
Iti. 1. Engng Sci. Vol. 31, No. 3, pp. 435-451, 1993 O&?&7225/93 $6.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright @ 1993 Pergamon Press Ltd 

DEPOSITION OF AEROSOLS ON SURFACES IN A 
TURBULENT CHANNEL FLOW 

AMY LI and GOODARZ AHMADI 
Department of Mechanical and Aeronautical Engineering, Clarkson University, 

Potsdam, NY 13699, U.S.A. 

Abstract-A digital simulation procedure for studying deposition of aerosol particles in a turbulent 
channel flow is developed. An empirical mean velocity profile and the experimental data for turbulent 
intensities are used in the analysis. The instantaneous fluctuating velocities are simulated as 
continuous Gaussian random fields. Effects of Brownian diffusion, Stirnan lift force, gravity and 
particle-surface interactions are included in the computational model. Starting with an initially 
uniform concentration near the wall, ensembles of particle trajectories are generated and statistically 
analyzed. Several simulations for deposition of aerosol particles of various sizes are performed and the 
corresponding deposition velocities are evaluated. The results are compared with the existing 
experimental data and those obtained by empirical equations. ‘The effect of particle rebound from 
surface on particle deposition rate is also studied. 

INTRODUCTION 

Understanding the kinetics of aerosol dispersion has received considerable attention due to its 
significance in numerous industrial processes. The need of microelectronic industries to control 
microcontamination has motivated a number of new studies on the topic. Cooper [l] has 
provided a review of the needed microcontamination control research for microelectronic 
industries. Progress in analyzing particle deposition rate on wafers was reported by Cooper et 
al. [2] and Liu and Ahn [3]. In most practical applications, the air stream is turbulent and the 
particles are transported by the mean motion and are dispersed by turbulence fluctuations and 
Brownian diffusion. Fuchs [4], Davies [5], Friedlander and Johnstone [6], Cleaver and Yates 
[7] and Fichman et al. [8] provided semi-empirical expressions for particle mass flux from a 
turbulent stream to smooth surfaces. Particle deposition to rough walls was studied by Browne 
[9] and Wood [lo]. Extensive reviews on the subject were provided by Wood [ll], Hidy [12] 

and Papavergos and Hedley [13]. 
Computer simulation of aerosol dispersion has a long history. Ahmadi and Goldschmidt [14] 

used digital simulation and analytical techniques to study the turbulent dispersion of small 
spherical particles. Peskin [15] studied turbulent diffusion of particles in numerically simulated 
channel flow. Recently, Ounis and Ahmadi [16, 171 and Maxey [18] studied the dispersion of 
small particles in a numerically simulated random isotropic field. McLaughlin [19] and Ounis et 
al. [20, 211 computed the trajectories of rigid spherical particles in a channel flow using a 
pseudospectral computer code to simulate the instantaneous turbulent flow field. Rizk and 
Elghobashi [22] analyzed motions of particles suspended in a turbulent flow near a plane wall. 
Abuzeid ef al. [23] and Li and Ahmadi [24] used a simple simulation technique to study the 
dispersion and deposition processes of suspended particles released from point sources in 
turbulent channel flows. 

In this work, a digital simulation method for analyzing the deposition rate of aerosol particles 
on channel wall from a turbulent stream is described. The particle equation of motion includes 
the Brownian and Saffman lift forces in addition to the turbulent dispersion effect and gravity. 
An empirical mean velocity profile and the experimental data for turbulent intensities in the 
channel, are used for simulating the flow field. The instantaneous turbulent velocity field is 
modeled by a modified version of the Gaussian random field proposed by Kraichnan [25]. The 
Brownian motion is simulated as a white noise process. Starting with an initially uniform 
concentration near the wall, deposition velocities of particles in the range of 0.01-50 pm are 

435 



436 A. LI and G. AHMADI 

evaluated. Several coefficients of restitution, and and different materials for particle and 
surface are used and the effect of particle-surface interaction is studied. ‘The results are 
compared with the available experimental data and those obtained from empirical equations. 

PARTICLE EQUATION OF MOTION 

The equation of motion of a small aerosol particle including the lift force is given by 

duj’ 36~ 

-ii- = d2(2S + l)C, f”i - 

2KVlndii 

@) + Sd(d,,d,,)“4 
(Uj - Up) + (1 - i)#i + ni(t) 
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where up is the velocity of the particle, xi is its position, t is the time, d is the particle diameter, 
S is the ratio of particie density to fluid density, gi is the acceleration of body force, n,(t) is a 
Brownian force per unit mass, Y is kinematic viscosity, K = 2.594 is the constant coefficient of 
Saffman’s lift force, and Ui is the instantaneous fluid velocity with Ui = tii = ul, where r& is the 
mean velocity of the fluid, and uf is the fluctuation component of fluid velocity. In equation 
(l), C, is the Stokes-Cunningham slip correction given as 

C, = 1 + y(1.257 + 0.4e-l.‘““), 

where I is the molecular mean free path of the gas, and the defo~ation rate tensor dii is 

defined as 

dij = i (ui.1 + uj,i)a (4) 

The lift force used in equation (1) is a generalization of the expression provided by Saffman 
[26] to a three-dimensional shear field. 

SIMULATION OF TURBULENT FLOW FIELD 

The mean velocity field in a channel as obtained in [27] is given by 
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where n = 1 -y/h is the nondimensional distance from the 
width, kl and k’ are nondimensional parameters defined as 
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center line, h is the channel half 
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Here, ii0 is the mean centerline velocity and is given by 

ii0 = V/(0.71 Re’.‘%), 

(7) 

(8) 
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where V is the mean channel velocity and 

Re 2PVh =- 
P ’ 

(9) 

is the Reynolds number. In equation (9), p is the fluid mass density, and ,U is the fluid viscosity. 
Good agreement between the predictions of equation (5) and the experiment data of Laufer 
[28] was reported in [27]. In this study, the mean velocity profile given by equation (5) is used. 

Figure 1 shows the distributions of the turbulence intensities, el(y) = v/u*, ez(y) = 

P/u*, e3(y) = p/u*, across the channel as given by Kreplin and Eckelmann [29]. These 
distributions are experimental data for a Reynolds number of 7700. In this figure, all intensities 
are nondimensionalized with respect to the shear velocity, u* = G, where z,, is the wall 
shear stress which is related to the friction factor f, i.e. 

f _ 4% _8u*2 
$v2 v2 . 

Here, an empirical equation [30] for the friction factor given by 

1 
In= f 

- 1.8log[&+ (g)““], 

(10) 

(11) 

is used. In equation (ll), l is the roughness of the wall and E = 0 for a smooth wall. 
The turbulence fluctuations are random functions of space and time. The Monte-Carlo 

velocity simulation techniques have been used as an economical method for generating time 
histories that have the random character and statistical properties of turbulence. Kraichnan [25] 
suggested a simple method for generating a Gaussian random field which resembles a pseudo 
isotropic turbulence. Accordingly, the instantaneous fluctuating velocity is given as 

u’*(x*, t) = 

In this equation, 

- x* + w,t*) + 2 ul(k,,)sin(k,, - x* + OJ*) 
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(12) 
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Fig. 1. Distributions of nondimensional turbulence intensities. 
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with 

k, - u,(k,,) = k, - u2(kn) = 0, (14) 

insures the incompressibility condition. The components of vectors cm and I&, and the 
frequencies u,, are picked independently from a Gaussian distribution with a standard 
deviation of unity. Each component of k, is a Gaussian random number with a standard 
deviation of l/2. Here, N is the number of terms in the series. 

In equation (12)) the dimensionless quantities are defined as 

(1% 

where lo, f0 and u: are local scales of turbulence and u” is the fluctuation fluid velocity which is 
assumed to be isotropic. For this pseudo turbulent velocity field the energy spectrum E(k) is 
given as 

E(k) = 16(2/rC)“2k4e-2k’. (16) 

The experimentally measured root-mean-square (r.m.s.) fluctuation velocities shown in Fig. 
1 are clearly nonisotropic. In this study, the fluctuation velocity given by equation (12) is 
modified in order to make it suitable for generating the nonisotropic instantaneous velocity 
field in the channel. It is assumed that 

u; = Z4f’f?i(Y), (no sum on i) (17) 

where e,(y) are the shape functions for the axial, vertical and transverse r.m.s. velocities as 
given in Fig. 1. 

The normal component of turbulence fluctuation near a wall has a profound effect on the 
deposition rate of particles. Therefore, the magnitude of e,(y) must be correctly evaluated for 
small vahres of y. It is well known [31] that u’ has a quadratic variation at short distances from 
the wall, i.e. 

21’ - Y2 as y+-,O. (18) 

In this study 

ez(y) = AY+~ as y+ ~2, 

with A = 0.0278 is used, in order to match the data given in Fig. 1. Here 

(19) 

Y + = yu*/v, (20) 

is the distance from the wall, in wall units, and Y = p/p is the kinematic viscosity of fluid. 
Estimates for the length and time scales of turbulence for wall bounded flows were provided 

in [32]. These are 

lo = O.lh(2 Re)-“8, (21) 

and 

10 2h h 

t”=;r;= 2Ou*(2 Re)“” = z’ (22) 

Equations (12) and (17), with N = 100, together with (21) and (22), are used for simulating 
the fluctuation components of turbulent velocity in the channel. 

It should be p&ted out that the procedure used here for simulating the turbulent fluctuating 
velocity is quite Merent from that of Abuzeid et al. [23]. In [23], a Gaussian noise model was 
used which has a sr~@! correlation time of the order of At. The present smoothly varying 
Gaussian model has rr more appropriate longer correlation time and its spectral behavior as 
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given by equation (16) is more representative of a real turbulent flow. The direct simulation of 
McLaughlin [19] and Ounis et al. [21], while being exact, is computationally too demanding for 
practical applications and it is also limited to low Reynolds number flows. 

BROWNIAN MOTION 

For submicron particles, the effect of Brownian motion becomes significant. To include such 
effects in the simulation, the Brownian force %(t) is modeled as a Gaussian white noise random 
process 120, 23, 33-361 with spectral intensity St given by 

SG = Lf$S{j, (23) 

where 

%= 
216vkT 

jt2pdsS2Cc * (24) 

Here, T is the absolute tem~rature of fluid, k = 1.38 x lo-= J/K is the Boltzmann constant. 
Amplitudes of the Brownian force components at every time step are then evaluated from 

where Gj are zero-mean, unit variance inde~ndent Gaussian random numbers and A6 is the 
time step used in the simulation. 

An alternative procedure for simulation of Brownian motion was described by Gupta and 
Peters [35]. Their method is based on the solution of the corresponding Fokker-Planck 
equation for a small time step. in the present method, however, the Brownian force is directly 
simulated as a white noise process and is added to the equation of motion of the particle. As a 
resuh, it is somewhat simpler than the technique of [35] and it is more gexible in that the 
couphng effects with other forces could be easily accounted for. 

PARTICLE-SURFACE INTERACTIONS 

At low impact velocities, small particles that strike a surface adhere to it. However, as the 
impact velocity increases, the particle may rebound from the surface. Bounce occurs when the 
kinetic energy of a particle is sufficiently large to escape the attractive forces at the surface. The 
collision of a particle and a surface can be conveniently characterized in terms of the energy of 
particle-su~ace interaction and the critical approach velocity which is given by f24, 37-401 

(26) 

where r is the coe@cient of restitution, E is the surface potential energy, and 111 is the mass of 
the particle. Capture or bouncing will occur when the particle normal approach velocity is less 
or greater than Vi. 

According to Dahneke 138, 391, the surface potential energy is given by 

E=$ (27) 

where A is the Hamaker constant, y. is the equiiib~um separation of a particle and a surface 
(typically y. = 4 A), and d is the diameter of the particle. The Hamaker constants for several 
materials were given by Dahneke [39]. For example, for gold-gold, silicon-gold, and 
quartz-gold particle-surface interactions, the corresponding Hamaker constants are 45.4 x 

10--w, 31.6 X lo-” and 18.6 x 10-20.J, respectively. 
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RESULTS AND DISCUSSION 

In this section, simulation results for deposition of particles from an initially uniform 
concentration of aerosols in a 2cm wide channel are described. A temperature of 288K, 
/J = 1.84 x 1o-5 N. s/m2 and p = 1.225 kg/m3 for air are used. A mean air velocity of 
V = 5.0 m/s in the channel is assumed. Thus, the flow Reynolds number based on the channel 
width is 6657 and the air is in a state of turbulent motion. Under these flow conditions, the 
friction velocity is about 0.3 m/s and one wall unit of length (Y/U*) is about 50 pm. The 
corresponding wall unit of time (Y/U*‘) is 1.67 X 10d4 s. For this low Reynolds number flow, 
the half width of the channel is about 200 wall units. A density ratio of S = 2000 and different 
particle diameters ranging from 0.01 to 10 pm are used in these simulations. Silicon particles 
colliding with a gold surface with coefficient of restitution of 0.96, 0.85 and 0.5 are considered 
to study the effect of particle-surface interaction to deposition velocity. Ensembles of 3000 
samples are employed for evaluating various particle trajectory statistics and wall deposition 
velocities. Table 1 shows a listing of the particle sizes used and the corresponding particle 
relaxation time r = (Sd*/18~)C,. 

In present simulations the initial locations of particles are selected at random within 30 wall 
units so that the initial concentration is uniform in this region. The particle initial velocity is set 
equal to the local fluid velocity. To maintain the uniform concentration in the near wall region, 
a reflecting boundary condition is imposed at 30 wall units. When a particle leaves the 30 wall 
unit boundary, an identical particle is assumed to enter the region with opposite vertical 
velocity. Comparison of the present simulation results for deposition rate with the performed 
ones for the uniform concentration across the half width or the entire channel shows excellent 
agreement. That is almost all the deposited particles originate from an initial location with 30 
wall units for the time duration of simulation (about 400 units of time or longer). Thus, limiting 
the simulation region to 30 wall units leads to considerable economy of needed computational 
time with no loss of accuracy. 

The cases of vertical and horizontal channels are studied. In the former case, gravitation 
effect is neglected. For the horizontal flow channel, simulations are performed for the lower 
wall region for which the gravitational sedimentation would increase the particle deposition 

rate. 

Vertical channel 

Figure 2 shows the number of deposited particles versus the nondimensional time (t’) for 
different particle diameters. Here, 

*2 
t+ =tu 

Y 
(28) 

is the dimensionless time and v/u*’ is the wall unit for time. As noted before, for a vertical 
channel, the effect of gravity is negligible. It is observed that the number of deposited particles 
increases rapidly at first and then reaches a quasi-equilibrium (roughly linear increase with 

Table 1. Particle diameter and relaxation time 

d (rm) r 6) 

0.01 2.00 x 10-S 
0.10 2.47 x 1O-7 
0.50 2.60 x 10-6 
1.00 8.86 x 10-6 
2.00 3.26 x lo-’ 
3.00 7.10 x 10-5 
5.00 1.92 x 10-4 

10.00 7.54 x 10-4 

d+ 

2.13 x 10-4 
2.13 x lo-” 
1.07 x 10-z 
2.13 x lo-* 
4.27 x lo-’ 
6.40 x lo-’ 

0.107 
0.2134 

t+ 

1.37 x 10-4 
1.68 x lo-” 
1.78 x lo-* 
6.06 x lo-’ 

0.222 
0.485 
1.313 
5.150 
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Fig. 2. Number of deposited particles vs time for a vertical channel. 

time) condition. This figure shows that the number of deposited particles decreases as the 
particle diameter increases down to a minimum for sizes of about 2-5 pm (t+ of about 0.3-1.3) 
and then increases with further increase in diameter. For 0.01 pm particles (for which the 
Brownian diffusion is the dominant dispersion mechanism), about 130 particles deposit on the 
wall. For particles larger than 0.5 pm, the Brownian effect becomes negligibly small. For 3.0 
and 5.0 pm diameters, only one particle deposits on the wall, which does not appear in Fig. 2. 
For 10 pm particles, the mechanism of turbulent eddy impaction becomes significant and about 
80 particles deposit. 

Figure 3 shows the sample time evolution of particle concentration within 30 wall units for 
different particles in the vertical flow channel. To evaluate the concentration, a bin of one wall 
unit is considered and the number of particles in each bin at a given time is evaluated. The 
initially uniform concentrations evolve as functions of time. At t+ = 400, a general (turbo- 
phoresis) drift of particles toward the wall is observed from this figure. This is very similar to 
what was reported in [19, 431. The number of particles within one wall unit also increases to 
about 200 particles. This is because the Brownian diffusion for 5 ,um particles is practically 
negligible and, within the distance of one wall unit from the wall, the turbulent fluctuation is 
infinitesimal. The 5 pm particles that get there essentially just pile up, since there is no effective 
dispersion mechanism present. 

For a uniform concentration of C,, near a surface, the deposition velocity is defined as 

ud = JIG, (29) 

where J is the particle flux to the wall per unit time. The nondimensional deposition velocity 
given as 

ud + = u&d*, (30) 

is commonly used in the literature as a convenient measure of particle flux to the wall. In 
simulation studies, when an initial number of particles N, is uniformly distributed in a region 
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Fig. 3. Sample concentration of particles near the wall in a vertical channel. 

within the distance of Hi- from the wall, the nondimensional deposition velocity is given by 

(31) 

where Nd is the number of deposited particles in the time duration td+. In practice, r,’ should be 
selected in the quasi-equilibrium condition when Ndltd becomes a constant 

Figure 4 shows variation of nondimensional deposition velocity with nondimensional particle 

relaxation time, defined as 

z+ 
Sd2u*2 

=----Cc,. 
MY2 (32) 

In this figure, the hollow symbols are the present simulation results, and the dashed line is the 
result calculated from the empirical equation suggested by Wood [ 1 I] given as 

Ud* = 0.057 sc-2’3 + 4.5 x 10-%+fZ, 

where SC is the Schmidt number defined as 

(33) 

SC = v/D, (34) 

with D being the particle mass diffusivity. The experimental data as collected by Papavergos 
and Hedley [l3], and simuIation results given by McLaughlin 1191 are also shown in this figure 
for comparison. It is observed that the simulation results are in agreement with the 
experimental data. The present result is also in qualitative agreement with the empirical 
equation given by (33) and the simulation of [19] in trend of variations. 

Figure 5 shows the simulation results for the variation of deposition velocity with particle 
diameters. The prediction of equation (33) is also shown in this figure for comparison. It is 
observed that IA: follows the expected V-shape curve variation. The minimum deposition 
velocity occurs for particle diameters in the range of 1.0-5.0 ym for the flow conditions used in 
this study. The simulation results are also in qualitative agreement with the empirical equation 
of Wood. 
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Fig. 4. Particle deposition velocity vs nondimensional particle relaxation time (r+) for a vertical 
channel. 

Horizontal channel 

Figure 6 shows the simulation results for the number of particles that deposit on the lower 
wall in a horizontal channel versus the nondimensional time (t’) for different particle 
diameters. In this case, the effect of gravity is included in the equation of motion of the 
particle. Similar to the vertical channel case, the particle deposition rate is quite high at the 
beginning and approaches an equilibrium condition as time increases. It is observed that the 
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Fig. 5. Particle deposition velocity vs diameter for a vertical channel. 
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Fig. 6. Number of deposited particles vs time for a horizontal channel. 

number of deposited particles is high for submicron particles and decreases as the particle 
diameter increases down to a minimum for particles of about 0.5 pm (r+ of about 1.8 x 10w2) 
and then increases with further increase in diameter. Comparing Figs 2 and 6, it is observed 
that the gravitational sedimentation increases the deposition rate of particles larger than 1 pm, 
but has little effect on submicron particles. Figure 6 shows that 130 0.01 pm particles deposit on 
the wall which is identical to that for the vertical channel flow case. The gravity, however, 
significantly increases the number of deposited 5 and 10 pm particles to more than 200 and 
lOt_N, respectively. 

Sample time evoluations of particle concentration within 30 wall units for the horizontal flow 
channel are shown in Figure 7. This figure shows that the drift of particles toward the wall is 
accelerated due to gravity and there is no particle pile up within one wall unit like the one 
observed in Fig. 3. The particles that reach the one wall unit region, now quickly sediment to 
the wall due to gravity. 

In order to verify the accuracy of using only the 30 wall units region in our computer 
simulations, several simulations for uniform concentration of particles across the half width of 
the channel are also performed. Twenty thousand particles are uniformly distributed across the 
channel. This corresponds roughly to the concentration of 3000 particles in 30 wall units. The 
corresponding deposition rate is compared with the earlier simulation for the 30 wall units 
region in Fig. 8. It is observed that the results are in very good agreement. This implies that the 
simulations for 30 wall units are sufficiently accurate. 

Figure 9 shows the variation of nondimensional deposition velocity with particle nondimen- 
sional relaxation time in horizontal channel which includes gravitational sedimentation. In this 
figure the solid line is the present simulation results, and the solid line corresponds to the 
prediction of the empirical equation given by Wood which is modified for gravitational effect, 
i.e. 

ud’ = 0.057 sc-“3 + 4.5 x 10-4t+2 + z+g+, (35) 

where the nondimensional acceleration of gravity is defined as 

g+ = vg/rP. (36) 
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Fig. 7. Sample concentration of particles near the wall in a horizontal channe1. 

In equation (35), it is assumed that the gravitational effect is linearly additive to the Brownian 
and turbulent eddy impaction effects, A good agreement is observed between the present 
simulations and the empirical equation given by (35) when t+ > 0.05. 

Figure 10 shows the variation of deposition velocity with particle diameters for the horizontal 
channel including gravitational effect. The expected V-shape variation is clearly observed from 
this figure. Particle diameter for the minimum de~sition rate is now 0.1-0.5 pm. This is an 
order of magnitude higher than that for the vertical channel shown in Fig. 5. 
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Fig. 8, Comparison of simulation results for within half channel with those for within 30 wail units. 
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Fig. 9. Particle deposition velocity vs nondimensional particle relaxation time (t+) for a horizontal 
channel. 

Partick-surface infraction effect 

Sample particle trajectories including rebound effects in a vertical channel are shown in Fig. 
11. It is assumed that the surface is coated with gold and the particles are nearly elastic 
(r = O.%) and made of silicon. It is observed that the 20 pm particle, which is released from a 
point 30 wall units above the surface, rebounds four times before depositing on the wall. The 
30 pm particle rebounds five times and is still suspended in the air stream after 400 wall units of 
time. 
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Fig. 10. Particle deposition velocity vs diameter for a horizontal channel. 
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Fig, 11. Sample particle trajectories including rebound effect for a vertical channel. 

Variation of the nondimensional deposition velocity with surface potential energy for 10 ,um 
particles is shown in Fig. 12. Three different materials for particles are considered, while the 
surface is assumed to be gold. A coefficient of restitution of 0.96 is used. It is observed that the 
deposition velocity increases as surface potential energy increases. The gold-gold pair has a 
higher surface potential energy than those of silicon-gold and quartz-gold pairs. Thus, gold 
particles need higher kinetic energy to escape the attractive force of a gold surface. In the 
present simulation, for an ensemble of 3ooO particles, about 60 gold particles deposit on the 
wall, while only about 50 silicon particles and 45 quartz particles are deposited on the surface. 
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Fig. 12. Particle deposition velocity vs surface potential energy. 
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Fig. 13. Particle deposition velocity vs particle diameter including rebound effect for a vertical 
channel. 

Figures 13 and 14, respectively, show variations of the nondimensional deposition velocity of 
silicon particles with diameter and particle relaxation time in the vertical channel with gold 
surfaces including the rebound effects. Several coefficients of restitution including r = 0 (no 
rebound) are considered for comparison. It is observed that particle rebound from the wall 
considerably reduces the deposition velocity for particles larger than 10pm or for particle 
relaxation time large than 5. Effects of particle bounce are particularly noticeable for large 
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Fig. 14. Particle deposition velocity vs nondimensional particle relaxation time including rebound 
effect for a vertical channel. 
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coefficients of restitution. Furthermore, for r > 0.85 and d > 30 pm (t+ > 20), the deposition- 
velocity decreases as the particle diameter or relaxation time increases. In this case, the peak 
deposition velocity occurs at a diameter of about 20 pm (relaxation time of about 15). 

The simulation results show that the effect of rebound for particles smaller than 5 ,um is 
negligible. This is because for particles smaller than 5 pm (relaxation time less than l), the 
critical approach velocity is rather large (larger than 1.1 cm/s). The surface impact velocities of 
these particles due to turbulence eddies are generally lower than the critical approach velocity. 
Thus, when these particles strike the wall, they adhere to it and almost no rebound occurs. For 
particles greater than 10 pm (particle relaxation time greater than 5), the critical approach 
velocity is relatively small (smaller than 0.8 cm/s). In addition, these particles maintain their 
velocities, which are imparted to them by turbulent eddies, for a long duration of time. 
Therefore, when these large nearly elastic particles strike a surface at relatively high speed, 
they can easily escape the attractive forces anti bounce from the surface. The probability of 
rebound increases as the size of the particle or the coefficient of restitution increases. For 
particles with d 2 20 pm, the simulation results show that most deposited particles bounce 
more than once before sticking to the wall. Some particles keep on bouncing and never deposit 
on the wall within the time duration used in the simulation. 

Variations of nondimensional deposition velocity of silicon particles with diameter and 
particle relaxation time in the horizontal channel with gold walls including the rebound effects 
are displayed in Figs 15 and 16. The simulation results shown in these figures are the average 
deposition velocities during 100-400 wall units of time. The available experimental data from 
[13,41] and the model predictions [ll, 421 are also shown in these figures for comparisons. It is 
observed that the present simulation results are in reasonable agreement with the experiment 
data and theoretical models. Figures 15 and 16 show that the particle rebound effect 
considerably reduces the deposition velocity of particles with diameters larger than 10 pm 
and/or relaxation times larger than about 5. The reduction of ui is particularly noticeable for 
particle diameter larger than 30 pm (t+ > 40) and coefficient of resititution larger than 0.85. 
The present simulation result has a trend of variation similar to the sublayer model of [42]. 

1oo.o 

1o-‘.O 

.5 2, 

g 1o-2.o 

P 

k3 

‘3 

‘Z 
& lo-= 

9” 

10-‘.O 

1 o-5.o 

i . *. Experiments in [13] 

- r=O in [42] 

1oo.o 

/ 
0’ *. 

I 

, 0 r=O 

A r=0.5 

0 r=0.85 * 

* r=0.96 

‘A Experiments in [41] 

1 0°.5 

_ _ _ r=O.5 in [42] * 

.--- r=O.96 in [42] 
----- r=O in [li] 

I I 

lO’.O 

d km) 

J 
lo’.5 1 o’.O 

Fig. 15. Particle deposition velocity vs particle diameter including rebound effect for a horizontal 
channel. 
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Fig. 16. Particle deposition velocity vs nondimensional particle relaxation time including rebound 
effect for a horizontal channel. 

CONCLUSION 

In this work, a digital simulation procedure for studying deposition velocity of aerosol particles 
in turbulent channel flow is developed. An empirical mean velocity profile and the 
experimental data for r.m.s. turbulent intensities are used. The instantaneous turbulence 
fluctuation field is simulated by a continuous Gaussian random field model. The particle 
equation of motion, which includes the fluid drag, the Brownian force, and the Saffman lift 
force, is solved numerically and ensembles of trajectories for particles of different sizes are 
generated and statistically analyzed. The cases of horizontal and vertical channels for which the 
gravitational effect becomes important or negligible are studied. The effect of particle-surface 
interaction is also considered. Based on the presented results, the following conclusions may be 
drawn: 

(1) The simulation results are in good agreement with the experimental data and are in 
qualitative agreement with the empirical equation of Wood and digital simulation of 
McLaughlin. 

(2) 

(3) 

(41 

(5) 

(6) 
(71 

Gravitational effect significantly increases the deposition velocity for particles larger 
than 2 pm. 
In the vertical channel, the minimum deposition rate occurs for particle diameters in 
the range of 1.0-5.0 pm. For the horizontal channel, the gravitational effect shifts the 
position of minimum to the 0.1-0.5 pm size range. 
In the time duration of about 400 wall units, almost all deposited particles originate 
from the region within 30 wall units from the wall. 
The simulation results, including particle rebound effects, are in reasonable agreement 
with the experimental data and theoretical model predictions. 
Rebound effects become noticeable for particles larger than 10 pm. 
For particles larger than lOpm, as the coefficient of restitution increases, the 
deposition velocity decreases. 
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