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Abstract

Numerical studies of transport and deposition of nano- and micro-particles in turbulence flow field have been studied in the past
few decades. In most current industrial applications, Reynolds averaged turbulence models were used due to its relative simplicity
and computational efficiency. In this work, a series of numerical simulations were conducted to study the transport and deposition of
nano- and micro-particles in a turbulent duct flow using different turbulence models. Commercial software (FLUENTT 6.1.22) was
used for turbulence mean flow simulation. Simulations of the instantaneous turbulence fluctuation with and without turbulence near
wall correction, and particle trajectory analysis were performed with the in-house PARTICLE (object-oriented C++) code, as well as
with FLUENT™ code with and the use of user’s defined subroutines. The simulation results for different cases were compared with
the available experimental data, and the accuracy of various approaches was evaluated. In addition, the importance of turbulence
model, boundary conditions, and turbulence fluctuation particularly near wall on particle transport and deposition were carefully
evaluated. It was shown that when sufficient care was given to the modeling effort, the particle deposition rates could be predicted
with reasonable accuracy. The presented results could provide guidelines for selecting appropriate procedure for simulating nano-
and micro-particle transport and deposition in various applications.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Micro- and nano-particle dispersion and deposition in turbulent flow field have attracted attention of many researchers
in the past few decades due to its wide applications in xerography, micro-contamination control, chemical industries
and air pollution controls. New emerging applications include developing efficient inhalation drug delivery devices,
estimating personal exposure to particulate matters in indoor and outdoor environments, occurrence of asthma related
to environmental particulate pollutants, and other bio-medical devices. To provide a reliable computational model to
be used as a predictive tool for these advance applications, the characteristics of the continuous fluid phase and the
discrete particle phase have to be resolved. In particular, the interactions between the micro- and nano-particle motions
and turbulence eddies need to be properly accounted for. However, due to the complexity of turbulence itself, there is no
completely satisfactory model for describing the gas—solid interaction in the finest scale that can be applied universally.
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Nomenclature
Co

Ce
Cp

tcross

particle mass concentration

Stokes—Cunningham slip correction factor

particle drag coefficient

particle diameter

deformation rate tensor of the fluid

particle mass diffusivity

lift force

acceleration of gravity

nondimensional acceleration of gravity

Gaussian random number with zero mean and unit variance
turbulence kinetic energy

nondimensional surface roughness

nondimensional turbulence kinetic energy

Boltzmann constant

particle mass flux to the wall per unit time

turbulence dissipation length scale in “two-layer zonal model”
turbulence viscous length scale in “two-layer zonal model”
eddy length scale

Brownian force vector

initial number of particles

number of deposited particles

turbulence Reynolds number in “two-layer zonal model”
Reynolds stress tensor of the fluid

particle Reynolds number

spectral density of Gaussian

particle-to-fluid density ratio

Schmidt number

time

particle eddy crossing time

non-dimensional time duration

particle Lagrangian integral time scale

absolute temperature

mean, instantaneous and fluctuation velocity vector of the fluid
averaged stream-wise velocity of the channel cross section
shear velocity of the fluid

velocity vector of particle

nondimensional mean stream-wise velocity in standard wall function
nondimensional mean stream-wise velocity

Particle nondimensional deposition velocity
nondimensional turbulence normal fluctuation velocity
position vector, i = 1, 2, 3 for stream-wise, lateral and span-wise direction
nondimensional wall unit

nondimensional wall unit in standard wall function

mass density of the fluid

kinematic viscosity of the fluid

eddy viscosity of the fluid

wall shear stress of the fluid

turbulence dissipation rate

eddy lift time
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T particle relaxation time

A gas molecular mean free path

o nondimensional particle relaxation time

¢ uniformly distributed random number between zero and one
& Gaussian white-noise random number

Currently, there are three general approaches for simulating turbulent fluid flows. These are: Reynolds-averaged
Navier—Stokes (RANS) equation method, direct numerical simulation (DNS), and large eddy simulation (LES). While
DNS provides the most promising capability to reproduce features of turbulence up to the smallest Kolmogorov scale,
the computational expenses associated with current algorithm and computing resources make it inapplicable for large
Re or complex geometry applications. In the LES approach the large eddies are directly simulated, while eddies smaller
than the grid scales are modeled. LES is expected to provide a better representation of turbulence features beyond
the filtered scales; however, the needed computational resources are still extensive. While the limitations of DNS and
LES stated here make them impractical for applications to complex regions of industrial interest, these approaches
have greater potential with advances with development of efficient algorithms and/or availability of ever increasing
computing resources. For current industrial applications of flows with large Re in complex passages, RANS remains
as the most commonly used approach.

Extensive reviews of theoretical and experimental studies of behavior of particles in turbulent flows were provided
by Wood (1981), Hinds (1984), Hidy (1984) and Papavergos and Hedley (1984). Computer simulation models for
analyzing particle transport, deposition in turbulent flow field were reported by many researchers. Ounis and Ahmadi
(1990) conducted analysis of dispersion of small spherical particles in random turbulent flow field with energy spectral
method. Li and Ahmadi (1992, 1993, 1995) and He and Ahmadi (1999) developed computer simulation procedures for
studying particle dispersion and deposition in various passages. In these earlier works, the flow field was simulated using
empirical expressions, thermodynamically consistent rate-dependent turbulence model, and upgraded stress transport
models. Fan and Ahmadi (1993) proposed a sub-layer model to capture the effect of near-wall vortical structure of
turbulent on particle deposition in vertical ducts.

Matida, Nishino, and Torii (2000) reported statistical simulation of particle deposition from turbulent dispersed pipe
flow with mean turbulence profile obtained from fitted DNS data. Wang and James (1999) proposed an anisotropic
correction to isotropic turbulence models to study turbulent dispersion and deposition of small particles. McLaughlin
(1989), Ounis, Ahmadi, and McLaughlin (1993), Zhang and Ahmadi (2000) conducted particle deposition in turbulent
duct flows using the direct numerical simulation technique. Wang and Squires (1996) reported LES of particle-laden
turbulent channel flow. Uijttewaal and Oliemans (1996) reported the study of particle dispersion and deposition in
vertical pipe flows with both DNS and LES simulations. Kvasnak, Ahmadi, and Schmidt (2004) employed a Langevin
model for simulating the turbulence fluctuation in connection with their study of spray droplets formation in turbulent
flows. Oesterle and Zaichik (2004) studied the effect of Lagrangian time scales on particle dispersion modeling in
equilibrium turbulent shear flows.

More recently, researches have been conducted to simulate nano- and micro-scale particle depositions in com-
plex geometries. Examples of such studies for human lung were reported by Martonen, Zhang, and Yang (1992),
Balashazy and Hofmann (1995), Li and Ahmadi (1995), and Zhang and Kleinstreuer (2001). Modeling of indoor
particle depositions from turbulent flows were reported by Lai and Nazaroff (2000), among others. In these stud-
ies, RANS with k—¢, k-, and Reynolds stress transport model (RSM) were mostly used. The capability to cap-
ture the effect of turbulence fluctuation velocity field on particle has been the key in success or failure of these
approaches.

In this study, simulations of nano- and micro-particle depositions in turbulent duct flows were conducted. Two RANS
models, namely, the two-equation k—¢ model and the RSM were used. Turbulent mean flows were simulated with the
commercial software package (FLUENT™ 6.1.22). Simulations of turbulence fluctuation including the near-wall
correction, and particle trajectory analysis were conducted using the in-house PARTICLE (Object-oriented C++) code.
In addition, the simulations were repeated using FLUENT™ 6.1.22 discrete phase module (DPM) for comparison.
One goal of the study has been to assess the effectiveness of RANS method with various modeling elements on the
accuracy of predicted particle deposition rate in turbulent duct flows. The other object has been to test the performance
of FLUENT™ 6.1.22 for particle transport and deposition studies.
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Results of the present simulations were compared with the available experimental data, empirical equations, and
earlier simulation results. It was shown that the use of an appropriate anisotropic turbulence model was important
for accurate predictions of the nano- and micro-particle transport in turbulent flow fields. The corresponding particle
deposition rates were found to be sensitive to the near-wall correction used in the simulation. That is, in addition to the
proper boundary condition for the mean flow velocity, the correct estimate of the turbulence near-wall fluctuation was
important for accurate simulation of particle deposition rate.

The present work provides the first detailed comparative study of accuracy of various turbulence models for particle
transport and deposition in duct flows. In particular, the importance of the effect of near-wall turbulence fluctuation
was made clear. The duct flow was studied in detail for which a lot of experimental data and empirical equations are
available that could be used for assessing the accuracy of different approaches. The finding, however, could provide
guidelines for selecting appropriate procedure for simulating nano- and micro-particle transport and deposition in
complex passages.

2. Turbulent flow field simulation
2.1. Mean flow field

The mean velocity field is evaluated by solving the RANS and continuity equation (White, 2006). The corresponding
Reynolds stress tensor, R;j = u:u’l (where u] is the fluctuation velocity), was evaluated using the standard k—& model
that uses the Boussinesq eddy viscosity hypothesis. That requires two additional transport equations for turbulence
kinetic energy k and turbulence dissipation . Another approach is to include the transport equation for the Reynolds
stress tensor, R;;, which eliminates the need for an eddy viscosity assumption. One advantage of the RSM is that it
accounts for the anisotropy of turbulence. The description of the k—& model and the RSM may be found in the work of
Launder and Spalding (1972), Launder, Reece, and Rodi (1975) and in FLUENT User’s Guide (1998).

2.2. Turbulent fluctuations

In turbulent flow field, turbulence diffusion by instantaneous flow fluctuations is the main mechanism for parti-
cle dispersion and depositions. This is in addition to the other mechanisms such as molecular diffusion, convective
transport and gravitational sedimentation. Therefore, it is critical to incorporate appropriate model for simulating tur-
bulence fluctuations for accurate analysis of particle transport and deposition processes. The most faithful simulation
of fluctuation velocity should be able to capture the details of the turbulence eddy structures. Currently, this is only
possible by the DNS that is only practical for low Reynolds number duct flows. For practical applications, however,
turbulence fluctuation is mainly estimated using a variety of stochastic approaches. To account for near-wall coherent
eddies, Fan and Ahmadi (1993) proposed a sub-layer model using a plane stagnation point flow. For reproduction of
fluctuation with stochastic method, Kvasnak et al. (2004) employed a pdf-based Langevin equation to generate the
instantaneous velocity and velocity gradient fields. Oesterle and Zaichik (2004) used a new more detailed stochastic
model for analyzing turbulence dispersion.

In this work, two stochastic models for simulating turbulence fluctuations were used. PARTICLE code uses the
continuous filter white-noise (CFWN) model proposed by Thomson (1987). Discrete Random Walk Model (DRW),
initiated by Hutchinson, Hewitt, and Dukler (1971) and extended by others, has been incorporated into FLUENT™
DPM for particle dispersion study in turbulence flow field.

2.2.1. Continuous filter white-noise (CFWN) model

PARTICEL code implemented the stochastic CFWN model of Thomson (1987) for numerical simulation of turbulent
fluctuations as encountered by the discrete phase particles. We followed the procedure suggested by He and Ahmadi
(1999) with slight difference in turbulence length scale. In this model, the instantaneous fluid velocity is simulated for
given the turbulence local mean velocity and mean square fluctuations via the following Langevin equation:

2\ /2
du; u; — uj 21/!1- B
=- + < (1). (H

dr T Ty
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Here Ty, is the particle Lagrangian integral time scale, and &; (¢) is a vector Gaussian white-noise random process with
spectral density 1/m. The particle Lagrangian integral time scale 71, in Eq. (1) is given as

T — / Rl @)
0 ul (1)

For small particles that follow the flow, a good approximation for 71 is the local turbulence Lagrangian time scale.
Proper estimate of 71, were discussed in a number of papers in the literature. Empirical eddy scales from pipe flow were
used by Hutchinson et al. (1971), and Schuen, Chen, and Faeth (1983) suggested using the isotropic turbulence eddy
scales from the k—& model. Kallio and Reeks (1989) estimated 71, using an isotropic expression related to turbulence
kinetic energy k and dissipation rate ¢, and accounted for the near-wall in-homogeneity by introducing a randomized
integral scale parameter. Graham and James (1996) proposed the use of 277, for more consistent model comparisons
with the experimental data. Most expressions used for 71, in the past are given as

k
T =Ci—. (3)
&

Here, C; is the model constant. No universal value for C| has been found as yet; however, typically a value of C;
in the range of 0.2 to 0.96 have been reported in literature for producing satisfactory results for comparison with the
experimental data. Eq. (3) originated from isotropic turbulent flow fields; for inhomogeneous and anisotropic flows,
the value of 71, may be estimated with the modified version of the equation using the lateral turbulence mean square

fluctuations. That is,
7.7
uhu
L=C 28 2, 4)

where constant C» is of the same order as C;. Matida et al. (2000) suggested C; = 1.0. Recently, a more detailed
modeling procedure for estimating the Lagrangian time scales in turbulent shear flows was reported by Oesterle and
Zaichik (2004) where a Lagrangian equation was used.

In this work, Eq. (3) was used for evaluating the turbulence Lagrangian time-scale for simulation with the k— model.
Eq. (4) was implemented into PARTICLE code for use with the anisotropic RSM turbulence model.

During the simulation of Eq. (1), at every time step the amplitude of the white noise process, &; (¢), is evaluated as

G;
i) = —, (5)
1 m

where G; is selected from a population of independent Gaussian random numbers with zero mean and unit variance.
The entire white noise sample is then shifted by Az{ where ( is a uniform random number in the range of (0,1).

2.2.2. Discrete random walk (DRW) model
The “Eddy Lifetime” model is used for the stochastic tracking in the FLUENT™ code. This model assumes successive
encounter of particles with discrete turbulence eddies. In this model, fluctuation velocity is given as

U, = GyJu?, (6)

where G is a zero mean, unit variance normally distributed random number, +/ u;z is the root mean-square (RMS) local

fluctuation velocity in the ith direction. The RMS fluctuation velocities are directly evaluated in the RSTM model. For

the k—& model, the three components are assumed to be equal and are given as u’l2 = 1/22 = u/32 = %k.

The time scale 7. associated with each eddy (eddy life time) is given as
Te = 2TL, (7)

where T1, is given by Eq. (3). In addition to the eddy lifetime, 7, a particle eddy crossing time #.ross 1S defined as

Le
feross = —T1n [1 - <—>:| . ®)
Tl — up|
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Here 7 is the particle relaxation time defined as

Sd*C,
= , 9
‘ 18v )
where S is the particle-to-fluid density ratio, d is the particle diameter, v is the fluid kinematic viscosity, and C. is the

Stokes—Cunningham slip correction factor, which is given as

2), ,
Co=1+ 3(1.257 + 0.4e~(11d/24)y (10

where 4 is the gas molecular mean free path.

In Eq. (8), L. is the eddy length scale, and |u — u,| is the magnitude of the relative slip velocity. The frequency of
the particle encountering turbulence eddies is the reciprocal of the lesser of 7. and fcross-

In addition to evaluating 7. with a constant 7 as expressed by Eq. (7), FLUENT™ provide an alternative way for
computing 7. with a randomized 77 . That is,

e = =T log(0), Y

where ( is a uniformly distributed random number between 0 and 1. Simulations in this study did not show an
improvement with use of Eq. (11) for the eddy life time instead of Eq. (7), but with additional computing overhead.
Therefore, Eq. (7) was used for all the subsequent simulations.

In this study, CFWN model that was implemented in PARTICLE code, also provided the flexibility for using
Egs. (3) or (4) for T1.. FLUENT™ code, however, has a built-in DPM module, and used Eq. (3) for calculating T, for
the particle dispersion with the stochastic DRW model.

2.3. Turbulent near-wall model

For the study of nano- and micro-scale particle depositions in wall-bounded turbulent flows, proper modeling of the
near-wall region is crucial to the accuracy of the simulation results. The RANS k—e and RSM models were formulated
primarily for turbulent flows in the core region; therefore, some improvements in the near-wall region are needed for
more realistic simulations. Following sections cover the near-wall treatments in the current simulation study, and how
they are incorporated into the PARTICLE and FLUENT™ codes.

2.3.1. Standard wall function boundary condition

Standard wall function is the most commonly used boundary condition for turbulent flows in industry applications.
Accordingly, the “law of the wall” for turbulent stream-wise mean velocity profile is imposed at the adjacent grid points
from the wall. That is,

ut* =yt for yt <11.225, (12)
1

ut = —In(Ey™) for yt > 11.225, (13)
K

where “+x” denotes the wall units and the nondimensional velocity and distance from the wall are given as

/4,12 1/4,1/2
o2 il KE e el Py (14)
Tw/p I
with k =0.42, E=9.81.

With the standard wall function boundary condition, turbulence variables for cells adjacent to the wall are obtained
through semi-empirical equations based on local turbulence equilibrium assumption. Accordingly, the expression for
turbulence kinetic energy k and dissipation rate ¢ are given as

k= (15)
Py/Cu
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62/4,(3/2
_ (16)

Ky
Away from the wall where turbulence is in the fully developed regime, turbulence kinetic energy and dissipation rate
are computed through the corresponding transport equations.

The standard wall function boundary condition is most frequently used in practical applications because of its ease
of use, computational efficiency, and stability. It, however, is known that the standard wall function does not account
for many of the complexities of turbulence near wall flows. In this study, the accuracy of the use of the standard wall
function boundary condition in connection with deposition of nano- and micro-scale particles is evaluated. A series of
computer simulations are conducted with both PARTICLE and FLUENT™ codes. As noted before, the standard wall
function is the default boundary condition for the k—& and RSM models in FLUENT™ code. It is found that the use
of the standard wall function boundary condition may lead to inaccurate estimate of particle deposition rates.

2.3.2. Two-layer zonal model

Chen and Patel (1988) proposed a two-layer wall boundary condition for resolving the near-wall features of the
flow. The model makes use of Wolfshtein’s (1969) one-equation model to account for the near-wall effect. Beyond
the “Buffer Layer” and part of the log layer, the traditional RANS turbulence models are used. In the near-wall layer,
turbulence kinetic energy k is evaluated through its transport equation, while the dissipation rate ¢ and eddy viscosity
y; are estimated as,

%3/2

e=—, 7
lg

v = CyVkly. (18)

In Egs. (17) and (18), the wall effects are taken into account with damping of the length scales /. and [, with the
following characteristics:

L= Cry(1 — e~ /Ay, (19)
le = Cry(1 — e~ (Ry/Ae)y, (20)

Here the constants are: C) = KCZ/ 4, Ay =70, Ag =2C). In Egs. (19) and (20), Ry is the turbulence Reynolds number
defined in near-wall region as
Wk

Ry = Y% 1)

The damping of turbulence imposed by Egs. (19) and (20) reaches the maximum at wall, and it decays with distance
further away from the wall. The transition from the near-wall layer to the core region is made when R, reaches 200.

Two-layer zonal near-wall model provides a simple way for accounting for the near-wall effects on turbulence features.
The two-layer wall boundary condition is provided as an option in FLUENT™ code version 6.1.22. Accordingly, having
the first grid point at y© = 1 is recommended for an accurate simulation. The two-layer wall boundary condition was
also used in this study as one of the test cases.

2.3.3. Quadratic variation near wall

It is well known that continuity requires the RMS turbulence fluctuation normal to wall to follow a quadratic variation
(Hinze, 1975). Experiment measurements as well as DNS simulations of Kim, Moin, and Moser (1987) and Ounis
et al. (1993) have verified this trend of variation. Accordingly,

v2oacy? asy— 0. (22)
v = Ay*? for yT <4, (23)

where yT = yu*/v and v’ = vﬁ/u*. Here the shear velocity is defined as u™ = /ty/p, and 1y, is the wall shear
stress.
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Using the DNS analysis of near-wall flows, Ounis et al. (1993) suggested, A = 0.008, which was also in agreement
with the work of Kim et al. (1987). Li and Ahmadi (1992, 1993) corrected for the quadratic variation of the normal
fluctuation velocity in their study of particle depositions in turbulent flows and noted its profound effects. Accordingly,
proper estimate of v’ significantly affects the particle deposition rate on the wall. This correction can be conveniently
added to any computational model for improving the accuracy of the particle deposition rate. In this study, the “quadratic
variation” is implemented in PARTICLE code.

3. Particle equation of motion

In this study, it is assumed that flow is sufficiently dilute and that the airflow field is not affected by the presence of
particles. The governing equation of motion is given as

du? 1 CpRe, L
TR (i —uP) + FF + gi +n: (o). (24)

Here u? = dx; /dt is the particle velocity, FiL is the lift force, g; is acceleration of gravity, n; (¢) is the Brownian force
per unit mass, and 7 is the particle relaxation time given by Eq. (9). In Eq. (24) Cp is the drag coefficient (Hinds, 1984),
which is defined as

24

Cp = R_ep for Rep <1, (25)
and
24 0.687
Cp= (1 +0.15Rep™") for 1 < Rey <400. (26)
p

Here Rep, is the particle Reynolds number, and is defined as

dlu; —ub)|
Repy=——" 27)
v
The lifting force in Eq. (24) is given as
2KV2d;;
Fr=—"" Y ; —ub), 28)
" Sady* T (

where K =2.594 is the constant coefficient of Saffman lift force (Saffman, 1965), and d;; is the deformation rate tensor
given as

1 /0u; Ou;
dij =~ (4 2 2
/ 2 (axj + axi> ( 9)

The Brownian excitation, n;(¢), is modeled as a Gaussian white noise random process with a spectral density Sy given
as (Li & Ahmadi, 1992)

216vky, T
So= ———. 30
0 n2pd3S2C. (30)

Here, kp = 1.38 x 10723 J/K is the Boltzmann constant, T is the absolute temperature, p is the fluid density.

Eq. (24) for particle trajectory analysis includes the effect of hydrodynamic drag force introduced by relative slip
velocity, the Saffman lift force due to shear in the flow field, Brownian excitation due to molecular impact, and the
gravitational force. In Eq. (24), the effect of turbulence on transport and dispersion of particles is introduced through
the instantaneous velocity, u; = u; + u;.



L. Tian, G. Ahmadi / Aerosol Science 38 (2007) 377—-397 385
4. Deposition velocity and empirical models

The simulation result for particle deposition is commonly presented in the form of nondimensional deposition velocity
for comparison with the experimental data and empirical models. The nondimensional deposition velocity for particles
released with uniform concentration Cy near a surface is given by

L J

u; = ,
d Cou*

€29

where J is the particle mass flux to the wall per unit time and u* is the flow shear velocity. The nondimensional particle
relaxation time is defined as

2 2
Tu* Sd2u*

t= = ——7>C.. 32
! v 18v2 ¢ (32)
In the computer simulation, the particle deposition velocity can be estimated as
+_ Na/tf 3
uj =4 (33)
No/ Yo

where Ny is the initial number of particles uniformly distributed in a region within a distance of yo+ from the wall, and

Ny is the number of deposited particles in the time duration tc'l|r . Here, y(‘)|r = you™ /v and t; = tdu*2 /v, where yo and 74
are corresponding dimensional values used in the computer simulation.

In this study, in addition to comparison with experimental data, the numerical simulation results are compared
with the semi-empirical model predictions. A simple empirical equation for the nondimensional deposition velocity
suggested by Wood (1981) is given as

uf = 00575, +4.5x 1074+ +u, (34)
where S, = v/ D is the Schmidt number with D being the particle mass diffusivity given as
LIS (35)
" 3nud

In Eq. (34), the last term accounts for the contribution to particle deposition velocity by gravitational sedimentation in
horizontal duct, which is defined as

uf =1tgt, (36)
where g7 is expressed with the following form:

g 37

8 =3¢ (37

Fan and Ahmadi (1993) developed an empirical equation for deposition of particles in vertical ducts including the
effects of surface roughness and gravity along the flow direction which is given as

FEY 10+ L
0.64k" + Laty? 4 — 8 Ly .
0.0845-23 1 1 0.01085(1 + tt°LT)
. c = 2 2
ut = 2| 3.42 4 (x+ g+ LT)/(0.01085(1 + T+ LT)) (38)
0.037
x[1 + 8e~ (" =107?/32] — if ul <0.14
1=t LT+ (g+/0.037))
0.14 otherwise.

Here, Lf' =3.08/(Sd™), gt =v/ u*Bg, and k™ is the surface roughness (which is set to zero for smooth surface in this
study). For a horizontal channel, g™ = 0 in Eq. (38) and the gravitational sedimentation velocity T™¢™ must be added
to this expression.
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5. Results and discussions
5.1. Computational domain

In this study, the flow in a 0.02 m wide, 0.4 m long two-dimensional duct is studied. A structured grid with 0.5 mm cell
dimension in both stream-wise and lateral directions was generated for the duct core region. Near the wall boundaries,
a higher mesh resolution in lateral direction was generated with first grid point located at 0.05 mm away from the wall
that evolves to the core region with a growing factor of 1.2 in normal direction. Gambit code was used for the mesh
generation and a total of 44,000 quadrilateral elements were created in the computational domain.

For the core region, the 0.5 mm cell dimension was shown to be sufficient by comparing the simulation result with a
refined grid of 0.25 mm cell dimension. Mesh independency check was conducted in more detail in the near-wall region
where solutions are expected to be more sensitive to grid size. A coarse near boundary mesh resolution with first grid
point located at 0.1 mm, and finer boundary meshes with first grid point located at 0.01, 0.005, 0.001 and 0.0005 mm
were tested. The study showed grid consistency for the flow conditions was reached for the first grid point being at
0.05 mm. For particle deposition, however, grid sensitivity was generally observed. The level of grid dependency was
also affected by the use of different modeling techniques for the generation of turbulence fluctuations and turbulent
wall boundary condition. With inclusion of “quadratic variation of normal fluctuation velocity near the wall,” however,
the simulations reached grid consistency even with the coarser mesh. In absence near wall correction, however, the
simulation results for particle deposition for both “standard wall function boundary condition” and “two-layer near
wall model” were found to be affected by the grid resolution up to the finest level considered. With the standard wall
function, no satisfactory particle deposition results were obtained with all mesh resolutions considered. Optimal results
were obtained with “two-layer zonal wall boundary condition” when the first grid point is located at about one wall unit
as suggested by the model developers. Therefore, a mesh resolution with 0.5 mm cells in the core region together with
a staggered boundary mesh with first grid point being at 0.05 mm, which was about 1.13 wall units, was considered for
the present comparative studies. Fig. 1 shows the schematic discretization of the computational domain.

5.2. Flow field simulation

The air properties used in the simulations were: T = 288 K, dynamic viscosity i = 1.84 x 107> ns/m?, and density
p=1.225kg/m>. A fully developed turbulence channel flow profile was imposed at the inlet with stream-wise turbulent

Fig. 1. Computational grid.
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Fig. 2. Comparison of (a) mean axial velocity, (b) mean vertical velocity, (c) turbulence kinetic energy, and (d) turbulence dissipation rate profiles
at three-channel cross sections as predicted by the RSM and the k—¢ models with near wall “two-layer zonal” boundary condition.

mean velocity modeled with 1/7th power law given by,

1/7
v=2y 4 for 0<y < 1 (39)
—7 mean h/2 \y\2’
and
8 h—y\7 h
U= 5Umean<72y) for E < yéh (40)

Here, 4 =0.02 m, is the channel width, Unean =5.0 m/s is the averaged velocity of the channel cross section. Turbulence
kinetic energy k at inlet was assumed to vary linearly from the near-wall value given by Eq. (15), to the core region

value with following expression:

k= 2 10.002[80smenn/TI — ——  for 0<y< 2, (41)
PN NG 2
and
k= Tw + h;y{().()()2[8Uman/7]2 o for ﬁ <y<h. (42)
pJCu  h/2 P/ 2

Turbulent dissipation rate at inlet was evaluated by Eq. (16). The Reynolds number based on average velocity
and channel width was 6667, which indicates a turbulent flow condition. The flow was driven by pressure gradi-
ent in stream-wise direction and standard no slip boundary condition was applied to the wall. Second-order up-
wind scheme was used for solving the momentum equation and additional transport equations associated with the
RANS models.

Fig. 2 shows mean velocity and turbulence profiles at three cross sections along the second half of the duct. Re-
sults from the RSM and k—e models with “two-layer zonal model” are presented. Data of all the relevant variables
from three locations collapse into one single line indicating a fully developed turbulent state in the latter half of the
channel. While the V-velocity component profiles across the three sections shown in Fig. 2b vary from each other,
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Fig. 3. Nondimensional stream-wise mean velocity and turbulence kinetic energy profiles in fully developed channel flows in wall units.

the scale is in the order of 10~*Up; therefore, the flow is nearly in the fully developed regime. It is also observed
from Fig. 2 that the mean flow simulation results obtained from the k—¢ and the RSM models are quite similar when
“two-layer zonal model” boundary conditions are used. While both models predicate the highest turbulence intensity
occurring very close to the wall between 10 to 20 wall units, slightly higher turbulence intensity is predicated by the
RSM model.

Mean velocity and turbulence profiles at the same three cross sections as in Fig. 2 but with the standard wall function
boundary condition were also studied. However, the results are not shown here due to the space limitation. Examination
of those results shows certain discrepancy of the model prediction with the trend of experimental data.

In particular, the predicted dissipation rate predicted with the use of the “standard wall function boundary condition”
significantly overestimates the prediction of the “two-layer zonal model” and the experimental data.

Fig. 3 shows the stream-wise mean velocity and turbulence kinetic energy profiles in the near-wall region in the latter
half of the channel. Here flow is nearly fully developed and the profiles are shown in wall units. Simulations from the
RSM model with the “two-layer zonal model” and with the “standard wall function boundary conditions” are shown in
this figure for comparison. DNS results from Kim et al. (1987) are also reproduced in this figure for comparison. For
stream-wise mean velocity, the semi-empirical equations for the viscous sublayer and the “log law” regions as given by
Egs. (12) and (13) are plotted. Here Ut = u/u* and K™ = k/ u*? are nondimensional velocity and turbulence kinetic
energy. For the fully developed portion of the duct flow, #* = 0.342m/s. Fig. 3 shows that with the “two-layer zonal”
boundary condition, the RSM model is able to reproduce the turbulence near-wall features that are in agreement with
the DNS simulation. The predicted mean velocity profile is also in agreement with the empirical equations. For this
high resolution grid, when the “standard wall function” is used, however, the RSM predication of U™ deviates from
the DNS and semi-empirical equations. In particular, k™ is overpredicted for y* < 5.

When “two-layer zonal” boundary condition is used, Figs. 2 and 3 show that both the RSM and k—¢ models lead to
reasonable turbulence mean quantities. When the ““standard wall function boundary condition” is used, the accuracy of
the near-wall predictions of both RSM and k—& models are degraded. The k—¢ model with the standard wall function
appears to lead to the least reliable predications.

Fig. 4 shows the nondimensional RMS turbulence velocity fluctuations in stream-wise, lateral and span-wise direc-
tions as predicted by the RSM and the k—& models. Here the “two-layer zonal” boundary condition was used. The DNS
predications of Kim et al. (1987) are also reproduced in this figure for comparison. As is expected, Fig. 4 shows that
the turbulence fluctuating velocities are highly anisotropic in the near-wall region, but tend toward an isotropy near the
channel centerline. Near the wall the stream-wise fluctuation has the highest magnitude and the lateral fluctuation has
the lowest, and these variations are well captured by the RSM model. The RSM model predictions for the turbulence
fluctuation velocities are in reasonable agreement with the DNS simulation data. Due to the limitation of isotropic eddy
viscosity assumption, the k— model cannot provide information concerning the near-wall anisotropy of turbulence.

Fig. 5 shows the variation of the nondimensional RMS lateral fluctuation velocity very close to the wall in the latter
half of the channel as predicted by the RSM model with the “two-layer zonal” boundary condition. Simulation results
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from the DNS of Kim et al. (1987), and the predication of Eq. (23) as suggested by Li and Ahmadi (1992, 1993)
are also presented in this figure for comparison. The focus is within four wall units where both DNS simulation and
model given by Eqgs. (22) and (23) indicate a quadratic variation of lateral turbulence fluctuation. However, the profile
predicated by the RSM model with the “two-layer zonal” boundary condition is higher than the DNS simulation. This
discrepancy cannot be corrected by further refining the mesh. This is in part due to the fact that the “two-layer zonal”
boundary condition is recommended to be applied at the grid point that is about one wall unit away from the wall. In
addition, the linear interpolation of flow field variables between nodal points is the default algorithm in FLUENT™
code. While the linear interpolation works fine for most quantities, the vertical fluctuation velocity vary with square of
the distance from wall within four wall units distance as noted by Eqgs. (22) and (23). Therefore, while the RSM model
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Fig. 6. Comparison of deposition velocity as predicted by the PARTICLE code (current simulation) and earlier results in a vertical duct with gravity
in the flow direction.

with “two-layer zonal model” produces reasonable features of turbulence as shown in Fig. 4 and is considered superior
to other RANS models, the linear nature of the interpolation scheme used at very short distance from the wall could
still lead to high values of vertical fluctuations and consequently to higher particle deposition rates. This point will be
further discussed in the subsequent sections.

5.3. Particle simulation results

Particle simulation results are presented in this section. In these simulations, particle sizes were varied from 0.01 pm
(10nm) to 50 pm, while the particle-to-fluid density ratio was kept fixed at § = 2000. Particle initial velocity was
set equal to the local airflow velocity. The “trap” wall boundary condition for particle-wall interaction was used.
This implies that particles will stick to the wall upon contact. Typically 3000 particles were released with a uniform
distribution within the 30 wall units of the lower wall at the mid-section of the duct (at x =0.2 m). Statistical consistency
on the rate of deposition was reached even for lower ensemble populations in the Brownian and inertial dominated
regions.

A series of computer simulations were performed and the accuracy of the particle deposition rates for different
models including the two-equation k— model and the RSM was examined. The influence of the near-wall treatment
of turbulence fluctuation perpendicular to the wall on particle deposition rate was studied. The limitation of different
codes for predicating particle deposition in turbulent duct flows was examined.

Fig. 6 shows the variation of the simulated nondimensional particle deposition velocity, u;,L, as a function of nondimen-
sional particle relaxation time, t using different models and boundary conditions. Here, u;," and t7 are, respectively,
defined in Eqgs. (31) and (32). The value of u}' was evaluated with the use of Eq. (33) from the slope of the number of
deposited particle with time. These particle trajectory simulations were performed with PARTICLE code that acts as a
post processor to FLUENT code that generated the flow field. The experimental data of Papavergos and Hedley (1984),
the empirical equations of Wood (1981), Fan and Ahmadi (1993), and the simulation results of Li and Ahmadi (1993),
and He and Ahmadi (1999) are plotted in this figure for comparison. The simulations that are presented in Fig. 6 are
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for the RSM and the k—¢ turbulence model with the “two-layer zonal” boundary condition. For each case the effect of
inclusion or omission of the near-wall normal fluctuation correction given by Eq. (23) are studied. The experimental
data, the semi-empirical equations and simulation results presented in Fig. 6 show that the deposition velocities have
a “V-shaped” variation for the particle in the size range of 0.01 to 50 um. This range includes the “Brownian region”
for ultra fine particles on the left side of the V-shaped curve and the inertial range on the right side. In the Brownian
range, molecular diffusion is the dominant mechanism for particle deposition, and the deposition rate decreases with
increasing particle size. The deposition velocity in “inertial region” corresponding to the turbulence inertial impaction
regime, increases with increasing particle size, and reaches a constant value for very large particles. The “transition
region” between the “Brownian” and “inertial” region lies in the valley of the V-shaped curve, where both the molec-
ular diffusion and the inertial effects are small and the corresponding particle deposition rate reaches its minimum
value. Fig. 6 shows that the RSM model with the “two-layer zonal” boundary condition and the near-wall “quadratic
variations” correction leads to the deposition velocities that are closest to the experimental data and semi-empirical
models predictions.

When the k—¢ turbulence instead of the RANS model was used, under the same conditions, the corresponding
deposition velocities are plotted with symbol “v¢” in Fig. 6. While the predicted deposition velocity still exhibits a
V-shaped curve, it deviated from the experimental data and the semi-empirical models. This is particularly evident for
the larger particle sizes that the deposition velocity is overestimated. The simulation results indicate that even with
careful inclusion of the near-wall corrections, the k—¢ model cannot predict the particle deposition velocity in the
“transition” and “inertial” regions.

Fig. 6 also shows the simulation results by the RSM and k—e models without the near-wall correction for the turbulence
normal fluctuation as given by Eq. (23). These simulation results for the RSM and k—& models are, respectively, shown
by “0” and “0” in this figure. It is seen that omission of the quadratic variation of the turbulence fluctuation velocity
leads to significant overestimation of the deposition velocity for almost the entire range of sizes studied. The amount
of error for the k—¢ model is higher than that for the RSM model due to the effect of turbulence anisotropy. Fig. 6 also
shows that the V-shape variation of the deposition velocity curve is highly distorted and the range of “Brownian” and
“transition” is hard to identify. This trend of behavior can be explained with the examination of Fig. 5 which shows
higher values of turbulence normal fluctuation in the region within a few wall units. While this does not significantly
affect the flow field, it affects the small particle deposition substantially.

In summary, Fig. 6 shows that the most accurate predication of particle depositions over the entire size range is
achieved with the use of the RSM and the “two-layer zonal” boundary condition, and the inclusion of the near-wall
correction as given by Eq. (23). The k—e model that ignores turbulence anisotropy leads to overestimation of the particle
deposition rate.

To study the effect of use of standard wall function boundary conditions on the deposition velocity a series of
simulations identical to those presented in Fig. 6 were performed. Only here the standard wall function instead of “two
layer zonal” boundary condition was used and the results are presented in Fig. 7. Particle code was then used to evaluate
the particle trajectory and the corresponding deposition rates. It is seen that both the k—¢ and the RSM model with
the “standard wall function” significantly overpredicate the deposition velocities for particles over entire size range.
The V-shape variation of the deposition velocity cannot be clearly observed for most cases in this figure. Comparing
with Fig. 6, the overpredications are much higher than those of the k—¢ and the RSM models with “two-layer zonal”
boundary condition and with omission of the near-wall correction. Earlier discussion shows that the “standard wall
function” boundary condition leads to turbulence intensities that are much higher than those of the experimental and the
DNS predications. For both the RSM and the k—¢ turbulence models together, when the normal fluctuation is corrected
with the use of Eq. (23), the predicated u(“; improves to an extent. The RSM model with the correction provided by
Eq. (23) is able to provide reasonable results for the Brownian and the inertial region, but leads to overestimation in the
“transition” region. Similar trend is observed for the k—¢ model when the near-wall correction is included, however,
with a larger error in the estimated deposition rate.

To study the accuracy of particle deposition rate as predicated by FLUEN code, a series of simulations identical
to those presented in Figs. 6 and 7 were performed. Here, however, the correction of near-wall normal turbulence
fluctuation given by Eq. (23) could not be included due to the limitation of the unavailability of the source code.
Fig. 8 compares the simulation results for the RSM and the k—¢ turbulence models with the “two-layer zonal” boundary
condition and the standard wall function boundary condition. It is seen that the RSM model with the “two-layer zonal”
boundary condition leads to deposition velocities that are closest to the experimental data and semi-empirical model
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Fig. 9. Comparison of deposition velocity as predicted by the PARTICLE code (current simulation) and earlier results in a horizontal duct with
gravity perpendicular to the flow direction.

prediction. This model provides reasonable results for the Brownian and the inertial regions, but overestimates in the
deposition velocity in the “transition” region. For particles with nondimensional relaxation time less than 0.5, the
simulation result is similar to the one obtained with PARTICLE code by using RSM turbulence model, “two-layer
zonal” boundary condition and the turbulence near-wall normal fluctuation correction by Eq. (23). When the k—& model
with the “two-layer zonal” boundary condition is used, the predicated deposition velocity is higher than the experimental
data and the semi-empirical model over the entire range of particle sizes. For both the RSM and the k—¢ turbulence
models, when the standard wall function boundary condition is used, FLUENT™ code significantly overestimates the
deposition rate over the entire particle sizes including the Brownian and the inertial ranges.

Comparing Figs. 6-8, it is seen that the deposition velocities predicated by PARTICLE and FLUENT™ codes agree
in trend. The k—¢ turbulence model always leads to higher particle deposition rate compared to the RSM model under
the same conditions. The turbulence normal fluctuation near wall significantly affects the predicted deposition rate. The
overpredication of particle deposition rates is generally associated with the higher values of the turbulence fluctuation
normal to the wall in the model. For successful predications of the particle deposition rate, it is important that the
normal turbulence fluctuation be correctly modeled. One key component is to account for the quadratic variation of
v’ near the wall as given by Egs. (22) and (23) (Li & Ahmadi, 1992, 1993; Ounis et al., 1993). The simulation results
presented in Figs. 6-8 show that the use of the RSM turbulence model with the “two-layer zonal” boundary condition,
and inclusion of the correction given by Eqs. (22) and (23) for the turbulence normal fluctuation leads to the most
accurate predication of particle deposition over the entire size range covering “Brownian,” “transition” and the “inertia
region.”

To study the deposition rate in a horizontal duct a series of computer simulations were performed and the results are
presented in Figs. 9 and 10. Here both PARTICLE and FLUENT™ codes were used and the accuracy of the turbulence
model and the boundary conditions used are studied. It is assumed that the gravitational force is toward the lower wall
that leads to additional deposition mechanism.

Fig. 9 shows the variation of the nondimensional particle deposition velocity, u;r, as a function of nondimensional
particle relaxation time, T for different models and boundary conditions as predicted by PARTICLE code. The RSM
and the k—¢ turbulence model with the “two-layer zonal”” boundary condition and/or the standard wall function boundary
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Fig. 10. Comparison of deposition velocity as predicated by the FLUENT™ code (current simulation) and earlier results in a horizontal duct with
gravity perpendicular to the flow direction.

condition were used in these analyses. For each case the effect of inclusion or omission of the near-wall correction
given by Egs. (22) and (23) is studied. The experimental data of Montgomery and Corn (1970), Sehmel (1973) and
Kvasnak, Ahmadi, Bayer, and Gaynes (1993), and the empirical equations of Wood (1981), Fan and Ahmadi (1993)
are plotted in this figure for comparison. The experimental data, the semi-empirical equations and simulations results
presented in Fig. 9 show that the deposition velocities have a “V-shaped” variation similar to the case for the vertical
duct. When compared to the “V-shaped” deposition curve of the vertical duct presented in Figs. 6 and 7, it is seen that
the deposition velocity in the horizontal duct deposition is noticeably higher in the transition and the inertial regions.
This is because the gravitational sedimentation increases the deposition velocity and becomes the leading deposition
mechanism in the transition range. In the Brownian region, molecular diffusion is the dominant mechanism for particle
deposition, and the deposition rate is not affected by the effect of gravity.

Fig. 9 shows that the RSM model with the “two-layer zonal” boundary condition and the near-wall “quadratic
variations” correction given by Eqs. (22) and (23) leads to the deposition velocities that are closest to the exper-
imental data and the semi-empirical models predictions. Similar to results for vertical duct shown in Figs. 6 and
7, Fig. 9 shows that the k—¢ turbulence model always leads to higher deposition velocity when compared with the
RSM model. For the highly refined mesh used, it is also seen that the standard wall function boundary condition
leads to significant overestimation of the deposition rate even with the inclusion of the near-wall correction. It is
also seen that the predicted deposition velocities by the RSM model in the latter half of the transition region (for
2 to 9 um particles) are less sensitive to the correction for turbulent fluctuations. That is, the simulation results for
different boundary conditions are not too far apart. This is because in the horizontal duct for the transition region
particle sizes, the gravitational sedimentation becomes the dominant deposition mechanism. Therefore, the effect
of model differences on particle deposition rate becomes less pronounced compared to the vertical duct. For the
k—e turbulence model the significant overpredication of the k—& model still overwhelms the effect of gravitational
sedimentation.

To study the accuracy of FLUENT™ code for evaluating the particle deposition in horizontal ducts, a series of
simulations identical to those presented in Fig. 9 were performed. However, the study of the effect of inclusion or
omission of the near-wall normal fluctuation correction given by Eq. (23) was not included due to the unavailability
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of the source code. The simulation results are presented in Fig. 10. It is seen that the RSM model with “two-layer
zonal” boundary condition provides results that are reasonably close to the experimental data and the semi-empirical
model predictions. This particularly is the case for particle smaller than 1 pm. The predication of the k—¢ model with
the “two-layer zonal” boundary condition, however, is higher than the experimental data and semi-empirical model
prediction for the “Brownian” and the “transition” particle size ranges. For both the RSM and the k—¢ turbulence
models, when the standard wall function boundary condition is used, FLUENT™ code significantly overestimates the
particle deposition rates over entire size ranges.

6. Conclusions

In this study the accuracy of different computational models for predicting particle deposition in the turbulent
duct flows was studied. Particular attention was given to the effect of using the “standard wall function,” the “two-
layer zonal” boundary conditions, and the importance of proper modeling of the near-wall turbulence fluctuations.
Both FLUENT™ code and PARTICLE (customized C++) code were used in the analysis. Instantaneous turbulent
fluctuations were modeled with the continuous filtered white noise model (CFWN) and the discrete random walk
model (DRW). The particle trajectory analysis was performed by PARTICLE code and the discrete phase module of
FLUENT™ code. On the basis of the presented results, the following conclusions are drawn:

e The RMS model, which accounts for the anisotropy of turbulence, provides a more accurate description of the
turbulent flow field near wall. Accuracy of the flow field is critical for proper simulation of nano- and micro-particle
depositions in turbulent flows.

e The k—¢ turbulence model, which assumes isotropy, leads to high level of fluctuation perpendicular to the wall and
to overpredication of nano- and micro-scale particle deposition rates.

e The CFWN and DRW turbulent fluctuation models are both effective stochastic methods for simulating instantaneous
turbulent fluctuations for the particle deposition study.

e For high-resolution mesh, the “two-layer zonal” boundary condition is preferable and leads to more accurate pre-
diction of turbulent flows and particle deposition rates. However, very close to the wall (y™ < 4), the turbulence
fluctuation velocities are still overpredicted. This could cause inaccuracy in the predicted particle deposition rates in
the “Brownian” and “transition” regions as estimated by FLUENT™ DPM module, and PARTICLE code.

e For high resolution mesh, the “standard wall function” boundary condition leads to rather large overprediction of the
turbulent fluctuation velocity in the near-wall region as well as high level of particle deposition rate. The inaccuracy
is more pronounced for the “Brownian” and the “transition” regions for particles in the size range of 0.01-8 pm.

e Accounting for the “quadratic variation of the turbulence near-wall fluctuations” as given by Eq. (23) is critical for
accurate evaluation of the particle deposition rate. When used with the RSM turbulence model and the “two-layer
zonal” boundary condition, this leads to most accurate evaluation of particle deposition rate among the various
models studied.

e Turbulence diffusion significantly affects particle deposition rates in the “Brownian” and “transition” size regions.
Thus, for accurate evaluation of the deposition rate, the turbulence fluctuations need to be properly modeled.

e The deposition rate of particle larger than 10 pm (“inertia region”) is affected by the turbulence fluctuation level to
a lesser extent and therefore is less sensitive to the modeling in accuracy.

e When the RSM turbulence model and the “two-layer zonal” boundary condition are used, the presented results
indicate that FLUENT™ code leads to reasonable prediction of the deposition rates of nano- and micro-particles
(less than 1 um). The predicated deposition velocities in vertical ducts for the “transition” size region, however, are
higher than the experimental data. The k—e turbulence model and the “standard wall function” boundary condition
of FLUENT™ code lead to significant overestimation of the deposition velocity.

e The most accurate predication of particle deposition rates is obtained by using the RSM turbulence model together
with the “two-layer zonal” boundary condition, and use of PARTICLE code that included the correction for the
near-wall quadratic variation of the turbulence normal fluctuations.

While the present study was focused on duct flows, the general conclusions in regard to the accuracy of various
approximations are expected to be applicable to flows in complex passages of industrial interest.
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