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Abstract. This study performs numerical modelling using the Eulerian-Lagrangian method to study the influence of the 

duct cross-section on deposition rates for the monodisperse and dilute air-particle flow in a 90° duct bend. First, the 

airflow with a Reynolds number of 40,000 through a square 90° duct bend with the hydraulic diameter of 0.08m and 

the curvature ratio of 4 was validated against the literature applying the SST k-ω eddy-viscosity model. Then, the 

square duct bend airflow field was compared in terms of the mean velocity and the turbulent kinetic energy with a 

circular duct operating with the same flow conditions. Finally, the particle deposition rates on the circular and square 

duct bend for the particle size between 0.1μm and 100μm comparing with the correlations from literature. The 

deposition rates were higher on the circular duct bend than the square duct bend for the Stokes number ranging from 
0.4 to 3.0. 
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1. INTRODUCTION 

 

People spend most of their time in indoor environments and are exposed to a range of air contaminants (Liu et al., 

2018). The aerosols size in ventilation ducts is up to 100μm and particles less than 2.5μm can get deep into the lungs 

causing serious health problems (ASHRAE, 2017). In mechanically ventilated and conditioned buildings, the particle 

concentration within the building environment can be affected by the duct system. The particle deposition is lower on 

straight ducts than on fittings such as the ventilation elbows (Jeong et al., 2009). Normally, numerical modeling of gas-

solid flows is carried out with Eulerian-Eulerian or Eulerian-Lagrangian methods (Crowe et al., 2017). Since the aerosol 
concentration in ventilated rooms must be small (the particle volume fraction is lower than 10-6), we have diluted flow 

and the Eulerian-Lagrangian approach can be chosen to perform this study. 

Handling with the Eulerian-Lagrangian approach implies the carrier phase (the air) must be properly modeled. The 

airflow in curved pipes is more complex than in straight pipes because secondary flows occur as well as the flow 

separation in the inner bend wall (Spedding et al., 2004). The turbulence modeling of the airflow in curved pipes 

requires special attention due to the presence of curved streamlines. The literature shows the Large Eddy Simulation 

(LES) models are accurate to predict this complex flow such as shown by Tanaka et al. (2009). However, most of the 

literature was carried out with the Reynolds Averaged Navier-Stokes (RANS) closure models due to the computation 

resources available such as the Re-Normalization Group k-ε model (Kim et al., 2014) and the Reynolds Stress Models 

(Bluestein et al., 2019). 

Particle deposition rates on curved pipes have been numerically studied usually with one-way coupling (Elghobashi, 
1994) and a Lagrangian particle tracking model for the disperse phase (the aerosol) integrating an eddy lifetime model 

to consider the velocity fluctuations of the carrier phase into the forces acting on the particles (Mofakham and Ahmadi, 

2020). To avoid modelling all the complexities of the particle-wall interactions (Almohammed and Breuer, 2016) the 

stick condition is largely applied, i.e., the particles are deposited once in contact with the pipe walls (Breuer et al., 2006; 

Berrouk and Laurence, 2008; Zhang et al., 2012; Gao and Li, 2012; Guo et al., 2020).  

The present study seeks to assess the influence of the duct shape (square and circular ducts) on the particle 

deposition in 90° bends. First, the turbulent airflow through a square-sectioned 90° bend with a hydraulic diameter (Dh) 

of 0.08m, a curvature ratio (δ) of 4, and a Reynolds number (Re) of 4×104 was validated against the work of Sudo et al. 

(2001). Then, a monodisperse cloud of particles was injected and tracked into the previous airflow solution and the 

deposition rates were compared with a circular duct with the same flow conditions (i.e., the same Dh, δ, and Re) and 

validated with the correlations proposed by Pui et al. (1987) and McFarland et al. (1997). 
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2. MODEL 

 

The physical model is a 90° bend that connects a horizontal to horizontal straight ducts as illustrated in Fig. 1. In this 

figure: Dh is the hydraulic diameter (Dh = 0.08m), Rb is the bend radius (Rb = 0.16m, consequently the curvature ratio, δ, 

is δ = 2Rb/Dh = 4), αb is the bend angle, gz is the gravity direction (gz = 9.81ms-2), L1 and L2 are, respectively, the length 

of the straight ducts upstream and downstream the bend (L1 = L2 = 4m).  
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Figure 1. Geometry and boundary conditions for the duct bend: (a) top view, (b) square duct, and (c) circular duct. 

 
The turbulence variables and the velocity profiles were assumed constant at the inlet of the domain (U0 = 7.4ms-1 

and 5% of turbulence intensity) leading to the Reynolds number of 4×104. The pressure at the outlet of the domain is 

constant (P0 = 1atm). The wall was considered with a non-slip boundary condition. The zero gradient boundary 

condition was set to the pressure at the domain inlet and the walls as well as the velocity and the turbulence variables at 

the domain outlet. One cloud with 105 monodispersed particles of 2.5×103kgm-3 density was injected at once with the 

same local air velocity in the upstream duct near the bend inlet (x/Dh = 40), for a particle size ranging from 0.1μm to 

100μm, and the particles were tracked until all particles cross the bend outlet with the time step of 10-6s. 

 

2.1 Carrier phase 

 

The RANS equations are obtained by averaging the transport equations. If the airflow is statistically steady and 
incompressible, the mass conservation and momentum transport equations can be expressed by Eqs. (1) and (2) 

(Ferziger et al., 2020): 
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where u  is the mean fluid velocity (ms-1), t  is the time (s),   is the fluid density (kgm-3), p  is the mean pressure (Pa), 

  is the kinematic fluid viscosity (m2s-1), ii  is the Cartesian unit vector at the direction i , and ' '

i ju u  is the Reynolds 

stress tensor (m2s-2). 

The eddy-viscosity models assume that the Reynolds stress tensor is proportional to the strain tensor as proposed by 

Kolmogorov: 
 

' ' 2
2

3
i j t ij iju u S k− =  −   (3) 

 

where t  is the turbulent kinematic viscosity, ijS  is the mean strain rate tensor given by: 
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k  is the turbulent kinetic energy defined as: 
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' '1

2
i ik u u=  (5) 

 

and ij  is the Kronecker delta. 

The eddy-viscosity model applied in this study is the Shear Stress Transport (SST) k-ω model developed by Menter 

et al. (2006) because this model has good behavior in adverse pressure gradient and separating flow, and has been 

performed well to predict the turbulent airflow in duct bends as shown by the authors in previous studies (Lopes and 

Mariani, 2017; Lopes et al., 2018; Lopes et al., 2020). For the sake of brevity, the additional transport equations for the 

turbulent kinetic energy ( k ) and the turbulence frequency (  ), and the kinematic eddy viscosity ( t ), of the SST k-ω 

turbulence model will not be presented here and you can find them in Versteeg and Malalasekera (2007). 
 

2.2 Disperse phase 

 

The equations of the particle motion in the turbulent flow for the Lagrangian method with one-way coupling can be 

expressed as (Crowe et al., 2017): 

 

p

p
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u
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where px  is the particle position (m), pu  is the particle instantaneous velocity (ms-1), pm  is the particle mass (kg), and 

F  are forces acting on particles (N). 

Since the ratio between the fluid and the particle density is small in this study, the Basset, the virtual mass, and the 

pressure-gradient forces were neglected. Consequently, the main forces acting on the particles are gravity and drag 

forces. The shear-lift force is also considered as well as the Brownian diffusion for the submicron particles. 

The gravity force ( gF ) is calculated as: 

 

1g p

p
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 (8) 

 

where g  is the gravity acceleration at z-direction,   is the fluid density, and p  is the particle density. 

The drag force (
dF ) is the resistance of the fluid to the particle motion defined as: 

 

( )21
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where pd  is the particle diameter, u  is the instantaneous fluid velocity at particle location, and dC  is the drag 

coefficient determined as (Putnam, 1961): 
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where Re p  is the particle Reynolds number ( Re νp p pu u d= − ). 

The shear-lift force (
lF ) is the component of the force acting on the particle perpendicular to the main flow 

direction due to the inertial effects in the viscous flow around the particle surface. An expression for the shear-lift force 

was proposed by Saffman (1965; 1968): 
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where n  is the normal coordinate to the main flow direction. 

The Saffman’s shear-lift force ( ( )l SaffF ) is valid only for low particle Reynolds number ( Re 1p  ). Therefore, a 

more general correlation was applied in this study, the shear-lift force proposed by Mei (1992): 
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where   is the local vorticity of the fluid ( u =  ) and lC  is the coefficient given by: 
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where   is the dimensionless shear rate ( ( )2p pd u u =  − ). 

Submicron particles (dp < 1μm) are affected by the influence of the Brownian motion, i.e., since submicron particle 

size is of the order of the air mean free path (~70nm), the air molecules moving randomly change the trajectories of the 

submicron particles. Therefore, the Brownian diffusion can be represented by a source term in the Eq. (7). The 

Brownian force ( BF ) can be expressed according to Li and Ahmadi (1992): 
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where   is a zero-mean, unit-variance-independent Gaussian random number, t  is the time step size in which the 

amplitude of Brownian forces component is evaluated, and 0S  is the spectral density of a Gaussian white noise random 

process given as: 
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where Bk  is the Boltzmann constant ( 231.38 10Bk J K−=  ), T  is the temperature, and CC  is the Stokes-Cunningham 

slip correction factor defined as: 
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where   is the air mean free path. 

To calculate the forces acting on particles, the instantaneous fluid velocity seen by the particle is needed. Since the 

RANS models calculated only the time-averaged fluid velocity, a stochastic model must be applied to calculate the 

instantaneous fluid velocity at particle location. The stochastic model of Gosman and Ionnides (1983) was used in this 

study in which the velocity fluctuation of the fluid-phase ( 'u ) when the particle crosses a turbulent eddy is defined as: 

 
1 2
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where dir
→

 is a random vector. The Eq. (7) is integrated until the particle does not interact anymore with the same eddy. 

The interaction duration of the particle with the eddy ( i ) is calculated between the eddy lifetime ( e ) and the time for 

the particle pass through the eddy ( r ): 
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where e  is given by: 

 

e

k
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where   is the dissipation rate of the turbulent kinetic energy, and r  is the residence time of the particle in the eddy 

defined as: 
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where rC  is a constant. 

 

2.3 Numerical procedure 

 

The numerical solution of the governing equations for the fluid flow (Eqs. (1) and (2)) and the particle motion 

(Eqs. (6) and (7)) was solved with the toolbox OpenFOAM® (Greenshields, 2018). In OpenFOAM®, the Navier-

Stokes equations are solved with the Finite Volume Method (FVM) using the cell-centered collocated variable 

arrangement. The PISO (Pressure Implicit with Splitting of Operators) algorithm (Issa, 1986) was used for the pressure-

velocity coupling of the incompressible fluid flow until the steady solution was obtained. The convective terms were 
discretized with a second-order accurate numerical scheme, a fully orthogonal scheme was used for the diffusive terms, 

and the gradients terms were computed with the Gauss method. Once the flow was converged, particles were injected 

and tracked by analytical integration using the Lagrangian method and one-way coupling (i.e., only the fluid flow 

affects the particle trajectories while the particles do not affect the fluid flow). 

The mesh was generated with the blockMesh tool. The grid convergence study was performed with three meshes for 

both square and circular ducts as listed in Tab. 1. Figure 2 presents the non-uniform structure mesh for both cases 

(Grid 2). The refinement expansion ratio regarding the number of nodes (N) from Grid 1 to Grid 2 and from Grid 2 to 

Grid 3 is near 1.2 following the Grid Convergence Index (GCI) method proposed by Roache (1994). The dimensionless 

distance normal to the wall was also observed and the maximum y+ was lower than 1 for all grids (with at least 5 nodes 

in the viscous sublayer). 

The average pressure drop (Δp) and the Darcy-Weisbach friction factor (f) were calculated for all meshes (Tab. 1). 

The pressure drop of the duct bend model (Fig. 1) is near 82Pa and the Darcy-Weisbach friction factor is near 0.0220. 
The relative error (Er) is lower towards the finest grid in both ducts showing the convergence regarding these variables. 

Moreover, no significant variation of these flow properties was observed in both cases. 

 

Table 1. Grid convergence study. 

 

Cross-section N Δp [Pa] (Er) f (Er) 

Square 

Grid 1 0.43×106 66.30 (-19%) 0.0125 (-43%) 

Grid 2 0.75×106 68.92 (-16%) 0.0131 (-40%) 

Grid 3 1.34×106 71.52 (-13%) 0.0136 (-38%) 

Circular 

Grid 1 0.48×106 66.86 (-19%) 0.0129 (-41%) 

Grid 2 0.88×106 70.10 (-15%) 0.0135 (-39%) 

Grid 3 1.61×106 70.77 (-14%) 0.0137 (-38%) 

 

Figure 3 shows the air mean streamwise velocity at the bend outlet normalized with the bulk velocity. The 

dimensionless radius (r*) ranges from the inner bend wall (r* = 0) to the outer bend wall (r* = 1). Almost no difference 

between the meshes was observed towards the outer bend wall region (r* > 0.5). Near the inner bend wall region 

(r* < 0.3), there was a convergence from the coarse grid to the fine grid. Therefore, the Grid 3 was selected for further 

analysis. 
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Figure 2. Gird 2: (a) the square and (b) the circular duct bend. 
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Figure 3. Grid convergence study: the streamwise mean air velocity at the bend outlet (αb = 90°) for the (a) square and 

(b) circular duct. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Fluid-phase 

 

Figure 4 presents the validation of the fluid-phase regarding the mean streamwise velocity profiles. Only the square-

sectioned duct is presented because the benchmark for validation was the work of Sudo et al. (2001). Figure 4a indicates 

the fully developed turbulent flow profile was close to the data from Klebanoff (1954) in which the mean streamwise 

velocity is normalized with the wall-friction velocity ( wu   = ), i.e., /u u u+

= , and the dimensionless distance 

normal to the wall is given by: / νy yu+

= , where y is the normal distance to the wall. The velocity profile at the bend 

outlet is shown in Fig. 4b in which the dimensionless radius (
*r ) can be defined as: 

 

* i

o i

r R
r

R R

−
=

−
 (21) 

 

where r  is the distance from the bend center to a position between the inner ( iR ) and outer ( oR ) bend radius. 
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The SST k-ω eddy-viscosity model was accurate enough to predict the velocity profile (Fig. 4b) corresponding to 

the Root Mean Square Error (RMSE) of only 8%. 

 

(a) 

 

(b) 

 
 

Figure 4. Square duct: (a) fully turbulent developed profile at the upstream straight duct close to the bend inlet 

(x/Dh = 45) and (b) mean streamwise velocity at the bend outlet (αb = 90°). 

 
Figure 5 proposes the comparison of the flow field between the square (Fig. 5a) and the circular (Fig. 5b) duct bend 

for the middle plane (z = 0) and some cross-section planes along the duct. For both square and circular ducts, the mean 

velocity profile was fully developed in the upstream duct near the bend inlet region (αb = 0°). In addition, the mean 

velocity profile was disturbed in the duct bend and the downstream duct near the bend outlet region (αb = 90°) offsetting 

the maximum velocity towards the outer bend wall. The flow separation region in the inner bend wall close to the bend 

outlet was larger in the circular duct (Fig. 5b) than in the square duct (Fig. 5a). As presumed, a stagnation region 

appears at the corners of the square duct, and due to the round geometry of the circular duct, no stagnation region was 

observed in this duct. The turbulent kinetic energy is higher at the middle plane in the downstream duct for the circular 

duct (Fig. 5b) than for the square duct (Fig. 5a). On the other hand, a region with higher turbulent kinetic energy was 

observed in the duct top wall at the bend outlet for the square duct. 
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Figure 5. Comparison of the mean velocity and the turbulent kinetic energy contours for (a) square and (b) circular duct. 

 

3.2 Particle-phase 

 

Air-particle flows with important deposition rates as in this study can be analyzed using the collection efficiency 

(  ) defined as: 

 

1 o

i

C

C
 = −  (22) 

 

where oC  and iC  are the particle concentration at the bend outlet and bend inlet, respectively. Once the air-particle 

flow is monodispersed, the concentration is represented by the number of particles, i.e., in this study iC  is the number 

of particles that enter the bend and oC  is the number of particles that exit the bend (the non-deposited particles). 
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Figure 6 presents the particle deposition collection efficiency validated against the experimental correlations from 

the circular ducts bend carried out by Pui et al. (1987) and McFarland et al. (1997). For particle size ranging from 

0.1μm to 100μm, the corresponding Stokes number is 2×10-3 to 14, respectively. The Stokes number ( St ) is the ratio 

between the characteristic time scales defined as: p FSt =   , where F  is the flow time scale ( ( ) 02F hD U = ) and 

p  is the particle response time given by: 

 
2

18

C p p

p

C d
 =


 (23) 

 

where   is the dynamic viscosity of the air. 

For both square and circular ducts of this study, Fig. 6 shows the lighter particles (St ≤ 0.1) were almost all 

transported by the turbulent airflow through the duct bend, therefore the collection efficiency is close to 0% (without 

particle deposition on the duct bend walls). On the other hand, almost all heavier particles (St ≥ 2) were deposited on the 
duct bend walls leading to the collection efficiency near 100% (all particles are deposited on the duct bend walls). 

These behaviors of the curves agreed with the experimental data from the literature. The collection efficiency of the 

circular duct bend of this study was higher for the circular duct bend than the square duct bend when the Stokes number 

ranges from 0.4 to 3.0. 

 

 
 

Figure 6. Particle deposition efficiency in the duct bend. 

 

The particle deposition velocity (other property of the deposition rate) can be estimated as (Gao and Li, 2012): 

 

0 ln
3

o

d

i

U C
V

C

 
= −  

  
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The particle deposition velocity is normalized with the wall-friction velocity ( d dV V u+

= ) and the particle 

relaxation time is normalized with the eddy lifetime (
p p e

+ =   ). Figure 7 presents the dimensionless deposition 

velocity of this study compared with Wood’s correlation (Wood, 1981) valid for τp+ < 10. The behavior of this curve 

agreed with the literature and the three characteristics regimes were observed: the turbulent diffusion regime (τp+ < 2), 

the eddy-diffusion impaction regime (2 ≤ τp+ ≤ 50), and the particle inertia moderate regime (τp+ > 50). 

 

 
 

Figure 7. Particle deposition velocity in the duct bend. 
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4. CONCLUSIONS 

 

This study carried out a numerical analysis with the Eulerian-Lagrangian approach using the code OpenFOAM® to 

solve the governing equations of the incompressible fluid flow and the particle transport for a 90° duct bend air-particle 

diluted flow within a circular and a square ducts. First, the turbulent airflow was solved with the SST k-ω eddy-

viscosity model validating against the available literature and comparing the airflow field of the circular and square 

ducts. Then, a Lagrangian model with one-way coupling was incorporated in the previous airflow solutions to 

determine the deposition rates for the particle size ranging from 0.1μm to 100μm. Overall, the flow separation region 

was larger in the circular duct than the square duct and the deposition rates were higher on the circular duct than the 

square duct for the Stokes number between 0.4 and 3.0. Future research can include a more realistic particle-wall 
interaction model and apply other turbulence models. 
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