slips (Stokes 
number=11.9) 
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6.6. Effect of gravity on particle behaviors 

The effect of gravitational force on particle dispersion with different Stokes 

numbers has been investigated for Reynolds number of 18,400 in Chapter 5. In 

this section, the effect of gravitational force on particle dispersion is studied 

again for relatively low Reynolds number of 1,290. The detailed description of 

the method can be found in Chapter 5. The particles are initially set in dynamic 

equilibrium with the fluid when they are released into the fluid flow. Fig. 6-15 

shows the effect of x-direction gravity on particle distribution with different 

Stokes numbers in flow with Reynolds number of 1,290. The simulation results 

show the dispersion of particles with Stokes number less than 1.06 is insensitive 

to x-direction gravity as shown in Figs. 6-15 (a) (b) (c) and the flow patterns are 

almost identical for particle dispersion with and without x-direction gravity. So 

for particles with small Stokes numbers, dispersion in low speed flows is 

dominated by drag force of the gas phase. The effect of x-direction gravity on 

particle distribution becomes obvious for larger particles with Stokes number 

larger than 3.7. The x-direction gravitational force enhances the particle 

momentum, so the particles can penetrate through the upper recirculation zone as 

shown in Fig. 6-15 (d). However, particles with Stokes number of 3.7 near the 

bottom recirculation zone will change in direction due to the high velocity of the 

gas phase there, and these particles do not attach to the bottom wall. For the 

largest particles with Stokes number of 11.9, the particles maintain their initial 

direction from inlet to outlet. Because the drag force acting on the particles is not 

enough to change its direction, the particles’ movement is dominated by 

gravitational force. 
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 (a) Stokes number=0.0006 

 
(b) Stokes number=0.2 

 
(c) Stokes number=1.06 

 
(d) Stokes number=3.7 

 
(e) Stokes number=11.9 

Fig. 6-15 The effect of x-direction gravity on particle distribution with different 
Stokes numbers 

Particle dispersion for small Stokes number of 0.00006 is insensitive to the 

y-direction gravity as shown in Fig. 6-16 (a). The effect of the y-direction gravity 

becomes obvious for particles with Stokes number larger than 0.2, including the 

lateral sedimentation downstream of the channel and particle migration into the 

lower recirculation zone. The y-direction gravitational force facilitates particle 

dispersion along the lower boundary for particles with Stokes number larger than 

0.2 as shown in Figs. 6-16 (b), (c), (d) and (e). Particles with Stokes number 

larger than 1.06 fall into the bottom recirculation zone just after the step due to 
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larger mass of the particles as shown in Figs. 6-16 (c), (d) and (e).  

 
 (a) Stokes number=0.0006 

 
(b) Stokes number=0.2 

 
(c) Stokes number=1.06 

 
(d) Stokes number=3.7 

 
(e) Stokes number=11.9 

Fig. 6-16 The effect of y-direction gravity on particle distribution with different 
Stokes numbers 
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Chapter 7. Evaluation and modification of gas-particle 

covariance in second order moment models 

7.1. Introduction 

In two-fluid models, the gas phase and particulate phase are regarded as two 

separate continuous flows which are governed by separate transport equations. 

The approach will lead to closure problems for gas-particle covariance due to 

gas-particle interaction in two-phase flow. The prediction of gas-particle 

covariance is very important [70] in the closure of two-phase turbulent models 

with two-fluid assumption. The gas-particle covariance represents the correlation 

between the particle velocity fluctuation and the gas velocity fluctuation 

measured at the particle location. Physically, gas-particle covariance represents 

the interaction between the gas phase and particle Reynolds stresses or turbulent 

kinetic energies by the drag and other forces. 

Pourahmadi and Humphrey [62] proposed a second-order closure for 

fluid-particle covariance terms based on the equation of motion for a single 

particle with the Stokes drag as the only force. The fluid-particle covariance was 

modeled as a function of fluid turbulent kinetic energy, particle response time 

and fluid integral time scale. Another fluid-particle covariance model which is 

similar to Pourahmadi’s model was proposed by Chen and Wood [63]. The 

fluid-particle covariance decays exponentially with the ratio of particle response 

time and fluid integral time scale. Both Pourahmadi’s and Chen’s model 

considered the fluid turbulent kinetic energy as a main variable to predict two 

phase correlation. Chang and Wu [64] first claimed that the two phase covariance 
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should be related to not only the fluid kinetic energy, but also the particle kinetic 

energy.  

Recently, Zhou et al. [66] used an improved second-order moment 

two-phase turbulence model to simulate a swirling gas-particle flow. The 

improved model was based on the algebraic closure expression of Derevich and 

Zaichik [67] who modified it by using Lagrangian analysis given by Wang and 

Stock [68] and Huang and Stock [69].  

In experimental measurements, there is always a time delay between 

determining fluid velocity and particle velocity. So there are very few existing 

experimental data[110] to evaluate the said algebraic model for closure studies of 

fluid-particle correlations. Large eddy simulation and Lagrangian particle 

tracking model can provide an efficiency numerical method for evaluation of the 

closure models used for practical applications. 

The simulation prediction of both phases has been validated by the existing 

experimental results [50] in previous chapters. The numerical results are used 

here to evaluate second-order moment closure for fluid-particle correlations of 

Pourahmadi [62], Chen [63] and Chang and Wu [64]. In general, the predicted 

results by Chen’s model are much better than Pourahmadi’s. However, an 

empirical constant is needed in Chen’s model for different situations. So we 

proposed a modified model which does not need an empirical constant and the 

predicted results are as good as those based on Chen’s model. 
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7.2. Initial and boundary conditions for the simulations 

Refer to section 3.4 for all initial and boundary conditions for the gas phase. 

Elastic collision boundary condition is applied at wall for the particles. Initial 

condition of the particles is set as dynamic equilibrium with the gas phase. 

 

7.3. Gas-particle covariance and gas-gas covariance 

The relaxation time of small particles with 1 µm diameter is much smaller 

than the gas time scale so that the particles have sufficient time to respond to the 

turbulence structure of the fluid flow. Particle dynamics fully conforms with the 

motion of the neighboring gas element, and so gas-particle covariance in this 

case is equivalent to the gas-gas covariance. Fig. 7-1, Fig. 7-2 and Fig. 7-3 show 

the comparison between gas-particle covariance and gas-gas covariance for 1 µm 

particle in streamwise, transverse and spanwise directions respectively. The 

gas-particle covariance is in good agreement with gas-gas covariance. Therefore 

the simulation can reveal the two-phase properties. 
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7.4. Evaluation of gas-particle covariance model 

One of the second-order moment models for gas-particle covariance 

proposed by Pourahmadi and Humphrey [62] based on the two-fluid approach 

can be represented by 

Lp

L
gpigi kuu

ττ
τ
+

= 2''  ( 7-1 )

where  is turbulent kinetic energy of the gas phase: gk

( )''''''''

2
1

2
1

gggggggigig wwvvuuuuk ++==  ( 7-2 )

pτ is particle relaxation time: 

Department of Applied Physics 128



      The Hong Kong Polytechnic University                                        Chapter 7 

 

µ
ρ

τ
18

2
pp

p

d
=  ( 7-3 )

Lτ is fluid Lagrangian integral time scale: 

ετ /41.0 kL =  ( 7-4 )

ε  is dissipation rate of turbulent kinetic energy: 

ijij SSνε 2=  ( 7-5 )

 

In the fluid-particle covariance model proposed by Chen and Wood [63] 

based on the two-fluid approach, the fluid-particle covariance is expressed as an 

exponential form: 

( )LpB
gpigi ekuu ττ /'' 2 −=  ( 7-6 )

where Lτ  is fluid Lagrangian integral time scale: 

ετ /165.0 kL =  ( 7-7 )

B is an empirical constant decided by two-phase properties. 

Chang and Wu [64] first claimed that the two phase covariance should be 

related not only to the fluid kinetic energy but also the particle kinetic energy. 

They modified Pourahmadi’s model and Chen’s model, considering the particle 

kinetic energy as follows: 

Modified Pourahmadi’s model by Chang and Wu 

( )
Lp

L
pgpigi kkuu

ττ
τ
+

+=''  ( 7-8 )

 

Modified Chen’s model by Chang and Wu 
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( ) ( )LpB
pgpigi ekkuu ττ /'' −+=  ( 7-9 )

where B is an empirical constant. However, there is no formula to decide the 

value of B. It depends on two-phase flow properties. 

 

In this chapter, the above four different second-order moment closure 

models for fluid-particle covariance are evaluated by comparing with LES 

simulation results. Fig. 7-4 to Fig. 7-10 show the results calculated by different 

models based on LES for different particle diameters of 1 µm, 20 µm, 40 µm, 60 

µm, 80 µm, 100 µm and 150 µm. The short notations to represent different 

models used in Fig. 7-4 to Fig. 7-10 for simplicity are as follows: 

LES: Calculated by LES and Lagrangian simulation 

PH: Calculated with Pourahmadi and Humphrey’s [62] model 

Chen: Calculated with Chen and Wood’s [63] model 

ChangPH: Calculated with the modified [64] Pourahmadi and Humphrey 

model 

ChangChen: Calculated with the modified [64] Chen and Wood model 

LES results show the value of gas-particle covariance decreases with 

increasing particle diameter. Because the particle relaxation time becomes larger 

for larger particles than the local gas time scale, a relatively weak correlation 

between the two phases is expected. Simulation results show that all models give 

good agreement with the LES result for 1 µm particles as shown in Fig. 7-4. For 

the smallest particles, particle dynamics conforms with neighboring gas element 
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motion.  

Discrepancy occurs for gas-particle covariance with larger particles 

calculated with PH and ChangPH models as shown in Fig. 7-5 to Fig. 7-12. The 

degree of discrepancy increases with increasing particle diameter. Therefore, a 

conclusion is that both PH and ChangPH models are not capable to predict 

gas-particle covariance with large particles. However, the result predicted with 

ChangPH’s model gives better agreement with LES than PH’s model. This is 

because particle kinetic energy has been added into the gas-particle covariance in 

ChangPH’s model. It gives us a clue that particle kinetic energy may have 

substantial effect on gas-particle covariance. The effect of particle kinetic energy 

on gas-particle covariance is demonstrated in the next section by modifying PH’s 

model. 

Both Chen’s and ChangChen’s models give good agreement with LES 

results. The agreement may be mainly due to the empirical constant B that 

modifies the effect of fluid or particle kinetic energy. The value of the empirical 

constant B depends mainly on the particle diameter and B is determined by 

comparing the results between the prediction by LES and the models. The 

relationship between the empirical constant B and particle diameter is shown in 

Fig. 7-13. A smaller value of B in ChangChen’s model than that in Chen’s model 

represents smaller modification is needed for ChangChen’ model. This is another 

evidence of the importance of the effect of particle kinetic energy on the 

gas-particle covariance. 
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pigiuu  calculated by LES and different models for 1 µm particles 
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Fig. 7-5 
''
pigiuu  calculated by LES and different models for 20 µm particles 
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Fig. 7-6 ''
pigiuu  calculated by LES and different models for 40 µm particles 
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Fig. 7-7 ''
pigiuu  calculated by LES and different models for 60 µm particles 
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Fig. 7-8 ''
pigiuu  calculated by LES and different models for 80 µm particles 

0.00 0.05 0.10
0.0

0.5

1.0

1.5

2.0

2.5

0.00 0.05 0.100.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10

 

y/
H

 

 

x/H=2

  

 

x/H=5

  

 

x/H=7

  
 

x/H=9

u'giu'pi LES; PH; Chen; ChangPH; ChangChen;  (100µm)

  

 

x/H=14

 

Fig. 7-9 ''
pigiuu  calculated by LES and different models for 100 µm particles 
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Fig. 7-10 ''
pigiuu  calculated by LES and different models for 150 µm particles 
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Fig. 7-11 ''
pigiuu  calculated by LES and different models for 200 µm particles 
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Fig. 7-12 ''
pigiuu  calculated by LES and different models for 250 µm particles 
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Fig. 7-13 Empirical constant B against diameter with Chen’s and ChangChen’s 

model 
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7.5. Modified second-order models for gas-particle covariance 

Although both Chen’s and ChangChen’s models give good agreement with 

LES results, an empirical constant B is needed in the models. The value of the 

empirical constant B depends on flow configuration and particle size. It is 

difficult to decide the correct value of B, and hence the generalization of the 

models is difficult. It would be ideal to find a model which can give good 

agreement with LES results without resorting to an empirical constant. As 

mentioned in the previous section, particle kinetic energy has substantial effect 

on gas-particle covariance as shown by the results based on ChangPH’s model 

and ChangChen’s model. The model proposed by Pourahmadi and Humphrey [62] 

is then modified with different proportions of gas and particle kinetic energies. 

Case 1: Gas-particle covariance is governed by 100% particle kinetic energy only. 

The model is denoted by Modified PH 1: 

Lp

L
ppigi kuu

ττ
τ
+

= 2''  ( 7-10 )

Case 2: Gas-particle covariance is governed by 25% of gas kinetic energy and 

75% of particle kinetic energy. The model is denoted by Modified PH 2: 

Lp

Lpg
pigi

kk
uu

ττ
τ
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
=

2
3''  ( 7-11 )

Case 3: Gas-particle covariance is governed by 50% of gas kinetic energy and 

50% of particle kinetic energy, which is the ChangPH’s model shown in the 

previous chapter. 

 

Case 4: Gas-particle covariance is governed by 100% of gas kinetic energy, 
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which is the PH’s model shown in the previous chapter. 

 

The results of gas-particle covariance calculated by Modified PH 1 and 

Modified PH 2 are shown in Fig. 7-14 to Fig. 7-22 for different particle 

diameters of 1 µm, 20 µm, 40 µm, 60 µm, 80 µm, 100 µm, 150 µm, 200 µm and 

250 µm respectively. There is significant improvement compared with PH’s 

model and ChangPH’s model as shown in Fig. 7-4 toFig. 7-12. Modified PH 1 

gives a better agreement with LES results than Modified PH 2. Therefore, a 

conclusion is that the gas-particle covariance should be mainly related to particle 

kinetic energy and Modified PH 1 can be used effectively without resorting to 

any empirical constant. 

Gas-particle covariance represents the correlation between the particle 

fluctuating velocity and the gas fluctuating velocity experienced by the particles. 

Gas fluctuating velocity can be regarded as the velocity unmodified by particles 

in dilute two-phase flow. Particle fluctuating velocity largely depends on particle 

diameter as shown in Fig. 5-32 to Fig. 5-35. The fluctuating velocity for small 

particles is similar to that of the gas phase due to their sufficient interacting time 

to respond to gas fluctuation. However, the fluctuating velocity for large particles 

is less than that of the gas phase because large particles do not have sufficient 

time to respond to the gas fluctuation. As a result, the value of gas-particle 

covariance is dominated by the fluctuation of the particle phase. Therefore, it is 

reasonable that the value of gas-particle covariance is governed mainly by the 

particle kinetic energy. 
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Fig. 7-14 ''
pigiuu  calculated by LES and modified models for 1 µm particles 
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Fig. 7-15 ''
pigiuu  calculated by LES and modified models for 20 µm particles 
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Fig. 7-16 ''
pigiuu  calculated by LES and modified models for 40 µm particles 
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Fig. 7-17 ''
pigiuu  calculated by LES and modified models for 60 µm particles 
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Fig. 7-18 ''
pigiuu  calculated by LES and modified models for 80 µm particles 
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Fig. 7-19 ''
pigiuu  calculated by LES and modified models for 100 µm particles 

Department of Applied Physics 141



      The Hong Kong Polytechnic University                                        Chapter 7 

 

0.00 0.05 0.10
0.0

0.5

1.0

1.5

2.0

2.5

0.00 0.05 0.100.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10

 

y/
H

 

 

x/H=2

  

 

x/H=5

  

 

x/H=7
  

 

x/H=9

u'giu'pi  LES;  Modified PH 1;  Modified PH 2;  (150µm)

  

 

x/H=14  

 

Fig. 7-20 ''
pigiuu  calculated by LES and modified models for 150 µm particles 
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Fig. 7-21 ''
pigiuu  calculated by LES and modified models for 200 µm particles 
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Fig. 7-22 ''
pigiuu  calculated by LES and modified models for 250 µm particles 
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Chapter 8. Conclusions and recommendations 

8.1. Conclusions 

Effective numerical computation codes have been developed for both the 

gas and particle phases in both two and three dimensional flows by using direct 

Poisson solver for the gas phase. Numerical simulation of two-phase flow over a 

backward-facing step with Reynolds numbers of 18,400 and 1,290 respectively 

for both turbulent and laminar regions has been successfully investigated by large 

eddy simulation for the gas phase and a Lagrangian tracking model for the 

particle phase. Simulation results show that the one-way coupling assumption is 

effective in predicting dilute two-phase turbulent flow. 

Both the 2D and 3D simulations reveal temporal and spatial growths of 

vortical structures including rolling up, growing, pairing, merging and breaking 

up in the backward-facing step flow. As expected, 3D simulation can reveal more 

details of the complex structure than 2D simulation at the expense of more 

computational effort. 3D simulation results also give better agreement with 

experimental results for the first and second order statistical averages of both 

phases while 2D simulation is only good for first order statistical average. 

Therefore 3D simulation is needed for more accurate work in turbulent flow. 

3D Simulation has also successfully demonstrated the preferential 

concentration of particles in the flow with high Reynolds number of 18,400. 

Particles with very small Stokes number (St << 1) are strongly controlled by the 

vortex structure of the gas phase and follow closely the gas vortices. Such 

particles are dispersed rather uniformly within the flow field and they are not 
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preferentially concentrated. Particles with large Stokes number (St >> 1) are 

persistent in maintaining their own movement. They cannot respond to the vortex 

motion within the fluid time scale available and will also not be preferentially 

concentrated. Time scales of particles with similar order as the fluid time scale 

(St ~O(1)) will be centrifuged out by the vortices and preferentially concentrated. 

Preferential concentration is one of the important phenomena of particle 

dispersion in turbulent flow. It will lead to a very non-uniform distribution of 

particles. It may be an important parameter to consider in practical applications. 

On the other hand, for particles with the same diameter, the behavior of particles 

in the flow with Reynolds number of 1,290 is largely different from the flow with 

Reynolds number of 18,400. The Stokes number of the same tested particles in 

flow with low Reynolds number of 1,290 is less than unity due to longer gas time 

scale. Therefore, these particles are fully controlled by the main flow structure of 

the gas phase and the particles do not disperse into upper recirculation zones. 

Only a small number of particles with Stokes number less than 0.016 can go into 

the bottom recirculation zone behind the bottom reattachment point due to the 

larger adverse velocity gradient at the reattachment point. There are no vortices 

in the flow with low Reynolds number and so vortex structure of the gas phase 

has an important effect of enhancing dispersion of particles. A proper Reynolds 

number of flow should be chosen if increasing gas-particle mixing rate is 

required. 

3D simulation results show that dispersion of particles with Stokes numbers 

in the range of St << 1 and St ~ O(1) are insensitive to the change of initial 

velocity slips in the flow with Reynolds number of 18,400. However, for 

particles of Stokes number much greater than one, decreasing of initial two phase 

Department of Applied Physics 145



      The Hong Kong Polytechnic University                                        Chapter 8 

 

velocity slip plays a significant role in the relative enhancement of transverse 

dispersion of particles. Therefore, the design of initial conditions of the particle 

phase has an important influence on particle distribution in the flow. In contrast, 

for the flow of low Reynolds number 1,290, particles with different Stokes 

numbers less than 1.06 in low Reynolds number flow are insensitive to initial 

velocity slip. This suggests that a proper choice of particle feeding mechanism is 

important to improve certain performance. 

3D numerical results show the dispersions of all tested particles are 

insensitive to the effect of x-direction gravity in high Reynolds number of 18,400, 

and low Reynolds number of 1,290 with Stokes number less than 1.06. This is 

why the backward facing step channel is always set in a vertical direction in an 

experiment in order to minimize the effect of gravity. Numerical results also 

show that particles with St << 1 and St ~O(1) are insensitive to the y-direction 

gravity effect in high Reynolds number flow. However, y-direction gravity effect 

will significantly change the dispersion of particles for St ~ 10 or larger, 

including enhancing lateral sedimentation in the downstream of the channel and 

increasing particle distribution in the lower recirculation zone. 

Some models for gas-particle covariance used in two-phase flow with the 

two-fluid assumption are evaluated by comparing with LES simulation results. 

The model proposed by Pourahmadi and Humphrey gives poor agreement with 

LES results. The model proposed by Chen and Wood gives better agreement with 

LES results, but an empirical constant is needed in Chen’s model for different 

flow configurations and particle size. It is difficult to decide the correct value of 

the empirical constant. A modified model has been proposed in this study by 
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claiming that gas-particle covariance is governed mainly by particle kinetic 

energy. The modified model gives good agreement with LES results and an 

empirical constant is no longer necessary. 

Department of Applied Physics 147



      The Hong Kong Polytechnic University                                        Chapter 8 

 

8.2. Recommendations 

1. A one-way coupling assumption is used in the present study, and the effect of 

the particle phase on the gas phase is not considered. This is not true for 

dense two-phase flows. According to Hetsroni’s [111] and Gore & Crowe’s 

[112] reviews, small particles can attenuate the turbulence intensity of the 

gas phase and large particles can augment the turbulence intensity of the gas 

phase. So a high volume fraction of the particle phase will change 

sufficiently the property of the gas phase. Hence, it is necessary to take into 

account the effect of particle phase on the gas phase. To cope with the effect 

of particles on the gas phase, an appropriate source term can be added in the 

governing equations of the gas phase. This two-way coupling can be 

implemented to deal with a dense two-phase flow. 

2. In a dilute two-phase flow, the motion of particles is governed mainly by the 

drag force, but in dense flows, the two-phase flow characteristic is 

dominantly influenced by high inter-particle collision, according to 

Sommerfeld [113]. From Yamamoto et al.’s [114] numerical finding, the 

effect of inter-particle collision flattens the mean and fluctuating particle 

velocity profiles. The phenomenon of particle preferential concentration is 

also affected greatly by inter-particle collision. So it is necessary to consider 

inter-particle interaction in order to deal with inter-particle collision effect. 

3. Heat exchange between the two phases occurs commonly in many 

engineering systems such as coal combustion and heat exchanger, and so it is 

not sufficiently accurate to omit the energy equation as is done in the present 
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study. The energy equations should be added to consider heat exchange 

between the particles and the gas phases. 

4. Qualitative comparisons are made for the effects of vortices on the 

dispersion of the particles with different Stokes numbers, initial velocity slip 

and gravitational force in the present studies. Quantitative analyses should be 

made for the results in order to apply simulation results for other cases. 
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