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Deflinition *=

» Aerosols are suspension of solid or
liquid particles in a gas.

» Dust, smoke, mists, fog, haze, and
SMog are cCommon aerosols.

» Aerosol particles are found SESEGRMS
in different shapes. S e O




Aerosols in the Atmosphere Cavkson

Number Density
(Number/cm)

Mean Temperature
(K)
Mean Free Path

Particle Radius
Particle Mass (g)

Particle Charge

(Elementary
Charge Units)

Aerosols

100-10°

240 - 310
Greater than 1 m
0.01 —10 um
1018 -10 -°

0-100

Air

1019

240 — 310
0.06 um
2x104 um
4.6x 1033

Weakly lonized
Single Charge
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Particle Diameter, PN
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Particle Diameter, kM

0% 102 102 10 10° 10° 10® 10° 10°

“ Ultrasonic > < Settling Chamber——
Gas +—Centrifuge——
Cleaning «—Air Filter—,
Method +— HE Air Filter > Impact Separator —
<—Thermal Separator —
«— Electrostatic Separator ——>
Diffusion  |Air  3x107 107 2x107  2x107"

2 -
Coeff. cm“/s | Water 5107 510" 551010 551012

Terminal . 1076 2x10™ 0.6 600
. Air

Velocity cm/s 10 . 3

o3 Water 10° 6x10° 6x10 12




Hydrodynamic Forces Carsen

Drag Forces
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Drag Foree for a Sphere
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Hydrodynamic Forces ¢ken

Drag Korces
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Cunningham Correction ¢eksen
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Variation of Cunningham correction with Knudsen number.



F, =3nuUd_K

d = (é Volume)"”

JU

K=Correction Factor




Clarkson

University

Correciion Factor

Cluster Correction Cluster Correction Cluster Correction
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Elhpsoidal Particles
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Elhpsoidal Particles

Comparison of creeping and non-creeping drag
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Elhpsoidal Particles

Comparison of creeping and non-creeping drag
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Ellipsoidal Particles ceksen

Comparison of creeping and non-creeping drag
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Elhpsoidal Particles

Comparison of creeping and non-creeping drag
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Ellipsoiclal Particles ¢

Comparison of creeping and non-creeping torque
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Ellipsoiclal Particles ¢

Comparison of creeping and non-creeping torque
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Ellipsoidal Particles ceksen
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Relaxation Time

mC_ dzppCC SdzCC
3mud 18w 18v
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Terminal Velocity ke

u'(um/s) =30d° (um)




Stopping Distamce eksen

Stopping Distance = Penetration distance for
an initial velocity of u,




Relaxation Time, Terminal
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Diameter, | Terminal | tsec | Stopping | Stopping
nm Velocity Distance | Distance
u=1m/s |u=10 m/s
0.05 0.39 um/s | 4x10% | 0.04 um |0.0004 mm
0.1 0.93 um/s [9.1x10%| 0.092 um |0.0009 mm
0.5 10.1 um/s | 1x10°¢ | 1.03 um |0.0103 mm
] 35 um/s |3.6x10°| 3.6 um [0.0357 mm
5 0.77 mm/s | 7.9x10>| 78.6 um | 0.786 mm
10 3.03 mm/s | 3.1x10*| 309 um | 3.09 mm
50 7.47 cm/s | 7.6x1073| 7.62mm | 76.2 mm
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Lift Foree i Turbulent Soundary Layer ¢
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Turbulens Daposition Theories




Clarkson

111111 ty

il |de~rJohns~tone

Stopping Distance




piiedbanda 2 Jonnsiong
M




Turbuwneones kson

' e

Theoretical Predictions - Papavergos-Hedley (1984)

{[1] Friedlander an¢ Johnstone 4 . - v

(2] Levicn'® — - ,
=e v 3I° 1
’: v

[3) Davies'® (Broken Line:
Experirmental Data

2

4 Brownfan Diffusion)
{la) Bear?®
{{s] Liv and NNor

‘37

Friedtonder &
Jdnnom" o F

Schmegrdeman
m“g

‘:J.Slmd mlz:

welts &

L

w"
port32
bu s Agorwars

02 ' 7 10 02 o 4+ ot 0* 0?

Dimensionicss Purticke Relomation Time, T

OSSO

a4 D

Oiensioniess Deposition Veloclty, Uy




T A + e
VT oy up, = 0.13337S,
up, =0.057s,

D™ =0.011(y*)" (v*)"! y* <20
U = 1.49(t" )"0

DT+ _ 004y+ y+ > 20




snisiion Hodel 1azison

Comparisans o1 Tl
1

.l Fridlander- | |}
Johnstone i Papavergos-
0.01 1l Hedley
+
= o\ ,-"” | | ||
0.0001 . . "::j:" Fan-Ahmadi

1E-05

1E-06 g
0.00010.001 0.01 0.1 1 10 100 1000
T+



* Use of the concept of ‘stopping distance’ as a
sink boundary condition for particle

* Assumptions for free-flight velocity

* Equality of particle mass diffusivity to the
turbulence eddy diffusion.

* Ignoring the effects of density ratio, Reynolds
number, and scales of turbulence.

* Ignoring the effects of lift force.

* Ignoring the effects of coherent eddies and
bursting phenomena.
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Bursting Pnenomena Cerkson

+
Bursts . TB =O.65R8'73

0.25T,



Cleaver and Vates Mode

* Suspended particles diffuse to a certain
distance from the wall by turbulent diffusion
before being entrained in a down-sweep.

* The flow in a down-sweep may be
approximated as a two-dimensional stagnation-
point flow in the sub-layer.

* Only Stokes drag is acting on the particles.




Cleaver-Taies Model
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CleaW@w ane aitas Mode
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Flchman &t al, Mode

v =B =0.625B’y"
¢»=0.625>, m=By", B=0.271
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Fichman &t al, Mode
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ran-Anmad) Model
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Fan=Anmacl Mode
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Fan=Anmacl Mode

Smooth Wall
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Fan=Anmacl Mode
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Fan=Anmacl Mode
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Fan=Anmacl Mode

Rough Wall

Effects of

Density Ratio
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Empirical Model
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ran=Anmadi Mode
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e@e Mode

);_Y Ellipsoidal fiber particles

= Non-isometric

= Non-Isotropic behavior

— T— = Orientation dependent

Spherical particles
= [sometric
= [sotropic property

= Orientation independent
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Equivalent Relaxation Time
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and Euler Parameters "~
Euler Angles
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Fiber Deposiiing Yelocl
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Governing Equations
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Flexiole Strin

Empirical Equation for Flexible String Deposition

/))L+2 0 980.01817:}
+ : +_1\3
In(f)+3  (In(B) +)e'™™

1+ loe-(rd+-13)2/32
X
0.0498%* +10

0.0234 x

if ub <0.14

otherwise
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Deposition Rates
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> Semi-Empirical Models

> Free Flight Models

> Flow Structure Models

> Sublayer/Burst Models

> Deposition on Rough Walls
» Fiber Deposition

» Flexible Fiber Deposition
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» Direct Numerical Simulation
» Large Eddy Simulation

» Stress Transport Model

» Two-Equation Models
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Stress Transport Model st
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Instamtanecouns Turbulemt Clarkson
Fluectuation VYeloeld

11111111

» Direct Numerical Simulation

» Subgrid Scale Simulation

» Gaussian Models
- Filtered White Noise
- Eddy Life Time

» Pdf - Based Model



Instantanecous Turbulemt -, 1won
Fluctunation Veloed |

Instantaneous Velocity Thompson (1987)

Lagrangian Time Macro-Scale

“uP(Hu'P(t + I)d'c

T, =

) u'Pu’?
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Fluctunation Veloed T

Instantaneous Velocity

Iliopoulos et al. (2003) and Dehbi (2008) included the drift term

2 12 1 _/2
u2 F(h) + ou,
T, 2(1 + Stk) ox,




Pdf Medel for Yeloelty= -, ion
VYelocltly Gradiemt Valverainy

Joint Velocity, Velocity-Gradient pdf

0°f
oU.oU.,

(Uj - <Uj>)]+ %COVH WH
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I |+ —
2 9H,,0H

[Dijle' f

ijpq
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Instamtancous Turbulemt -, on
Fluctuation VYeloed veTvere

Langevin’ s Equation for Velocity and Velocity Gradient

ij (uj - <uj>

dh, = M dt + D, dW, hy =~

Haworth and Pope (1986), Girimaji and Pope (1990), Kvasnak et al. (2004)



du; C,Re, 1

1

dt 24 T

(ui -u; )"' fiL
—_—

\ ~ ~ Lift force
Drag force

E
+ g + f + 1n,(t)
-~ -~ —
Grawvitational  Electric force  Brownian

force force

Assumptions: Dilute Flows, One-Way Interaction,
Neglect Particle Collisions

24[1+0.15Re"*"]
Re

1<Re <1000
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Browmuan Yoto
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Particle Relaxation Time
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Sample Browniin Excitation cavson
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Ounis, Ahmadi and McLaughlin (1991)
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Browmian Motio
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CRCD Web-Based
Course Module
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He and Ahmadi (1999)
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Quadratic Variation Near Wall

Hinze, 1975 /V'z o 12 y —=0
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v u
. Ounis, et al. 1993
Li and Ahmadi, 1993 (DNS)

Dehbi, 2001 Abouali et al., 2013
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RSM with two-layer vs. near wall correction by Li & Ahmadi (1993)
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Equivalent Spheres Dinmeter

Equivalent Volume

Equivalent Stokes diameter
Shapiro and Goldenburg (1993)

PR J/a’ln(/a’n//f -1)
Stokes _Shapiro \/ﬁ

Equivalent Stokes diameter
Fan and Ahmadi (1995)

Equivalent Aerodynamic
diameter, Stober (1972)

8 & _nai 4 0 g
K. oK. = 16(62 _1) ’ x = 2 3(/3’ _1)/3) , o 2 3(/3) 1)/5 ’
"I =3I+ B - D/B - 1]+p j@%ln(mm_nw ZQ:imwm)_ﬁ
K. = ) > ) 3K K,
(2B -DIn(B+B> ~1)/p> 1]~ B K =

K, +2kK



Deposition Efficilemey= 1 rkon
Horizontal Duct Flows " 7"

Chen and Yu (1991) n=a(f)e Laminar Flow

1 1 pd gL
—1.698(0.28 ~ +0.73— —0.01 £ =
(h) (028 2 +073.~-0.00) 48U uR

Asgharian and n = f ((9, /)))‘L'

Anijilvel (1991)
F(0,8) = B ™ (~0.8440" +14.40' —22.4090° +16.5860° —5.6690" +0.7266°)

o ogb’ C
18ulU,

Current Stud

145)2 (144.65)2
— | e +

Re Re

Fully developed flow Developing flow
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Sample [Fiber Trajecto

Laminar Flow

x 10° Fiber (sampled) x 107 Fiber Center

0 0.2 04 06 08 0 0.2 0.4 0.6 0.8
x(m) x(m)

Horizontal Laminar Pipe Flow



Ellipseidal [Fiber Clarkson
Sedimentation Yelocities "

<10° Laminar Flow

1s ' ' v T T T T T T

—B=14
—pB=12
—PB=10
—B-=8
..... B=6
..... =4
..... p=2
..... B=1

v (m/s)

Fiber radius =0.5um, aspect ratio from 1 to 14
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Sedimentation Velocities " " "

4 — Fiber: a=0.5um, P=14
0X 10 . — Equivalent volume diameter: 2.4101um
----- Equivalent Stokes diameter by Shapiro & Goldenburg, 1993: 1.8274um
--= Equivalent Stokes diameter by Fan & Ahmadi, 1995: 1.7961um
—==Equivalent Aerodynamic diameter by Stober, 1972: 2.9239um

v (m/s)
N

Comparison of sedimentation terminal velocities of fibers and
equivalent spheres.



Fiber Deposition Rate

O Current simulation: Fiber
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Laminar Flow

10 F- % Current simulation: Equivalent spheres Eq(38) '
= Chen & Yu (1991): Fiber(46)
------ Asgharian & Anijilvel (1995): Fiber Eq(49) Q = 0.5L/Min
- == Current empirical: Fiber Eq (53) v
v Current experiment: Fiber
10"}
° ,
s e
S
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o
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10°} .
8.
R
R
g
* [ ']
10° 107 10"

Deposition rates of glass fibers and the equivalent spheres.



Fiber Deposition Rate carkson

(@) Q = 0.5L/min (b) Q = 1.6L/min

10 10 . =
1 0'1 ' 10 M
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o | -2 Cb'¢
© 10 } 10 }
c :
.0 [
g -3 - * -3
S 10 O Sim: Fiber (developing flow) 3
) ' O Sim: Fiber (parabolic flow)
i % Sim: Sphere Eq.(38) (developing flow) - *
10™ ! + Sim: Sphere Eq.(38) (parabolic flow) *L
N T Emp. Eq.(52): Fiber (developing flow) B _,Elle**
- Emp. Eq.(53): Fiber (parabolic flow)
| 5
A 10 al al
10° 10° 10" 10 10° 10" 10°
Tt Tt

Comparison of deposition rates of the glass fibers in the
horizontal pipe in developing flow and in parabolic flow
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Deposition in Turbulent Flows
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Fiber relaxation Time
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Fiber Transport Clarkson
Creeping and Non-creeping Models

1 O Num. Tian et al. (2012)
@ Exp. Tian ot al. (2012)

> A Present-Simulation using creeping fliow formulation
-g 0.1 © Present-Simulation using correlation of Zastawny et al. (2012)
g ) O Present-Simulation using Gats of Holzer and Sommerfeid (2003)
<
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Fiber Transport and Deposition carkson

1
0.9
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: 0.7
5
§ 0.6
2 0.5
2 Y/
3 0.4 §" —— Simulation using creeping flow formulation
€ 0.3 =& «Simulation using data of Holzer and Sommerfeld (2009)
+ +4& + Simulation using correlations of Zastawny et al. (2012)
0.2 -0 Yeh (1979)
0.1 —= Pich (1972)
' o New correlation, Eq.(44)
0

0 0.5 1 1.5 2 2.5
A, Sedimentation parameter



Fiber Transport and Deposition carkson

1
0.9
0.8
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0.4 _
0.3 ) ~—#—Simulation using creeping flow formulation

< «A + Simulation using correlations of Zastawny et al. (2012)
0.2 -0~ Yeh (1979)

~& Pich (1972)
~&- New correlation, Eq.(44 )
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0
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A, Sedimentation parameter



Concluding Remarks ¢larkson

» Using RANS for simulation of
particle and fiber transport needs
cares.

» RANS could be used for providing
useful information for practical
applications.

» Computational modeling could
helps in optimizing industrial
processes
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