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Practical applications:

= Atmospheric aerosols, dust

storms.

= Pneumatic transport of
solids.

= Fluidized & circulating
beds.

= Clean coal separation.
= Cyclone separator.
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Colloidald< 1 m:

Aerosoll m<d< 10 m:

Suspension0 m<d< 100 m:
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Parameters:
Terminal velocityUy = (mg=3 d ) d-.
Brownian diffusivityDg = (kT3 d ) d 1.
Peclet number (convection/Brownian diffusion)
Pe =(U;d=Dg) d “.
Reynolds number ( uid inertia/ uid viscosity)
Re =( qUid=) d°
Stokes number (particle inertia/ uid viscosity)
St=( pUd=) o

g = 1kg=n?®, ,=10%g=m?, =1:8 10 °kg=m=s
T = 300K.
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Gas-particle suspensions:

Colloidald< 1 m:
U < 1:5 10 °.

Dg > 1:2 10 1

(Uid=Dg) < 1:3.

X

Reynolds numbeRe < 85 10 ’>.
Stokes numbeBt < 85 10 4.

Fluid viscosity dominant.
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Aerosoll m<d< 10 m:

5 10 5<U:< 1:5 10 3
1:5 10 ° < Uq 5 10 o O
1.2 10 1<Dg< 12 10 12
O
\ O
1:3< (Ud=Dg) < 1:3 10% ~__
~a

Reynolds numbe8:5 10 ‘Re< 85 10 4>.
Stokes numbe8:5 10 4<St< 85 10 1.

Fluid viscosity dominant.
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1.5 10 °<U;< 1:5 10 3m=s
1:2 10 11 < D 5 < 12 10 12. 85 10 4 < Re< 85 10 1.

. 1 .
1:3 104 < (Utd:DB) < 13 85 10 < St< 85 102
105,

Suspension0 m<d< 100 m:

\\\
Q\ Q Balance:
Particle inertiavs.
\A\x\7 Fluid viscosity
R
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1.5 103<U;< 15 101
1:2 10 2<Dg <12 10 18

1:3
102,

10° < (Uid=Dg) < 1:3

85 10 1< Re< 85 10

85 10°< St< 85 10°.

Fluid viscosity negligible.
Dominated byparticle inertia&
contact dissipatian

Granular materiadl > 100 m:
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Colloidald< 1 m:

Aerosoll m<d< 10 m:

Suspension0 m<d< 100 m:
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Gas-particle suspensions:

Colloidald< 1 m:

o

Aerosoll m<d< 10 m:
N
R

o

Suspension0 m<d< 100 m:

Granular materiatl > 100 m:
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Current'two- uid" models treat particle & uid as two continuous

phases, and write equations for the average density anditve$o
Particle phase:

Q@p
@t
(@Qup+ Upir Uup)=r ppt+ pf

Disadvantage:

r up=0

u'’
Local rates of heat and mass transfer propor-

+
tional tolocal relative velocity between partj- - i‘qi v ,-'
cle and uid, and not the man velocity differ- @ '

/«<____

ence.

Turbulent particle-gas suspensions — p.11/91



Turbulent particle-gas suspensions:

Current'two- uid" models treat particle & uid as two continuous

phases, and write equations for the average density anditie$o
Particle phase:

@,
@t

. _ 2
(@up+ Upl Up)= I Pp+ pf “Up+ fi

r up=0

Objective — take account of uctuations in realistic way.

m Particle velocity distribution.

= Effect ofturbulent uid velocity uctuationson particle
phase.

m Effect of particle velocity uctuations on uid turbulence
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Turbulent particle-gas suspension with particle Reynaoldsber
Re < 1Q particle Stokes numbé&t > 1000
Microscopic model for particle phase.
Comparison with simulations/experiments.
Incorporating turbulent uctuations in continuum model.

S
SRy P
PR R
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Turbulent gas-particle suspensions:

Particle dynamics:

dui X
m—— = Fi
dt | !
Air ow
= Drag force. \ \ \
= Inter-particle collisions. ; s
= Buoyancy force. ¢ °
= Lift force. ;e
. Q‘ ParticI?
= Virtual mass effect. . l
= Basset force. v
° Gravity
| .. v




Turbulent gas-particle suspensions:

Particle Reynolds numbéte < 10
Particle Stokes numbéit > 1000

Air ow

= Drag force. \ \ \
= Inter-particle collisions. ; poe
® Buoyancy force. ¢ °
m Lift force. ;e

. Q‘ ParticI?
m Virtual mass effect. . l
m Basset force. AR
m ° y Gravity

Schematic of particle laden ow.
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Turbulent

Particle drag forceRe < 10

u Vv
a =

\Y

Viscous relaxation time:
Stokes law:

v=(d?%=18)
Inertial correction:

d2

V'~ 18 (1 + 0:15Re0687)

Vv
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Time scales:
Fluid integral time ¢

Particle

time |

D=

relaxation

d=m )

0d°=18)

Particle collision

time .

¢ = 1=(nd?v)
c=( sd=6vvolfr)
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Simulation technique:

m Direct numerical simulations.
m Particle event-driven simulations.

du; _X |
T

Simulation advances in discrete time steps.
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Flow equations

Navier-Stokes equation for uid phase:

rui =0
@ 1 , U
@t ! ! pl |
Particle phase equation: Z J—x
-U
dv; Ui (XPi) Vi 1 X Schematic of particle laden
dt = + - Fij ow.
Y P 6]
dXi _ v
dt !
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Validation of DNS: Couette ow.
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Mean velocity pro le Root mean square velocity uctuation

hu22i, Komminaho et al. (199%? 0;

huz2i Komminaho et al. (1996) §;  huy?i

P —5r
Komminaho et al. (1996) (); haJXZi present

(—),pmzozi,present( ); m§2i

P —r
present,(: ); hu2i Bechet. al. ()

present simulation () and Komminaho et al.
(1996) ()
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Validation of DNS: Channel ow.

20 40 GQ 80 100

Gas-phase root-mean-square velocity uctuation

Air mean velocity;Re.=1994

Uxyms (—)iUyms (-7); Uzms (=) are obtained

(—) is obtained from our simulation at from present DNS,

Re =115:5,

u s Uyrms ()i Uzms (), Obtained from
( ) is from Mclaughlin(2001) aRe = 125. xms () Uy ()i uz ()

Mclaughlin (2001).
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>

1. Fluid autocorrelation tim
small compared to particl
relaxation & collision time.

Particle velocity

2. Force due to uid velocit
decorrelates over time taken
for particle to relax. p

ol T
3. Consider force due to uig Wﬂ M Wﬂ q
as a delta function correla- HUU UH Uk
ULUUU KRR

tion in time. | U
H(t)f(t%i = D(x) (t t% Fluid turbulent fluctuations
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Based on Brownian motion:

Force on Brownian particle
due to forces exerted by
molecules in a liquid.

Correlation time of force -
small compared to particle
relaxation time.

h) Wi=A@ 9

Gaussian distribution for
force components.

< >
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Langevin equation:

du
- = +
mdt 3 du
i = 2n2i= kel
y 2m
h2 = <8l
m v
2T
i =
T 34

Diffusion equation:

@ _ @

@t @R
(x;t=0)= (X Xo)
= (4 Dt ) "2 exp( x?=4Dt)

Z 4

hx%i = dx(x? (x)) = 2 Dt
0)

Stokes-Einstein relatio® = (kg T=3 d ).
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Fluctuating force model:

m Particle acceleration —
uid mean and uctuating
velocity.

a=
\'

u v uY
+_

\Y VvV
= Fluctuating parfu= ) as
Brownian force.

md_V:(u V)+f
dt y

a=
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Fluctuating force: Similarities to Brownian motion.

Fluid velocity uctuations — near Gaussian?
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o wall
10+ - - Gaussian plots
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Fluctuating force: Similarities to Brownian motion.

Fluid correlation time short? Decorrelation times in diffiet
reference frames.

oo o ‘ ‘ ‘ TESEE.
\‘ \\\\ (a) N \\\
08 L . , 0g| - (0
06 506
S 0 g
@ K
o 0.4 04
02 f 0.2 \
07 | _‘/‘\\\<,—‘/<\\\\‘7///< ] O* ‘/v\v‘—f/\‘\/-.._‘,‘_/ “\v_./"\_,/\\"' \5‘4\\%
0 20 40,60 80 100 0 20 40,60 80 100

ORES
@ < o O (a) \.Stream-wge,t() wall-normal
Fixed Eulerian frame (. ),

\@ Moving Eulerian frame (), Particle

acceleration correlation (—)

t+dt

Turbulent particle-gas suspensions — p.27/91



Differences from Brownian motion:

Noise anisotropic.

26 Hi6 6

Spatially iINhomogeneous?,.. | | _.cmwmsemroen
Cross-correlation. QE’:’
0 10 20 y+ 30 40 50

i 60
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Fluctuating force: Similarities to Brownian motion.

Lack of correlation between particle concentration andl ui
velocity uctuations?
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Langevin equation:

av (v u)
g ; + F(t)

Equivalent Fokker-Planck equation:

@f(vd _ 1 .@v¥ (v9

@t v @f

@f (v9) .
@%af

Noise correlationstF;(t)F;j (t)i =2Dj (t t9;
Difference equation for velocity:

+ D”

(vi ui) t,

Vv

vi(t+ 1) vi(t) = Fi t
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Force calculationTwo random numbers;, ».

p
E _ %Dxx 1
X = w—t
) 0 s 1
2D D2
Fy = p_yy@pry1 + 5, 1 Xy A
t Dxx Dyy Dxx Dyy
Diffusion coef cient:
o hiX0)uP0) Z 1 FUGTO]
b 2 o huX0)ud(0)
7
huf0)ul(0)i < 1
I( ) J( ) dtq?ij :

2
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Diffusion coef cients:

100020 40 60 80 100

Fluid integral time scale in moving Eulerianvelocity space diffusion coef cient across the

reference frame width of the channel
Filled symbols - moving with air mean Dux (—),Dyy ( : ), Dzz (), Dyy
velocity ()

open symbols - moving with particle mean

velocity
stream wise , span wise

wall normal .
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Gas-phase root-mean-square velocity uctuation

Air mean velocity;Re;=1994

Uxyms (—)iUyms (-7); Uzms (=) are obtained

(—) is obtained from our simulation at from present DNS,

Re =115:5,

Ux rms s Uyrms ()i Uzms (), Obtained from
( ) is from Mclaughlin(2001) aRe = 125. xrms ()i Uyms ()i Uzms ()

Mclaughlin (2001).
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|

C

| |

f (LL:u) 0= ( IOd2:18 ) c=( <d=ov )

Limit v ¢ =9:44 10 °, Re=1994
Limit . v, =7 10 % Re=1994

dp =39 m, change mass density to change
04 (dp=k) 07
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Particle acceleration distribution .

) g ®
_ 10} |
oF 6@;10
10’ | 16 |
1_1 18'1 L0 L 1 L o)
$.03-0015 0 0015 0.03 0.045 0.06 -0.032  -0.016 0 0.016  0.032
a) 20
Stream wise component of acceleration Stream wise component of particle
distribution function at the center of the acceleration distribution function at different
channel. cross-stream positions of the channel.
A(C)B()C().
v =177:7, ¢, =1400:0( );
v =355:3, ¢, =1650:3();
v =9533:0, ¢,, =1807:7( ).
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Particle acceleration distribution , <

(b)

001 0005 @ 0005 001

(a) Stream-wise,lf) wall-normal, and ¢)

span wise components
f (@ (), f(udl= ) at particle positions (),
f (vP= ) (), andf (u’= ) atthe uid grid
points ( ).

1] © >§"

Wo1 0005 g 0005  0.01
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Particle velocity and concentration,( y < ¢)

Stream-wise mean velocity of the particle phase Normalized particle concentration

= 1400:0, Cow = 925:9,DNS (), FFS ( : );
= 1650:3 =990:1, DNS (), FFS (—);
=1999:0 =1016:4,DNS (), FFS( )

Air velocity prole ().

) CpW

1 Cpw
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Variation of the second momehtZi of the

-

particle velocity distribution

v — 177 :7, Cpp
v — 355 :3, Cpp
v — 710 :6, Cpp

= 14000, Cpw
=1650:3
=1999:0, o,

Air velocity pro le (

v Cpw

).

Variation of the second momemgzi of the

particle velocity distribution

=925:9,DNS (), FFS( : );
=990:1, DNS (), FFS (—);
=1016:4,DNS (), FFS( )
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Particle velocity uctuation ( y < )

0.4 , 0.1 |
© 0y ¥
\ 0’6 2
0.3 0.1+ o 000
-— N, 0006000000 59
EJEN ) oooooooOo 027 % O.O/
02082y rrrie s OOOOOOO .03 © o
o <><5<><><><><>Z><><><52><><>_<><><7 -\;\) o?"
0.4 N 0©,~
0.1 . ©0000°
0.5} e
O 0.6 T T
0O 20 40 60 80 100 0O 20 40 60 80 100
y* y*
- @ - .
Variation of the second momeht;°i of the Variation of the second momeht?v2i of the
particle velocity distribution particle velocity distribution

=177:7, ¢,, =1400:0, c,, =925:9,DNS(),FFS( : );
v =355:3, ¢,, =1650:3, ¢,, =990:1, DNS (), FFS (—);
, = 7106 =1999:0, ¢,, =1016:4,DNS(),FFS( )

Air velocity prole ().

’ Cpp
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Particle velocity distribution ( v < ¢)

! IR
1@ (b)
-1
~10%!
=z
10°}
(o ©
1)
10—3. ‘ ‘ ;
6 8 3 2 1 Q 1 2 3
Vy

(a) Stream-wise, lf) wall-normal, and ¢) span

wise components
at positions A, DNS (), FFS ( );
B, DNS (), FFS (—);

C,DNS (), FFS( : ).

f(v2)
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Particle velocity and concentration,( c < )

16 x . 1.4

13 | 0.8
12 * x [ A A A A A
100 10° %% 20 40 g0 80 100
y y
Stream-wise mean velocity of the particle phase Normalized particle concentration
v =675:6, ¢,, =617:4, ¢,, =777:6,DNS(),FFS( : );
v =1351:1, ¢,, =774:3, c,, =846:2, DNS (), FFS (—);
v =2026:6, c,, =912:0, ¢,, =939:6,DNS(),FFS( );
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Particle velocity uctuation ( < )

2.5 0.3 ,
. (a ] E
o0 ‘\.\( ) ; 0.25 ()
O ] i
© ] 0.2 -
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0 ‘ ‘ ‘ ‘ ] o ‘ ‘ ‘ ‘ ‘
0 20 40 60+ 80 100 0 20 40 +6O 80 100
Variation of the second momehtZi of the Variation of the second momemgzi of the
particle velocity distribution particle velocity distribution
v =675:6, ¢,, =617:4, ¢,, =777:6,DNS (),
v =1351:1, ¢,, =774:3, ¢, =846:2, DNS();
v =2026:6, c,, =912:0, ¢,, =939:6,DNS ()
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Particle velocity uctuation ( ¢ < )

0.3 v
C
0.25% ( )
0.299000000665° 05"~
(@) OO - = o
— 00000000
) 015%%@;«@‘ y
0.1° 9099003062600 0w0 v 000000 SN o
015/ o o7
0.05 « | fooo?
0 I DT 0.2
0 20 40 60 80 100 0 20 40 60 80 100
y* Y’
Variation of the second momehtZi of the Variation of the second momehi? vyi of the
particle velocity distribution particle velocity distribution
v =675:6, ¢,, =617:4, ¢,, =777:6,DNS (),
v =1351:1, ¢, =774:3, ¢, =846:2,DNS ();
v = 20266, ¢, =912:0, ¢,, =939:6,DNS ()
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Particle velocity distribution ( ;< )

f (V)

(a) Stream-wise, lf) wall-normal, and ¢) span

wise components
at positions A, DNS (), FFS ( );
B, DNS (), FFS (—);

C,DNS (), FFS( : )
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Particle uctuations: Streamwise diffusion.

20 40 60 80 100

Gas-phase root-mean-square velocity uctuation

Uxims (—)i Uyms (--); Uzms (=) are obtained

2.
from present DNS, = h‘/xI VDXX -

Uxms ()i Uyims ()i Uz (), Obtained from
Mclaughlin (2001).
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Particle uctuations: Cross-stream diffusion.

= Cross-stream uctuations —
mean square velocityyy v.

= Velocity uctuation in
cross-stream direction Dyy .

m Distance moved\,p Dyy v.
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Cross-stream uctuations —
mean square velocityyy v.

Velocity uctuation in
cross-stream direction Dyy .

Distance moved\,p Dyy v.
Diffﬁrence In velocity

_V Dyy \Y;

Lw, Fluctuation generation
(_ v)?(Dyy v)-

hv2i SE(Dyy v).
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Particle uctuations: Collisions due to shear.

T AU ™ Difference in mean velocityd .

= Collision frequencynd?)( d)

(.
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Difference in mean velocityd .
Collision frequency
(nd?)(d) ( -

Distance in horizontal direction
(d ); velocity difference

(_v)(d).

Streamwise uctuating velocity
generation{ )( d)2St.

Dissipation(hvzi= \).
hv2i  (d)2st
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T St (ralzz)  (rally) (rﬂijSﬁ () é[*rd:lzgt?r Sz
(a) At position A (vT = 5.8- 17.3)

177.66 4431 2.0 0.026 5157 0.234 1.027 8.05
356,32  54.50 1.0 0.013 30.0 0.080 1.355 B.38
53208 6370 0.67 0.005 35.52 0.054 1.514 5.353
71064  BE13 0.50 0.007 30.48 0.035 1.035 4.25
(b} At poeition B (gt = 34.7 - 48.2)

177.66 10.08 1.10 0.074 7.57 0.01% 117 = 107% 438
356,32  15.30 0.55 0.037 273 0.007 237 x107° 208
53208 17.75 0.38 0.025 7.57 0.0k 221 % 107% 232
71064  235.66 0.27 0.015 10.43 0.00% 208x107% 188
() At poeition C (gt = 104.0 - 115.5)

177.66 1.056 0.106 0.040 0. 045 1.33 % 107 ldgx10~% 183
356,32 1.351 0.058 0.020 0,035 520 x 107" 1.18x107% 174
53208 1535 0.085 0.013 0,031 313 % 107 1.07=107% 157
71084 1507 0.0480 0.010 0,025 1.00 % 107" TERIx 10T 141
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Particle uctuations: Cross-stream

O U

m Crzoss-stream diffusion:
~ m Collisions due to shear:
g (d)2St

: o m Collisions due to streamwise
uctuations:
0 i (gD =)

V Turbulent particle-gas suspensions — p.51/91



o Oty (ru Dga) (4pd) ® #4308y T HTelfrefd)Tez T
(a) At poeition A (¢7 = 5.8- 17.3)

177.7 44 31 0.026 0.235 08l=107% 8205 0197 0.150
3E6.3 545 0.01% 0.0809 4 6F»107%  A3ZA 0277 0.15%
533.0 A3T 0.002 0.054 53w 107 533 0319 0.152
7108 B4 82 0.007 0.022 1.18= 107 425 0,303 0.150
(b At poeition B (gt = 34.7 - 48.2)

177.7 1008 0.074 0.012 1.15= 1072 438 0079 0,242
3663 15630 0.037 0.007 1.01=107% 208 0088 0.105
5330 17.7h 0.025 0,004 7.0 107% 232 0.00] 0.180
7108 2% 88 0.015 0.00%2 onw10”% 188 0080 0.1A%
() At poeition € (w7 = 104.0 - 115.5)

177.7 1.056 1.3%= 1073 B25x 107" 13%«10°% 183 0021 0.175
3553 1.331 520w 10~ 1F%x 107 ABdx10"° 174 0020 0.1A0
5330 1535 $1%=10°°  ®13=10—-5 45%=10°° 157 0017 0.154
7108 1507 180=107% 13A=107% 287 =107% 141 0014 0,145
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Distributions are highly non-Gaussian near the centeref th
channel, event though uctuating force is Gaussian.

Distributions are closer to a Gaussian at the locations away
from the channel center, especially in regions where the
variances of the uid velocity uctuations are a maximum.

Time correlation of the particle acceleration uctuatiagas
close to the time correlations of the uid velocity in a
‘moving Eulerian' reference moving with the mean uid
velocity.

Quantitative agreement between distributions from DNS and
uctuating force simulations with one-way coupling.

Source of uctuations complicated — involves streamwise
and cross-stream diffusion and collisions.
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Experiments on particle laden Channel ow
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Experimental setup

li Particle feeding
Channel head I E
; Air inlet — _ & 0.15m
Particle feeder &
Flow conditioning
section
Grids 0.40m
Honeycomb

Development section Span

wise, 0.38 m
1.0m
Test section
(acrylic) 0.5m
Photograph of setup Sectional view
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Experimental setup

Vibrator :
AW < Particle feeder

Particle flow
stopper

Air distribution box—

} Flow conditioning section

Fog injection Development section

l A
Test
Section

out

=

>

Blower

Fogger ) Second stage
Recycle bin filtration

Fixed part of the feeder

Vibrating part of the feeder

Vibrator

Air inlet
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CCD Camera
Nd:YAG pulsed Laser

Timing control module for

synchronization of the lasel
Laser

and camera

Seeding arrangements
Image processing software

Laser sheet forming
collimating lens
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Image processing

Composite image of particles and uid tracer

Only particles Only tracer
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Validation of PIV results

15
C
1k
7
R
0.5 :
-0.05 x % R0
= ¢ L5 GO T
! = o0 VRO Pomr et ooty
Q%
* . 1 1 1 1 1 1 1
‘ ‘ ‘ ‘ ] 0 01 02030405060708©09 1
0 0.2 0.4 0.6 0.8 1
y:

y:

: : Gas-phase turbulent intensity obtained from
Gas-phase mean velocity pro le from experiment

and DNS;Re;=20221.14.
( ) PIV, (—) DNS, Niederschulte et al.
(1990),Rec= 3221.5.

experiment and DNS
( ) Urms , PIV, ( )Vrms , PlV,

(—) Urms , DNS; Vims , DNS; and
Niederschulte et al. (1990)
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Simulations vs. Experiment: (< ¢) =9 10°

1.5 9
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— AL
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00.75? K
D) 'Y
I os o
2 |,
0.25 /
®
0 L
0 0.2 0.4 0.6 0.8 1

Mean stream-wise velocity of the particle.
( ), mean patrticle velocityMx ); ( ), mean air
velocity (Ux); (), Ux, FFS; (), Vx,en =1:0,
e =0:7;( ),Vx,en =0:7,e¢ =0:7;

- Lz O
81'5 §80$20§oo@oo§00@00
°§°0§00¢0

L 2
hv4i =\
=
a1
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(5
<
<
(5, S/
<O

________

Intensity of particle phase velocity uctuation
( ) urms , Experiment; () vims , EXperiment;

Urms , FFS; (—)vims , FFS
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Particle phase — polydispersity:

0.03

T T T
o ©
RPN
0.025 £ o\ ]
[0) / \)
o !/ o]
A o !/ o \\
o 002 N |
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o j \\
o] \ i

v0015, OO [) O@ |
0.01; e/ e ' | O O
1) // OO \ .
0 AN
0.005 o 7 %@@
[s) /

 E—TT 1!50_ 200 0\\550 O O
dp;, M

Difference in terminal velocities

Particle size distribution,, number based distribu-
tion ; . volume based distribution.
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Particle phase — polydispersity:

0.03 w ‘ ‘ O

£
0.025- © f
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S O
0.015 PN ° 1
e °o 2 N
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p O O
Particle size distribution,, number based distribu- induced collisions ...
tion ; . volume based distribution.
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Particle phase — polydispersity:
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Particle size distribution,, number based distribu- WhICh increases partic|e
tion ; , volume based distribution. uctuations_
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Particle phase — polydispersity:

0.03
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\
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/
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Polydispersity in uctuating
force simulations.

Particle size distribution,, number based distribu-
tion ; . volume based distribution.
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Particle-particle collisions Vi
elastic— energy
dissipation due to viscous ?
drag larger than that due tp ’
particle collisions. ,

Particle-wall collisions ,
Inelastic ,/

Energy ux to the wall. .

Simple model. R
v = ey A Vn

V= e $—>
Examine effect of coef- '

cient of restitution. t
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Simulations vs. Experiments:

Low particle loading.

Volume fraction =9 10 °
Mass loadind):225kg/kg.

Time scale, < ..
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Simulations vs. Experiments: (< ) =9 104

Gas phase:

x 10°

| O particle laden

2 ——unladen

O 02 o024 06 o8 1 30 02 04 06 08 1
. 4.0 . y-
Gas phase turbulence intensities for particle ladep£cond moment of gas phase velocity uctuation
and unladen ows for particle laden and unladen ows

( ) urms , Particle laden; (), vims , Particle laden;
(—) urms , unladen; () vims , unladen
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Simulations vs. Experiments: , <

C

Particle phase:
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1.25 = % o o 0.2 o O
(&) o¥ O > o
> = E L ¢ o
[ o0& ° o
1 1 “Q!!_Q_‘,QQ"‘MQ' o o
4% cas et o 0° 8 o o o
2 3 ot 00.15 ° . I . o "~ gl
o0.75 o ﬁ ¢ E ® ol e
) '
i )/ &
= 0.3 ¢ ox0lv v v vV V.V v vV V VvV V
= o c ‘0?‘010’?‘. R
0.25/ 1 o +}+ + o+ T+ o+ o+ ‘41 +
4’/1 0.05 . . . .
0 ‘ ‘ ‘ ‘ 0 0.2 O.4y_ 0.6 0.8 1
0 0.2 0.4 0.6 0.8 1 -

y:

Int&-nsity of particle phase velocgy uctuation
(), h02%i=V ¢ experiment; (), hvf,’zi:Vc,
experiment; (),en =1:0,ef =0:7;
(),en =0:7,et =0:7;(r ),en =1:0,
ee =0:7;(+),en =0:7,et =0:7.
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Mean stream-wise velocity of the particle.
( ), mean patrticle velocityMx ); ( ), mean air
velocity (Ux); (), Ux, FFS; ( ), Vx,en =1:0,
ee =0:7;( ),Vx,en =0:7,et =0:7;



Simulations vs. Experiments: , <

Particle phase:
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Simulations vs. Experiments:

Moderate particle loading.

Volume fraction =7 10 4
Mass loadin@ kg/kg.

Time scale. < .
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Simulations vs. Experiments: ;< , =7

Gas phase statistics:

1.2

1,

0.8

=UC

0.6

hui

0.4

0.2r

0O 0.2 0.4 0.6 0.8 1

y:
Mean gas velocity for ()particle laden ow; (—)
and unladen ow.

DU 1
1
N 0.8 ]
C-DE>
> OIGOOEOOEOOEOoﬁoo
IDIGOA O§OOIOO§OO§°O§
Ted
Céx 0.2
= et it
0 0.2 0.4 _ 0.6 0.8 1
Y= g
Turbulence intensities for §, hu2?2i=Ug,
q
particle laden; (—) hu22i=Ug, unladen; 8),
q

hu92i=Ue, particle laden; (),

mgzi =U,, unladen.
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Simulations vs. Experiments: . <

Gas phase statistics:

0 02 04 06 08 1

Second moment of the gas phase velocity

uctuation for particle laden and unladen ows.

( ), particle laden; (—), unladen ow.
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Particle phase concentration & mean velocity:

15

0 O.‘2 014 016 018 1
y:
Particle concentration across the channé)l, (
Experiment; (—)en = e =1:0, FFS; ( ),
en =1:0;et =0:7, FFS;

Uc
=
N

UC! VX

Ux
o
N

-

0 0.2 0.4 0.6 0.8 1

y:
( ), mean patrticle velocityMx ), experiment, (),

mean air velocity Uy ), experiment, (—)Vx,
en = e =1:0;( ), Vx,en =1:0;et =0:7.
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Simulations vs. Experiments: ;< , =7 10 %

Particle rms uctuating velocity:

>
i
o
EO.B? 0.2
o L v 9 ° o 9 o o
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(), hQ%i=Vc, experiment; (), hvQ%i=Vc, 024 05 yl_ s 2
q —
experiment;q(— ), m0%i=V;,en = e =1:0, ( ), experiment; (—gn = e = 1:0, FFS; ( )
FFS; (—), h\/gzi =V, en = e =10, FFS; en =1;e =0:7, FFS;

q
( ), hvQ%i=Vc,en =1:0;e =0:7,FFS;
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Experiments:

High particle loading.

Volume fraction =3:2 10 3
Mass loadin® kg/kg.
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High particle loading experiments:

Particle Statistics

I =V
N
(@]

02;
h@
N

1-5@82$00§00§o %050

isz;

0OPO o ©0 1,
i 089080, (0500 °%o
%Ex 1 6 %0@02%88
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% 0.5 1 1.5 2

Mean stream-wise velocity of the particle.
( ) Particle velocity, Experiment; § Air velocity,
Experiment;

(—) Particle velocity, FFS ;  Air velocity, FFS

Intensity of particle phase velocity uctuation
( ) urms , Experiment; () vims , EXperiment;

Urms , FFS; (—)Vims , FFS
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High particle loading experiments:

Gas phase Statistics
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Gas phase turbulence intensities for particle laden
Mean gas velocity for particle laden and unlader@nd unladen ows.( ) urms , Particle laden; (),

OWS. Vims , Particle laden;

(—) Urms , unladen; () Vims , unladen
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Summary

Low loading solid volume fraction =9 10 °, mass
loading = 0.225,, < ..
Experimental results show good agreement with FFS
simulationusing polydispersed particles

Moderate loading solid volume fraction=7 10 4, mass
loading =2, . < .
Signi cant turbulence modi cation.

Experimental results show good agreement with FFS

simulationusing polydispersed particledepend on
particle-wall coef cient of restitution

At high solid volume fraction =3:2 10 3, (mass loading
about 8), particle and gas velocities are correlated. Rando
forcing approximation not valid.
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Theoretical development: Particle phase.

Kinetic theory for granular ows:

= Velocity distribution
f (x;v)dxdv.

= Fluctuating velocity
c=v V

UA

O dxdu
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Kinetic theory for granular ows:

Boltzmann eq

@f)+@cif)+@aif) @u@cjt) _ @(f)
@t @x @c @x @c @t

Y é% : / N /

u
=
X

Collision integral:
Z Z
@Ff _ f(chF(c® fe)f(c) (u u )Kk)
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Turbulent suspensions:

Fokker-Planck-Boltzmann equation:

O (@1 Ay D

@t
@U@vﬁf) 5 @) @
@x @f ' el @t

u - T o
& ﬁ QQ @\7«
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Turbulent suspensions: FPB equation.

@f @f @(vP+vi up)f)

ot Wit V‘%@x @Y
evavt) . @) _ af
@x @f ' of@f @t

Equilibrium (no gradients§: = 0
Solution — MaxweII-BoItzngann distribution
fo=(2 T=m) “2exp( mv,?=2T)

Temperature determined by balance between source duedg she

collisions, turbulent uctuations and dissipation due tagl
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Turbulent suspensions: FPB equation.

@f @f  @vP+ Vi u)f)
@t_l_ (Vi + VP)@X v@,9
euvavi) 5 @fwy _ @b
@x @f ' el - o
Anisotropic Brownian motion with drag:
avf) @9 _,
@f ' @il

Solution — Anisotropic Gaussian distribution:

fo=(2 Defl) ““exp( (1=2)mv/T; v})
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Conservation equations: Chapman-Enskog procedure.

f=fo(l+ 1+ 22+ZZZ)

Multiply FPB equation by mass, momentum, energy, and iattegr
over velocities to obtain conservation equations.
Mass conservation:

@ . _
@t+r.( V)=0
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Conservation equations:

Momentum conservation:

ﬂ_r. (U V)
Dt y

= pl+ Gt V+(rV))+(, 23)Ir:v E

5(Djj _ ( ij=3)D)
8" T 122

Ej =
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Conservation equations:

Energy conservation:

DT
CVE = prV+Di EyxSi+t2SikS

+ K(r:V)> 2C,T=y r q

g= KrT
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Fluidised bed:

Two- uid models, In

which the particle drag
depends on local
concentration, predict that
the uniformly uidised
state is always unstable
(Jackson 1966).

Fluctuating force stabilises
uniform state due to ho-
mogenisation of uctua-
tions.
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Turbophoresis:

A s O\
o S Turu Non-monotonic variation
parices o RET T38| arfie of concentration across

o - [T - channel.

i- _________ O____ | /OO\ | - .
2 | | Correlates with the varia-
] AU) o ‘ tion of the uctuating force

amplitude.

V><
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Simulation Theory Experiments

Flow Direct Fluctuating Particle
Dynamics | Numerical === hydro- - | Image
Simulation dynamics Velocimetry
_ Solution of .
Particle Hard __| Boltzmanny |___| High
dynamics sphelre_ Enskog eqgns for | SPeed
simulations velocitly distr imaging
Average
 —— dynamical -
properties
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Reverse coupling — effect of particle force on uid
turbulence.

Incorporate coupling in particle/ uid uctuations into
continuum models.

Transport rates.

Turbulent particle-gas suspensions — p.90/91



Thank You
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