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ABSTRACT
The behavior of small, heavy, spherical particles in tur-

bulent flow occurring in pipe, plane channel, and backward-
facing step configurations is currently studied computationally
by a multiphase Euler-Lagrange modeling approach employed
within a time-accurate, eddy-resolving simulation based on a
sensitized Reynolds-Averaged Navier-Stokes (RANS) frame-
work. The dynamics of the unresolved subscale motion in the
latter method is described by a transport model based on the
solution of the entire fine-structure stress tensor. The scale-
resolving capability of this model is achieved by appropri-
ate production enhancement of the length-scale determining
dissipation rate, which subsequently causes the fully-modeled
RANS turbulence to be reduced to the level of sub-scale struc-
tures, in accordance with the so-called scale-adaptive strategy
of Menter & Egorov (2010), allowing a corresponding amount
of resolved turbulence from flow momentum convection. The
underlying formulation of the latter model scheme corre-
sponds to a near-wall Reynolds stress model (RSM, Jakirlić &
Maduta (2015)), the baseline version of which was also used
for the comparative evaluation. For the turbulent pipe flow, the
particle volume fraction is assumed to be sufficiently small that
the effects of the particles on the carrier fluid flow (one-way
coupling) and particle collisions are considered negligible, as
also assumed in the reference Direct Numerical Simulation
(DNS) of Portela et al. (2002). Particle-turbulence interactions
near the wall in a channel flow are studied with a four-way
coupling Euler-Lagrange model and compared with the DNS
results of Dritselis & Vlachos (2008). Furthermore, the study
of feedback particle forces on the fluid in a backward-facing
step flow adopts a two-way coupling framework, which is cal-
ibrated alongside the experimental observations presented by
Fessler & Eaton (1999). The comparative results assessment
confirms that the present model using the Euler-Lagrange ap-
proach accurately reproduces the properties of particle-laden
flows across different flow regimes characterized by variation
in Stokes numbers, Reynolds numbers and configuration ge-
ometries, as illustrated by the discrepancies in particle-related
properties by approaching the wall. Significantly, the charac-
teristic turbulence modulation caused by the presence of par-
ticles is reliably captured in the turbulent particle-laden turbu-
lent channel flow configuration.

INTRODUCTION
Turbulent flows characterized by the presence of small

heavy particles are prevalent in a wide range of engineering
applications and respective scientific studies. These scenarios,

such as the dispersion of pollutants in the atmosphere and the
transport of contaminants in industrial applications, are pri-
marily dominated by fluid-particle interactions. In these stud-
ies, a two-way coupling framework has been applied to fa-
cilitate momentum exchange between the continuous and par-
ticulate phases. In addition, when dealing with particle-laden
flows with higher particle volume fractions, particle collisions
have been considered within a four-way coupling approach to
ensure a comprehensive simulation that captures the particle
dynamics inherent in such a multiphase system.

However, traditional approaches that utilize the conven-
tional RANS equations, which incorporate various empirical
parameterizations in an attempt to represent the full spec-
trum of velocity fluctuations, are insufficient to accurately
capture the complex interactions between particles and turbu-
lence. Accurate prediction of particle transport depends signif-
icantly on a realistic description of the time-dependent, three-
dimensional velocity field encountered along particle trajec-
tories, see e.g. Berlemont et al. (1990) and Simonin et al.
(1995). Thus, a presently employed eddy-resolving version
of the conventional RANS model, designed to represent the
subscale structures of turbulence and particle transport in tur-
bulent flows, is considered a powerful tool for providing flow
characteristics that are difficult to extract using conventional
RANS-related prediction tools.

COMPUTATIONAL MODEL
Eulerian framework

The carrier fluid is assumed to be incompressible. There-
fore, the momentum equations governing the velocity field
within the unsteady conventional and sensitized RANS models
read:
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where the Sm represents the momentum exchange source term
to account for the particle feedback force per unit mass of
fluid. The stress tensor u′iu

′
j, determined by a differential

near-wall second-moment closure model, represents the fully-
modeled Reynolds stress tensor in the conventional RANS-
RSM approach (Jakirlic & Hanjalic (2002)), i.e. the stress
tensor of the unresolved residual fine structures within the
sensitized-RANS method (Jakirlić & Maduta (2015)). Within
the framework of the latter approach, denoted as the Improved
Instability-Sensitive Reynolds Stress Model (IIS-RSM), the
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equation of the specific dissipation rate (ωh = εh/k) is in-
troduced comprising an additional production source formu-
lated in terms of the second derivative of the underlying veloc-
ity field (∇2Ui), appropriately designed to adequately capture
flow fluctuations to an extent consistent with the resolved tur-
bulence unsteadiness, analogous to the Scale-Adaptive Simu-
lation (SAS) methodology (Menter & Egorov (2010)):

(
Dωh

Dt

)
IISRSM

=

(
Dωh

Dt

)
RSM

+PIISRSM , PIISRSM = f (∇2Ui)

(2)
For the sake of brevity, the full model specification is not

given here; interested readers are referred to Jakirlić & Maduta
(2015) and Joksimović et al. (2023).

The turbulence model equations are implemented in the
second-order accurate finite-volume-based numerical code
OpenFOAM®, which was used for all simulations.

Lagrangian particle tracking approach
In the validation scenarios under consideration, the parti-

cle transport equation governing the motion of particles with
densities considerably greater than that of the carrier fluid and
diameters less than the Kolmogorov scale, is given by:

mp
dup
dt

= ∑Fi = FD +FG +FL (3)

The particle Reynolds number is defined as:

Rep =
ρ f Dp

∣∣uf −up
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µ f
(4)

with the density ρ f and the dynamic viscosity µ f of the fluid
or the continuous phase, the particle diameter Dp and the mag-
nitude of the relative slip velocity

∣∣uf −up
∣∣. The drag force for

a spherical particle is evaluated as:

FD =CD
πD2

p

8
ρ f (uf −up)

∣∣uf −up
∣∣ (5)

where the drag coefficient is determined by the following drag
model based on an empirical correlation according to Putnam
(1961):

CD =

{
24

Rep

(
1+ 1

6 Re2/3
p

)
if Rep ≤ 1000

0.424 if Rep > 1000,
(6)

The gravitational and buoyancy forces are calculated as a
total force as follows

FG = mpg
(

1−
ρ f

ρp

)
(7)

where g is the gravitational acceleration vector. The Saffman
force arises due to local shear flows forming a non-uniform ve-
locity distribution over the particle surface and could be calcu-
lated using the Saffman-Mei model derived by Saffman (1965)
and extended by Mei (1992). The lift is based on the shear

Reynolds number, defined as

Res =
ρ f D2

p |∇×uf|
µ f

, (8)

which is used to evaluate the coefficients of the Saffman-Mei
model:

β =
1
2

Res

Rep
, α = 0.3314

√
β , (9)

f = (1−α)exp(−0.1Rep)+α. (10)

Afterward, the lift coefficient CLS is calculated using the
following approximation:

CLS =

{
6.46 f if Rep < 40
6.46 ·0.0524

√
βRep if Rep ≤ 40,

(11)

The lift coefficient CL is now formulated as a non-
dimensional lift coefficient:

CL =
3

2π
√

Res
CLS (12)

Finally, the lift force is calculated as:

FL =CLρ f
πD3

p

6
(
uf −up

)
× (∇×uf) (13)

RESULTS AND DISCUSSION
Flow in a pipe

Figure 1: Instantaneous velocity for fluid (left) and parti-
cle (right) phases in a particle-laden turbulent pipe flow
with Stb = 1 obtained by the IIS-RSM

The presently considered flow configuration is a fully-
developed turbulent particle-laden pipe flow, illustrated in
Fig.1 by visualizing the instantaneous streamwise velocity
fields for fluid and particles over the entire computational do-
main for the case Stb = 1. The scale-resolving capability of
IIS-RSM in capturing the fluctuating turbulent structures and
particle dynamics is clearly evident. The Reynolds number
based on the friction velocity uτ =

√
τw/ρ f and the pipe

radius R is Reτ = uτ R/ν = 180, corresponding to the flow
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Reynolds number Reb =Umd/ν ≈ 5300, where d and Um are
the pipe diameter and the bulk velocity, respectively. Particles
with different diameters are treated, corresponding to Stb = 1
and Stb = 4, where Stb is the bulk Stokes number based on the
particle relaxation time τp:

Stb =
τpUm

d
τp =

ρp

ρ f

D2
p

18ν
(14)

The computational domain for the pipe flow simulation
was 5d × 2π × d in the streamwise, circumferential, and ra-
dial directions, respectively, with a corresponding grid cell ar-
rangement resulting in a resolution of 120×144×65 cells. A
uniform grid spacing was used in the streamwise and circum-
ferential directions, while a non-uniform grid, appropriately
refined toward the wall, was used in the radial direction, with
the first grid point located well below y+ < 1. No-slip bound-
ary conditions are applied at the walls, and periodic boundary
conditions are applied in the streamwise directions. The sim-
ulations are initialized without the presence of particles. After
reaching a statistically steady flow state, the particles were in-
troduced at random spatial positions, each with an initial ve-
locity of zero. Apart from the difference in particle diameter,
the operating conditions of the two cases remain identical. The
relevant particle parameters for the two cases are given in Ta-
ble 1. The superscript + serves as a notation for the variable
normalization using wall units with wall shear velocity uτ and
kinematic viscosity coefficient ν . The particle/fluid density ra-
tio is constant for both cases at ρp/ρ f = 1000. The number of
particles corresponds to Np = 1.5×105.

Table 1: Particle parameters

Case Stb τ+p dp/d d+
p

1 1 26 1.8×10−3 0.66

2 4 104 3.7×10−3 1.36

Prior to the quantitative evaluation of the particle-related
quantities, it is important to assess the accuracy of the adopted
turbulence models with respect to the single-phase flow dy-
namics. Accordingly, Fig.2 shows a comparison of the semi-
logarithmic profiles of the non-dimensional streamwise veloc-
ity and turbulence intensity components obtained by both the
conventional RSM and the IIS-RSM against the DNS refer-
ence data. Except for some underprediction of the velocity in
the logarithmic and outer flow region with respect to the con-
ventional RSM, the results of both models closely follow the
DNS data. While the profiles obtained by the conventional
RSM show reasonable discrepancies compared to the refer-
ence DNS, the turbulence intensities captured by the IIS-RSM
show very good agreement with the DNS results, except for
a slight overprediction in the viscosity-affected near-wall re-
gion. In summary, the IIS-RSM related results show a remark-
able quantitative agreement with the DNS data, thus demon-
strating a high potential to accurately provide the underlying
turbulence statistics, which is essential for the correct determi-
nation of the particle dynamics.

After a statistically steady particle concentration was
achieved, particle-related results were evaluated by averaging
the instantaneous fields over the pipe cross-section and time.
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Figure 2: Semi-logarithmic profiles of mean fluid ve-
locity (upper) and turbulence intensities (lower) for the
particle-free pipe flow.

Fig.3 shows the mean streamwise velocity profiles for parti-
cles with different Stb numbers, along with the single-phase
fluid velocity predicted by IISRSM. In both cases, the mean
particle velocities predicted by the present Euler-Lagrange ap-
proach are in good agreement with the DNS data, being corre-
spondingly smaller than the mean fluid velocity. Furthermore,
the more pronounced effect of the downward shift of the parti-
cle velocity relative to the fluid velocity in the case of heavier
particles, characterized by Stb = 4, is captured correctly.

The profiles of the mean radial and streamwise turbulence
intensity components for both the fluid and the particles are
shown in Fig.4. The radial turbulence intensity is critical for
accurately predicting the particle dynamics in the near wall
region. While the turbulence intensities for the particle-free
flow show a slight overprediction within the viscous sublayer,
the particle-laden flow profiles are in close agreement with the
benchmark data for both investigated Stokes numbers. The at-
tenuation of the particle-induced radial velocity fluctuations
relative to the continuous phase reflects the particle inertia,
which is manifested by a reduced radial turbulence intensity
at higher Stokes numbers. Conversely, the tendency of the
streamwise turbulence intensity component for the fluid and
particles is opposite: particle turbulence intensities are slightly
higher than those of the fluid phase. Compared to the DNS
data, the profiles obtained by the present Euler-Lagrange ap-
proach show a slight overprediction in the region y+ < 5, i.e.
in the viscous sublayer.
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Figure 3: Semi-logarithmic profiles of mean particle ve-
locities with Stb = 1 (upper) and Stb = 4 (lower)

Flow in a plane channel
Fig. 5 illustrates the particle-laden turbulent flow in a

plane channel. The Reynolds number of the particle-free flow,
denoted as Reb = 5600, is determined based on the bulk ve-
locity and the channel width h, corresponding to Reτ = 176
and Reτ = 168 for the particle-free and particle-laden cases,
respectively, based on the friction velocity and the channel
half height. This specification is consistent with the reference
DNS study conducted by Dritselis & Vlachos (2008). The
mass loading ratio of the particles is φm = 0.5. The particle
diameter is smaller than the Kolmogorov length and the grid
spacing, with the latter refined to ensure adequate resolution
of the fluid flow scales. The feedback effect of the particles
on the fluid phase is considered by a point-force model. In-
teractions involving both interparticle and particle-wall purely
elastic collisions are modeled using the spring-slider-dashpot
model proposed by Tsuji et al. (1992), thus employing a four-
way coupling methodology. For this analysis, the drag force is
the only force considered for evaluating the particle dynamics.
Particles leaving the computational domain in the downstream
or spanwise directions are reintroduced at the corresponding
opposite boundaries to ensure flow continuity and dynamics
consistency.

For simulations dealing with both particle-free and
particle-laden cases, a computational gird consisting of 128×
128×128 points in the x, y and z directions, respectively, was
used within a computational domain of size 2πh×2h×2/3πh.
The grid spacing was uniform in the periodic streamwise and
spanwise directions. A suitable grid grading was implemented
in the wall-normal y direction, with the first grid point located
well into the viscous sublayer at y+ < 1 for both the particle-
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Figure 4: Mean radial (upper) and streamwise (lower)
turbulence intensity profiles for the fluid and particles

Figure 5: Instantaneous velocity for fluid (at flow domain
boundaries) and particle phases in a particle-laden turbu-
lent flow with Stb = 1 obtained by the IIS-RSM

free and particle-laden cases. The particles were simulated
with a density ratio of ρr = 7333, corresponding to copper
particles suspended in air. The Stokes number based on the
centerline Kolmogorov time scale was about St = 20.

Fig. 6 shows the mean streamwise velocity profiles for
both fluid and particle phases in particle-free and particle-
laden flow configurations, which are in good agreement with
the DNS reference data. The introduction of particles into the
flow does not significantly modify the fluid velocity profile,
with only a slight increase in the core region due to the reduced
friction velocity under the mass loading condition of φm = 0.5.
As shown in the lower figure 6, the mean particle stream ve-
locity in the buffer layer is slightly underpredicted compared to
the DNS data. However, the large mean slip velocity near the
wall is accurately captured, successfully validating the effec-
tive implementation of interparticle collision dynamics within
the present Euler-Lagrange framework.
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Figure 6: Mean streamwise velocity of fluid phase (up-
per) and particle phase (lower)

Flow over a backward-facing step
The flow over a backward-facing step, characterized by

sharp-edged boundary layer separation and reattachment, is
recognized as a suitable benchmark for evaluating the pre-
dictive capabilities of turbulence models in the computation
of dispersed multiphase flows. Consequently, this recircu-
lating flow configuration is chosen to further evaluate the
present Euler-Lagrange approach within the IIS-RSM model-
ing framework, through comparison with the Laser Doppler
Anemometry (LDA) measurements of Fessler & Eaton (1999).

The computational domain is configured in accordance
with the experimental setup of Fessler and Eaton, with step and
entrance channel heights of H = 0.0267m and h = 0.04m, re-
spectively, yielding an expansion ratio of h/H = 5/3 as shown
in Fig.7. The upstream and downstream channel lengths are
set to LU = 10h and LD = 35h, respectively, with a channel
span width of B = 4.28h. To ensure a fully- developed inflow
condition, a recycling method based on the relatively long up-
stream channel is employed, in which the turbulent velocity
is transferred from a downstream plane back to the inlet. Pe-
riodic boundary conditions were applied in the spanwise di-
rection, supplemented by no-slip conditions on the lower and
upper walls. The structured grid uses a total of 3.5×106 cells,
with the wall-next grid point positioned within the viscous sub-
layer at y+ < 1 by appropriately refining the grid spacing in
the wall normal direction. The Reynolds number based on the
centerline velocity of the upstream channel and the step height
is Re = u0H/ν = 18700. Furthermore, spherical monodis-
perse copper particles with a diameter of Dp = 70µm and a
density of ρp = 8800kg/m3 are randomly introduced at the
flow inlet. Thus, the Stokes number, formulated based on the

large-eddy passing frequency in the separated shear layer, is
St = ρpD2

pu0/10µ f 5H = 6.9 according to Fessler & Eaton
(1999). The particles are injected with a mass loading ra-
tio of Φm = ṁp/ṁ f , corresponding to a volume fraction of
φp < 10−3. Therefore, the flow can be treated as dilute, which
allows a two-way coupling approach without considering the
interparticle collisions. Consequently, all pertinent forces, in-
cluding drag, gravity, and Saffman-Mei lift forces, are consid-
ered to accurately assess the particle dispersion.

Figure 7: Backward-facing step flow: solution domain
A first impression of the turbulent particle-laden

backward-facing step flow can be obtained from Fig. 8, which
illustrates the instantaneous streamwise velocity field and par-
ticle distribution obtained by the IIS-RSM. The mean stream-
wise velocity field and associated streamlines are shown in
Fig.9, highlighting the recirculation region around the step.
As the fully-developed inflow passes the step and undergoes
a sudden expansion, it detaches from the sharp edge and reat-
taches to the lower wall at the length just above 7H, leading to
the formation of a characteristic separation zone.

A quantitative check of the prediction quality of the mean
streamwise velocity is presented in Fig.10, with its profile
evolution including the separation, reattachment, and post-
reattachment regions in the particle-free case. The velocity
profiles obtained by both Reynolds stress models agree well
with the experimental data, with a very slight overprediction
in the upper region of the channel for the IIS-RSM-related re-
sults. Both models successfully capture the recirculation zone
downstream of the step, correctly returning the experimentally
determined reattachment location at x/H ≈ 7.4.

Fig. 11 shows the time-averaged particle streamwise
velocity profiles obtained by the present Euler-Lagrange ap-
proach in comparison with the measurement data. It can be
seen that the particles mainly follow the fluid flow, as expected
from the value of the Stokes number St = 6.9. Therefore, the
magnitude and skewness of the mean particle velocity profiles
are consistent with those of the continuous phase. However, a
slight underprediction of the velocity gradient is observed in
the region of higher mean shear compared to the experimen-
tal data. The deviation decreases progressively as the particles
disperse further from the step. The accurate reproduction of
the particle distribution in terms of their dispersion character-
istics is considered to be a key achievement, demonstrating
that there is no need to implement an additional stochastic dis-
persion model for the present Euler-Lagrange approach.

CONCLUSION
A multiphase Euler-Lagrange computational approach for

the prediction of particle-laden flow, implemented within the
framework of a Sensitized RANS modeling strategy, describ-
ing the dynamics of the entire stress tensor of unresolved tur-
bulence structures, is presented and validated in a series of
suitably adopted flow configurations underlying the one-, two-
, and four-way coupling between the carrier and dispersed
phases. The latter flow characteristics are consistent with op-
erating flow and particle conditions over the range of Reynolds
and Stokes numbers considered. The particle-related proper-
ties are captured in good agreement with the reference numer-

5



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25–28, 2024

Figure 8: Instantaneous streamwise velocity and particle distribution of the particle-laden turbulent backward-facing step
flow obtained by the present IIS-RSM; only 10% of the total particle amount is shown for clarity

Figure 9: Mean streamwise velocity and associated streamlines for the backward-facing step flow obtained by IIS-RSM
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Figure 10: Mean fluid velocity profiles of the particle-
free backward-facing step flow

Figure 11: Mean particle velocity of the particle-laden
backward-facing step flow

ical abd experimental data due to the accurate prediction of
the underlying turbulence field. The present Euler-Lagrange
multiphase flow approach coupled with the eddy resolving
IIS-RSM for turbulence description demonstrates the high po-
tential to correctly capture the fluid-particle interaction in the
wall-bounded particle-laden flows.
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Jakirlić, S. & Maduta, R. 2015 Extending the bounds of
’steady’ RANS closures: Toward an instability-sensitive
Reynolds stress model. Int. J. Heat and Fluid Flow 51, 175–
194.
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