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Numerical Predictions of Deposition with a Particle Cloud Tracking Model

Introduction

Deposition of particles from a turbulent flow field onto adjacent wallsis an important consideration
in engineering applications such as coal combustion, atmospheric pollution, and the design of air
cleaning devices. Mechanisms inducing deposition include turbulent diffusion, Brownian diffusion
(for very small particles), and externa forces such as the thermophoretic force resulting from a tem-
perature gradient. In this study, deposition theory is incorporated into a particle cloud tracking tech-
nigque and the results are compared to experimental measurements.

The dispersed phase of fluid/particle or fluid/droplet two-phase flows can be modeled by either of
two techniques. In an Eulerian technique, the dispersed phase is viewed as a continuum and is mod-
eled with conservation equations similar to those governing the fluid motion. In a Lagrangian tech-
nique, discrete particle trgjectories are calculated. In either case, interphase coupling is accomplished
by the inclusion of source termsin the appropriate conservation equations. Eulerian methods are most
applicable to densely loaded systems where particle-particle interactions are a consideration.
Lagrangian methods, on the other hand, are well suited for lightly loaded systems where the rarity of
particle-particle interactions precludes rendering the dispersed phase as a continuum. Lagrangian
methods also provide for particle history effectsin reaction considerations.

In cases where turbulent particle dispersion is important, traditional Lagrangian tracking techniques
such as the Stochastic Separated Flow model (Shuen, Chen, and Faeth, 1983) which involve Monte
Carlo averaging are often used. However, to insure the calculation of smooth interphase source terms
and convergence of the two phase flow field, the calculation of unreasonably large numbers of indi-
vidual trajectories may be necessary, thus these traditional methods often become unwieldy. A newer
and more efficient technique involves the tracking of particle clouds or the statistics of ensembles of
individual particles (Baxter, 1989 and Jain, 1996). With this method, far fewer trgjectories need be de-
termined for calculation of smooth source terms.

Particle Cloud Tracking Technique

A particle cloud or an ensemble of particles is characterized by a mean position and a variance. All
particles within the cloud at a given mean residence time are assumed to share the same physical
characteristics such as velocity, diameter, composition, and temperature. The mean or expected value

for 'Eh)e cloud position, [X;(t)J can be computed from the ensemble averaged particle velocity
V; (1) -

t
Wi(t) = B()D = [Dv(T) et + B4(0)0 1)
0
The angle brackets, [ [, indicate ensemble averaged properties. In the applications of interest here,

the only significant forces on the particle are steady state aerodynamic drag and gravity. Thus the mo-
tion of the mean position of the cloud is governed by
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where U; and V; and ps and p,, are the fluid and particle velocities and densities, respectively, and g; is
the component of acceleration due to gravity. The coefficient 3 in Eq. 2 is given by

3Cp ps
= —=|U0- LV 3
B= aa.p. 1 3)
where dy, is the particle diameter. The drag coefficient, Cp, in Eq. 3 is given by (Wallis, 1969)
24 .
Cp, = R—ep(l +0.15Re;*™) (4)

and the particle Reynolds number in Eq. 4 by

_ P, UG- DV

R
% M

(5)

Thus first moment of the particle cloud positional probability distribution function (pdf), pi(t), (the
expected value of the mean particle cloud position) can be computed.

Dispersion of the cloud is described by the second moment or the variance of the cloud positional pdf,

t

o;(t) = ZI(t—T)Rﬁ(T)dT (6)

where the particle velocity correlation tensor is given in terms of the fluctuating particle velocity as
R (1) = LVi(t)v(t+ )0 ()

The method used to determine R (1) has been developed by Wang (1990) and the current implemen-
tation has been described by Jain (1996). Rp(t) provides an indication of the degree to which fluctu-
ations in the particle position are correlated as the particle is convected. The off-diagonal elements of
R? where i # ] are neglected, leaving two components of R? to be calculated; one in the direction of
the drift velocity and one in the transverse direction. Approximations for these gas phase turbulence
properties are computed in terms of parameters input from the k—¢ gas turbulence model. Particle in-
ertia effects resulting from variations in particle size and density and drift velocity effects are ac-
counted for. Predictions of particle dispersions compare well with experimental measurements (Jain
1996).

Eulerian particle properties are determined through consideration of the weight within a computation-
a cell of the Gaussian pdf with mean and variance given by Eq. 2 and Eq. 6 respectively and the resi-
dence time of the cloud within that cell. Ensemble averaged fluid properties are calculated by
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averaging the fluid properties in each cell according to the weight of the cloud as determined by Eq. 6
in that cell. To complete the two-phase flow scheme, interphase coupling is accomplished through a
particle-source-in-cell technique (Crowe et. al, 1977).

Deposition Model

Particles or droplets transported in a turbulent flow stream can diffuse to an adjacent surface and be
deposited through several mechanisms. Brownian diffusion may be important for very small particles,
while larger particles may be deposited through inertial effects after becoming entrained in turbulent
eddies. External forces such as thermophoresis and electrophoresis resulting from the presence of
thermal gradients or electric fields may also affect migration to and deposition on the surface. In the
present study we are concerned with deposition through Brownian diffusion, inertial effects, and ther-
mophoresis.

The boundary layer adjacent to awall is categorized by three regions, the relatively thin viscous sub-
layer immediately adjacent to the surface and extending in wall coordinateis to approximately
y = 6, the buffer region extending from the edge of the viscous sublayer toy = 30, and the log
law region beginning at the edge of the buffer region. Turbulent eddy motion extends through the
buffer region, but flow in the viscous sublayer is assumed to be primarily parallel to the wall and de-
void of eddy motion. The deposition model presented here is based on the theory of Friedlander and
Johnstone (1957).

Particles are assumed to diffuse through the buffer region due to turbulent fluctuations of the carrier
gas, but impact the surface and are deposited only if they penetrate the viscous sublayer. Large parti-
cles may have sufficient inertia to be carried through the viscous sublayer, while small particles may
reach the surface only through the action of Brownian diffusion or thermophoresis. To model deposi-
tion, it is necessary to model the diffusion of particles through the buffer region and the penetration of
particles through the viscous sublayer.

The distance that a particle having an ininitia velocity of V, will travel in aquiescent fluid due to its
inertia is defined as the stop distance. Thus, a particle diffusing to one stop distance from the wall is
assumed to have sufficient inertia to penetrate the viscous sublayer and reach the wall. The stop dis-
tance can be calculated as

S = Vo1, (8)
where T isthe particle relaxation time, given by
o = Dl ©)
P18’

At the edge of the viscous sublayer, the particle velocity perpendicular to the wall can be approximat-
ed by (Im and Chung, 1983)

I

Uy

Vo =V, +
0 «/§

(10)
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Numerical Predictions of Deposition with a Particle Cloud Tracking Model

where u,, isthe wall-directed fluctuating fluid velocity at the edge of the viscous sublayer, V,, isthe
wall-directed ballistic particle velocity, and Sc;, is the particle Schmidt number. u,’ can be estimated
in terms of the friction velocity, u,, as u,’ = 0.4u, (Klewicki, 1989). The friction velocity can be
calculated from the turbulent kinetic energy,

u, = JkdC,. (11)

The particle Schmidt number represents the ratio of the fluid eddy diffusivity to the particulate eddy
diffusivity and can be written (Im and Chung, 1983)

05,40
exp z +1D 1

Sc,t =1+ L (12)

172D g
72§

where T, isthe particle relaxation time given by Eq. 9. 1, isthe turbulence time scale and is of the or-
der of the fluctuation time of large eddies in the buffer region. Assuming the thickness of the buffer
region to be about 24 dimensionless wall units and the characteristic buffer region fluctuating vel ocity
tobe u,” = 0.4u, (Klewicki, 1989),

24v
T = 13
= ol (13)

where v isthe fluid kinematic viscosity. Accounting for the particle radius, a non-dimensional effec-
tive stop distance can written in terms of wall coordinates as

Bl
B

S +r’ (14)

where d,, is the particle diameter and Sis determined with Eq. 8 to Eq. 14.

The flux of particles through the buffer region and viscous sublayer to the wall can be determined
from the expression

dC
J=(D,+ sp)d—y (15)

where D, and €, are Brownian and eddy diffusivities of the particles, respectively, C is the particle
concentration and y is the coordinate direction perpendicular to the wall.

Defining a deposition velocity by

Vp = = (16)
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where C, isthe particle concentration outside the buffer region, Eq. 15 can be non-dimensionalized in
terms of wall coordinates and Cj as

= [Po, &EC
Vo' = 5 +595dy* (17)

This equation is rearranged and integrated from the edge of the buffer region to one effective stop dis-
tance from the surface as

i =1 +1 *
[ e.,,9CT = —y— + —y— (18)

SH)[BP +§BD
VD D\) v

InEq. 18, itisassumed that S" + r* < 6; for the casewhere S + r” > 6, the left term on the right hand
side of Eq. 18 disappears and the limits of integration of the right term become S" + r* and 30. The
particle eddie diffusivity can be determined from the fluid eddy diffusivity and the particle Schmidt
number as

€ = = (19)
The fluid eddy diffusivity for the buffer region can be calculated from (Im and Chung, 1983)

£ = 04u,(y+k)H - expD(yAS)%,GsfsBO (20)

where A = 26 and kg is the surface roughness. Eq. 20 is used to determine €, in the right term on the
right hand side of Eq. 18. In the viscous sublayer, the eddy diffusivity can be evaluated from (Davies,
1945)

g = %g,ow@s (21)

where the constant C, is evaluated with the condition that Eq. 20 and Eq. 21 match at the edge of the
viscous sublayer (y* = 6). Eq. 21 is used to determine €, in the left term on the right hand side of Eq.
18. The Brownian diffusivity is given by (Shimada et a., 1993)

KTC
= — 22
P 3mud, (22)
where K isthe Boltzmann constant, T and . are the fluid temperature and viscosity, respectively. The
Cunningham correction factor, C, in Eq. 22 can be expressed as (Davies, 1945)

C. 10+Kn%l257+04expm_—1 (23)
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where the Knudsen Number, Kn, is the ratio of the ratio of the molecular mean free path, A, to the
particle radius. The molecular mean free path can be determined from (Davies, 1945)

- K
A = Ga99pc (24)

where the average molecular speed, C, is given by

_ _ 8P
C_Jnipf (25)

assuming an ideal gas. The Cunningham correction factor provides a correction for the fluid drag on a
spherein the slip flow regime, i.e, when the sphere diameter is of the order of the molecular mean free
path.

Turbulent Particle Deposition

Using Eg. 19 and Eq. 21 in the integration of the first term on the right hand side of Eq. 18 yieldsfor
the viscous sublayer

1/3 D2 Sl"‘SQ! 120-1
= C;Sc t 26
L“dzg o O% D) BT L )

vU

where @ = é%s—c_%

Using Eg. 20 and Eq. 21 in the integration of the second term on the right hand side of EQ. 18 yields
for the buffer region

4 |:| + + +
= [(—9 = 255000002tk o5l A _A D (27)
p + + +[
GEQE+§ED 0 5+k, Ef30+kS 5+ Kk
Ov " vO

+ 2 + 2.
oA o A DJD
-0.54 —
[[éo+k;D B 4 O E

Substituting Eq. 26 and Eq. 27 into Eq. 18, integrating, and rearranging yields

1-Cour 28
> = Ivs"‘lbr ( )

where |, and I, are determined by Eq. 26 and Eq. 27, respectively. At adistance S' +r" from the
wall,
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.
. Vi

S+ + =
o (Vg)5++r+

(29)

where V, isthe dimensionless wall directed component of the particle velocity, so Eq. 29 can be re-
written

Vi = 1 (30)

1
Ivs+ Ibr + .
(VO)SJ'+r+

In the absence of thermophoresis, the deposition velocity is determined from Eq. 30, then the flux of
particles to the wall is calculated from Eq. 16.

Thermophoresis

When a particle lacks sufficient inertia to penetrate the viscous sublayer, an external force must act if
the particle is to impact the surface adjacent to the boundary layer. In the presence of athermal gradi-
ent, such aforce may arise from an asymmetric interchange of momentum between a particle and the
surrounding gas molecules, driving the particle in the direction opposite the thermal gradient. The
magnitude of this thermophoretic force is largely a function of the Knudsen number, the temperature
gradient, and the particle radius. Through integration of the gas molecule/particle momentum inter-
change over the surface of the particle, Jacobsen and Brock (1965) have determined an expression for
the thermophoretic force for Knudsen numbers somewhat less than 1,

0 Ok 4 N 4 ([
+ + = —=
Ep“"KnEEkp ctKn%L 3achnD 3achnD]]

0 D
Fr = -3mud?0 - mT (31)
é (1+3cKm)HL + 271 +2cKnH E

[

p

where ks and k;, are the thermal conductivities of the gas and particles, respectively; the temperature
jump coefficient is given by ¢, = 3.32; the thermal velocity coefficient is given by ¢, = 0.461; ¢, =
1.19; and a = 2.4. Equating the thermophoretic force to a Stokes drag gives a thermophoretic deposi-
tion velocity,

. F.C.
Vi = 12mud,

(32)

When a thermophoretic force is present, Brownian diffusion will have relatively little impact on the
rate of particle migration across the laminar sublayer (Byers and Calvert, 1967), so in this case Eq. 30
becomes
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. 1
V= T (33)
Ibr + -
.

and again a deposition velocity can be determined.

Results and Discussion

Measurements of both isothermal and thermophoretic deposition for flow in circular tubes have been
made in laboratory settings. The deposition model described above has been evaluated through simu-
lations of these experiments.

Measurements of the isothermal deposition of iron particles (p=7840 kg/mq) in circular tubes have
been made by Friedlander and Johnstone (1957). These data are compared to numerical predictions of
deposition in Figure 1; the numerical predictions agree well with the experimental data. Deposition
increases with the tube Reynolds number, since increased turbulence intensity imparts a higher wall
directed velocity to the particles. Deposition rates for 1.57 um particles are higher than those for 0.8
pum particles in the same size tube, since the larger particles have higher inertia and are more likely
penetrate the laminar sublayer. At some point, further increases in particle diameter may result in de-
creasing deposition when the large particles become less likely to be entrained by the turbulence and
directed towards the wall. However, this behavior is not seen in these particles.

Depﬂsitinn Velocity (m/s)

000001Cf —— T
5000 10000 15000 20000 25000

Reynolds Number

— 0.8 mm particles,0.0054 tube (predicted)
O 0.8 mm particles,0.0054 tube (measured)
0.8 mm particles,0.013 tube (predicted)
O 0.8 mm particles,0.013 tube (measured)
= 1.57 mm particles,0.013 tube (predicted)
V' 1.57mm particles,0.013 tube (measured)

Figure 1. Comparison of predicted and measured (Frledlander and Johnstone, 1957) values of
isothermal deposition of iron particles (p=7840 kg/m ) of various diametersin circular
tubes as afunction of Reynolds number.
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Predictions of isothermal deposition of uranine-methylene blue (p=1500 kg/m?3) are compared to ex-
perimental data (Sehmel, 1968) in Figure 2 and Figure 3. Once again, both predicted and measured
deposition rates increase with tube Reynolds number and particle diameter, as shown in Figure 2.
Deposition velocity is plotted as a function of particle diameter in Figure 3. Both the numerical pre-
dictions and experimental data indicate increasing deposition with increasing particle diameter over
most of the range of particle sizes, since the larger particles are more likely to have sufficient inertia
to penetrate the viscous sublayer. However, the experimental data shows a leveling off and decrease
in deposition for the largest particles which is not predicted by the numerical schemefor the samesize
particles. The leveling off and decrease in deposition occurs when particles are less likely to be en-
trained by the turbulence. Apparently, the numerical scheme overpredicts the effect of the flow field
on these largest particles.

0.14
0.01-

0.0014

0.0001+

o.oooorg"‘ é

0.000001 1+
10000 30000 50000 70000

Reynolds Number

0 um diameter particles (measured)
0 um diameter particles (predicted)
0 um diameter particles (measured)
0 um diameter particles (predicted)

Deposition Velocity (m/s)

© 2
= 2
J 5.
—_— 5.
Figure 2. Comparison of predicted and measured values (Sehmel, 1968) of isothermal

deposition of uranine-methylene blue particles of various diametersin a0.0293
m diameter tube as a function of Reynolds number.
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13
01
0.01-
0.001

0.0001

] ] measured
0.00001+ — predicted

0.000001 +——+—+——+—————+—
0O 5 10 15 20 25 30
Particle Diameter (um)

Deposition Velocity (m/s]

Figure 3. Comparison of predicted and measured (Sehmel, 1968) values of isothermal deposi-
tion of uranine-methylend blue particles (p=1500 kg/m ) in a0.0713 m diameter
tube (Re=36000) as afunction of particle diameter.

Numerical predictions of thermophoretic deposition of NaCl particles in a 0.00792 m diameter tube
are compared to the experimental data of Byers and Calvert (1969) in Figure 4 and Figure 5. Hot
aerosol entered the tube at a specified temperature while the cooler tube walls were maintained at
300K. Figure 4 shows deposition efficiency, or the fraction of particles injected that are deposited,
plotted as a function of particle diameter for various flow temperatures. Both the experimental data
and the numerical predictions indicate that deposition is highest for higher temperature aerosols,
when the thermophoretic force is largest, and for smaller particles. At the highest aerosol inlet tem-
perature of 755.5K, the numerical predictions closely follow the experimental measurements over the
range of particle diameters considered. For lower aerosol temperatures, the numericaly predicted
deposition islower than the experimental datafor the largest particles.
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02 04 06 08 1 12
Particle Diameter (um)

—— T = 755.5K (predicted)

—0— T = 755.5K (measured)

............ T = 630.5K (predicted)

O~ T =630.5K (measured)

- - - T =505.5K (predicted)

- 0- T =505.5K (measured)

Figure 4. Comparison of predicted and measured (Byers and Calvert, 1969) val ues of

thermophoretic deposition of NaCl particlesin a0.00792 m diameter tube for
various flow temperatures as a function of particle diameter.

Deposition Effeciency (%)

The effect of tube length on thermophoretic deposition is shown in Figure 5. It can be expected that
deposition efficiency will increase with increasing tube length, but the increase may not be linear
since the aerosol will cool in longer tubes, decreasing the thermophoretic force. This behavior is
shown by both the experimental data and the numerical predictions in Figure 5. For the shortest tube
(L/D=38.5), the numerical predictions fairly closely follow the experimental data. For longer tubes,
however, the agreement is not as good; the numerical scheme overpredicts deposition. This could be
due to either heating of the cooling water in the experimental apparatus or underprediction of heat
transfer to the tube wallsin the numerical scheme.
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Deposition Efficiency (%
= N
Qe . °
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02 04 06 0.8 1 1.2
Particle Diameter (um)

— L/D = 115.0 (predicted)

—_— L/D = 115.0 (measured)

------------ L/D = 75.0 (predicted)

Q-+ L/D =75.0 (measured)

- - - L/D = 38.5 (predicted)
- - L/D = 38.5 (measured)

Figure 5. Comparison of predicted and measured (Byers and Calvert, 1969) values of
thermophoretic deposition of NaCl particlesin a 0.00792 m diameter tube for
various pipe length/diameter (L/D) in a0.00792 m diameter tube for various
pipe length/diameter (L/D).

Conclusion

In summary, a deposition model has been coupled with a particle cloud tracking technique and has
been evaluated through comparison of numerical predictions with experimental data for circular
tubes. The scheme has been shown to reasonably predict both isothermal and thermophoretic particle
deposition. Although the test cases have been circular tubes, the numerical method is not limited to
such geometries,and should be applicable to arbitrary geometries.
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