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PARTICLE OlSPERSlON BY COHERENT 
STRUCTURES IN FREE SHEAR FLOWS 

C. T CROWE, R. A. GORE, 
and T: R. TROUT7 Department of Mechanical 
Engineering, Washington State University, 
Pullman. W A  991 64-2920 

ABSTUCT 

The dispersion of particles in turbulent flows is poorly understood. 

Previous approaches to this problem have been found to be inadequnte for 

nonisotrapic turbulent flows. An approach involving a new physical concept is 

presented. This approach assumes that coherent vortex structures control the 

particle dispersion process in free shear flows. A simple computational model 

employing Stuarc's vortices is used to simulate particle motion in a tvo- 

dimensional free shear layer. The results of this simulation are in reason- 

able agreement with previous experiments. For the first time, experimental 

observations indicating particle dispersion rates greater than fluid disper-. 

sion rates in free shear flaws can be plausibly explained. 

INTRODUCTION 

The disperslon of particles due to turbulence in a liquid or gas is an 

important process in many chemical and energy-related industries. A power 

plant fired by pulverized caal relies on the dispersion of particles in the 

feed jets to provide a vell mixed particle-gas suspension for efficient 

combustion. The removal of fly ash from a power plant effluent by electro- 

static precipitation is also dependent on particle-gas mixing. In this 

situation. excessive pnrticle-gas mixing can keep particles in suspension and 

degrade collection efficiency. In some currently proposed conccpcs for caal 

gasification systcms, the control of particle-gas mixing is essential. For 

cxample, proper operation of a coal gasification system in which heat is 

transferred by radiation from hot combustion products to a cofloving, coal- 

laden steam flow depends an minimizing the dispersion of particles inco the 

combustion products and minimizing the mixing of combustion products (can- 

taminants) inco the coal-steam mixture. 
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150 C. 7: Crowe e f  a/. 

Liquid-fueled gas combustors are another application where turbulent 

particle dispersion is of crucial importancc. In some combustion chambers the 

fuel droplets are dispersed into turbulent shear regions downstream of bluff 

bodies. The dispersal of the droplets caused by the turbulence in these 

regions is an important factor in the stability and performance of these 

combustors. 

The traditional approach to predicting particle dispersion in turbulence 

is to regard the process as a Fickian diffusion process and to quantify the 

mass transfer of particulates by a diffusion coefficient and particle concen- 

tration gradient. This model may be adequate for near-isotropic flow fields 

such as the turbulent flow field generated by a grid. However, the majority 

of particle mixing and dispersion problems involve shear-driven turbulent 

flows in which the mean velocity gradient produces nonisotropic, large-scale 

turbulent structures. These large-scale turbulent structures are undoubtedly 

instrumental in the mechanics of the particle dispersion process. In fact. 

there is reason to believe that the large scale structures can promote unex- 

pectedly large particle dispersion effects. 

Large scale turbulent structures have been clearly identified by numerous 

investigators in free shear flaws such as plane mixing layers, jets and wakes. 

For the plane mixing layer, a quasi two-dimensional vortex structure has been 

identified as the dominant large-scale feature [1,2]. Pairing interactions 

between these large scale structures are primarily responsible far the en- 

trainment and growth of this turbulent flow. The connection between these 

vortex structures and particle dispersion, however, is poorly understood. 

This paper introduces a new approach for predicting particle dispersion 

in free shear layers. This approach assumes that large scale Structures 

control the particle dispersion process in these flows. A simple numerical 

model is used to illustrate this concept. 

PARTICLE DISPERSION MODELS 

The traditional approach to modeling particle dispersion is to regard the 

particles as a gaseous species and use Fick's law. Thus, the particle diffu- 

sion velocity is represented as 
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Particle Dispersion by Coherent Structures in Free Shear Flows 151 

where Deff is t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  and c  is  t h e  c o n c e n t r a t i o n  
P  

o f  t h e  p a r t i c u l a t e  phase. Exper imen ta l  d a t a  from t u r b u l e n t  f lows f o r  D  
e f f  

show a  s p r e a d  of o v e r  two o r d e r s  of magni tude.  T h i s  d i s c r e p a n c y  s u g g e s t s  t h a t  

t h e  F i c k i a n  model is i n a d e q u a t e  t o  r e p r e s e n t  t h e  p h y s i c s  of  t h e  d i s p e r s i o n  

p rocess .  

Another approach t o  model ing t h e  d i s p e r s i o n  p r o c e s s  is  t o  t r e a t  t h e  

t u r b u l e n t  flow a s  a random f i e l d  and i n t e g r a t e  t h e  p a r t i c l e  mot ion e q u a t i o n s  

th rough  t h e  f i e l d  t o  o b t a i n  t h e  d i s p e r s i o n .  T h i s  is  known a s  t h e  Monte C a r l o  

approach.  A p p l i c a t i o n  o f  t h i s  model h a s  r e s u l t e d  i n  r easonab ly  good compari- 

s o n  w i t h  e x p e r i m e n t a l  d a t a  f o r  n e a r - i s o t r o p i c  homogeneous f i e l d s .  Chen (31  

used t h e  model t o  p r e d i c t  t h e  p a r t i c l e  d i s p e r s i o n  i n  t h e  c l a s s i c  exper imen t s  

by Synder and Lumley [ & I .  These exper imen t s  were  c a r r i e d  o u t  i n  t h e  t u r b u l e n t  

f low f i e l d  downstream o f  a  screen. P a r t i c l e s  c o n s i s t i n g  of hol low g l a s s  

beads ,  c o r n ,  p o l l e n .  and copper  were  t r a c k e d  p h o t o g r a p h i c a l l y  i n  t h i s  t u r b u -  

l e n t  f i e l d .  The e x p e r i m e n t a l  and p r e d i c t e d  r e s u l t s  a r e  shown i n  f i g u r e  1. 

The model a d e q u a t e l y  p r e d i c t s  t h e  c r o s s i n g  t r a j e c t o r y  e f f e c t ;  t h e  d e c r e a s e  i n  

p a r t i c l e  d i s p e r s i o n  r a t e  owing t o  a r e l a t i v e  v e l o c i t y  between t h e  p a r t i c l e s  

and t h e  mean v e l o c i t y  f i e l d .  

DATA PREDICTIONS 
GLASS A - - - 
COPPER 

TIME (ms) 

F i g u r e  I .  Cornparisan o f  Monte-Carlo model w i t h  Synder  and Lumley's d a t a  
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152 C. I: Crowe ef a/. 

The success  of t h e  Monte Carlo method, however, does no t  extend t o  non- 

i s o t r o p i c  t u r b u l e n t  flows. Chen [ 3 ]  appl ied  t h e  Monte C a r l o  method t o  p a r t i -  

c l e  d i s p e r s i o n  i n  a f u l l y  developed t u r b u l e n t  p i p e  f l o v  a s  measured by Arnason 

151 .  Chen's r e s u l t s  showed poor agreement. Chen's r e s u l t s  aga in  p r e d i c t e d  

t h a t  the  l a r g e r  p a r t i c l e s  would d i s p e r s e  l e s s .  Amason ' s  exper imenta l  re -  

s u l t s ,  however, d i sp layed  t h e  oppos i te  t rend .  The l a r g e r  p a r t i c l e s  d i s p e r s e d  

f a s t e r  than  the  smal le r  p a r t i c l e s .  This  t r e n d  cannot  b e  explained by assuming 

t h a t  t h e  c o n t r o l l i n g  t u r b u l e n t  f i e l d  is  i s o t r o p i c .  

Turbulent  flows of  most i n t e r e s t  i n  p a r t i c l e  mixing problems a r e  typ i -  

c a l l y  d r i v e n  by n o n i s o t r o p i c  mean v e l o c i t y  g r a d i e n t s .  The plane mixing l a y e r  

is a n  example of a  flow of  t h i s  type i n  which l a r g e  s c a l e  coherent  s t r u c t u r e s  

occur .  A v i s u a l i z a t i o n  of t h i s  flow is  shown i n  f i g u r e  2. Organized v o r t i c e s  

genera ted  by t h e  mean s h e a r  combine t o  form even l a r g e r  v o r t i c e s .  T h i s  flaw 

f i e l d  is  very non- i so t rop ic  and obviously no t  d e s c r i b a b l e  simply as  a  mean 

v e l o c i t y  p l u s  a random v e l o c i t y  component. P a r t i c l e s  s u b j e c t e d  t o  t h i s  f l o v  

w i l l  be  a f f e c t e d  more by t h e  "ordered" motion of t h e  l a r g e r  v o r t i c e s  than t h e  

random smal le r  s c a l e  flow f l u c t u a t i o n s  about  t h e  f l u i d  path.  I f  the  p a r t i c l e s  

a r e  very  s m a l l ,  they w i l l  approximately f a l l o w  t h e  l a r g e  s c a l e  s t r u c t u r e  and 

t h e r e f o r e  t h e  p a r t i c l e  d i s p e r s i o n  r a t e  w i l l  approximate t h e  spread ing  r a t e  of 

t h e  mixing l a y e r .  On t h e  o t h e r  hand, very l a r g e  p a r t i c l e s  w i l l  p a s s  through 

t h e  v o r t i c e s  wi th  n e a r l y  r e c t i l i n e a r  t r a j e c t o r i e s  and w i l l  be d i s p e r s e d  l i t t l e  

by t h e  t u r b u l e n t  f i e l d .  A c e r t a i n  s i z e  p a r t i c l e ,  however, may be caught up i n  

F igure  2. Shadowgraph v i s u a l i z a t i a n  of coheren t  s t r u c t u r e s  i n  a t u r b u l e n t  
mixing l a y e r .  (Roshko, A . .  1976. AIAA J o u r n a l .  16, 1349-1357) 
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Panicle Dispersion by Coherent Structures in Free Shear Flows 153 

t h e  v o r t e x  and f l u n g  beyond t h e  f l u i d  mixing l a y e r .  T h i s  concep t  may e x p l a i n  

t h e  o b s e r v a t i o n  t h a t ,  i n  some cases, p a r t i c l e s  a r e  a b l e  t o  mix f a s t e r  than  t h e  

f l u i d .  

A  method t o  q u a n t i f y  t h e  above argument is  t o  compare t h e  r e sponse  t i m e  

o f  e p a r t i c l e  t o  a t ime  c h a r a c t e r i s t i c  of t h e  v o r t e x  mot ion.  The re sponse  

t ime  of a p a r t i c l e  is  t h e  t i m e  r e q u i r e d  f a r  a  p a r t i c l e  r e l e a s e d  from r e s t  i n  a 

c o n s t a n t  v e l o c i t y  f low t o  a c h i e v e  63 p e r c e n t  o f  t h e  f r e e  s t r e a m  v e l o c i t y .  Far 

Stokes  d r a g ,  t h e  response t ime  i s  g i v e n  by 

where p is  t h e  m a t e r i a l  d e n s i t y  of t h e  p a r t i c l e .  d  t h e  p a r t i c l e  d i a m e t e r  
P  P ' 

and y is t h e  dynamic v i s c o s i t y .  T h i s  t ime is  a measure o f  t h e  r e s p o n s i v e n e s s  

of t h e  p a r t i c l e  t o  changes  i n  f l u i d  v e l o c i t y .  

A  t ime  c h a r a c t e r i s t i c  o f  t h e  l a r g e  s c a l e  t u r b u l e n t  s t r u c t u r e s  is  

where AU is  t h e  v e l o c i t y  d i f f e r e n c e  between t h e  two s t r e a m s  and 6 i s  t h e  w i d t h  

o f  mixing l a y e r  (or  e q u i v a l e n t l y  t h e  a v e r a g e  w i d t h  o f  t h e  l a r g e  s c n l c  s t r u c -  

t u r e s ) .  I f  T ~ / T ~  c c  I ,  t h e  p a r t i c l e  w i l l  remain i n  v e l o c i t y  e q u i l i b r i u m  w i t h  

t h e  f l u i d  and t h e  p a r t i c l e  shou ld  d i s p e r s e  a t  t h e  same r a t e  a s  t h e  mixing 

l a y e r  grows. I f  r A l r F  " I .  t h e  p a r t i c l e s  s h o u l d  b e  u n a f f e c t e d  by t h e  f l o w  

f i e l d  and e x h i b i t  l i t t l e  d i s p e r s i o n .  For  an  i n t e r m e d i a t e  t ime  r a t i o ,  r i r  4 
A F 

I ,  t h e  p a r t i c l e  can b e  c a p t u r e d  by t h e  v o r t i c e s  and f l u n g  beyond t h e  f l u i d  

mixing r e g i o n ,  t h e r e b y  y i e l d i n g  a d i s p e r s i o n  p r o f i l e  which grows f a s t e r  t h a n  

t h a t  o f  t h e  f l u i d .  

I n  o r d e r  t o  e v a l u a t e  t h e  f e a s i b i l i t y  of t h i s  model ,  we g a t h e r e d  d a t a  

a v a i l a b l e  i n  t h e  l i t e r a t u r e  f o r  p a r t i c l e  d i s p e r s i o n  i n  round and p l a n a r  

p a r t i c l e - l a d e n  f r e e  j e t s  and p l a t t e d  t h e  d a t a  a s  a f u n c t i o n  o f  t h e  t ime r a t i o .  

The d a t a  are  p r e s e n t e d  i n  f i g u r e  3. The o r d i n a t e  i s  t h e  measured p a r t i c l e  

d i s p e r s i o n  c o e f f i c i e n t  d i v i d e d  by t h e  e f f e c t i v e  d i s p e r s i o n  c o e f f i c i e n t  of t h e  

g a s  as e v a l u a t e d  by t h e  measured s p r e a d i n g  r a t e  o f  t h e  j e t .  The l e n g t h  s c a l e  

used is t h e  l o c a l  wid th  o f  t h e  j e t  where t h e  measurements  were taken.  The 

d a t a  r e p r e s e n t  a  wide  range  o f  c o n d i t i o n s .  The d a t a  by Yuu e t  a l .  161 were 

o b t a i n e d  from measurement of f l y  a s h  i n  a round a i r  j e t .  Goldschmidt and 

E s k i n a z i  [ 7 1  measured t h e  d i f f u s i o n  of s a f f l o w e r  o i l  d r o p l e t s  i n  a p l a n e  j e t  
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154 C. 7: Crowe eta/. 

TIME RATIO, T,/T, 

by using a clever application of hot-wire anemametry. Lilley [81 experimented 

with a plane jet and used dry magnesium powder. Memmot and Smoot [91  worked 

with a round jet and used pulverized coal for particles. The data. although 

exhibiting considerable scatter show the expected trend. At small values of 

TAITF. the particles disperse as the jet spreads. At larger values of I ~ I I ~ .  
the particles show little mixing. However. the data suggest, at time ratios 

between 0.01 and 0.1, that the particles can mix considerably faster than the 

Figure 3. Experimental data for particle dispersion in planar and 
axisymecric jets 

10 
lr 
w 
m z 5 
3 
Z 

I- 2 n c - C = z =\ I 
V r 
c"z 
--lo 0.5- a 
0 
0 
[L 
a - 0.2- 

8 
0.1 

fluid. This experimental observation provides significant support for the 

proposed modal. 

- 

A 
- 

A 
- A 

0 

0 

0. 
@ MEMMOT AND SMOOT (9) 
A GOLDSCHMIDT ET AL.(7) 0 
0 LILLEY (8) 
0 YUU ET AL.(6) 

I I I I A 

NUMERICAL SIMULATION 

In order to investigate further the validity of the proposed particle 

dispersion model. a series of calculation were performed with a flow field 

approximating the large scale vortex structure in a mixing layer. This flow 

field, identified by Stuart (101,  consists of a vortex street with constant 

0.001 0.0 1 0.1 1 .o 10 
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Penicle Dispersion by Coherent Structures in Free Shear Flows 155 

d5amcter vortices with a distributed vorticity. The vortices in this field 

ate noninteracting. The velocity components of the flow are given by 

where C, D. and a are adjustable parameters. The value of C for modeling a 

shear layer is the average velocity between the two layers (U2 + U,)/2. The 

value of D is (U - U,)/2. The value of a is related to the distribution of 
2 

vorticity. Pitting the above equation with data for turbulent shear layers 

suggests that the most appropriate value for a - -0.25. For purposes of this 

calculation, the values for C and D were taken as 1.0 and 0.5 respectively. 

The streamlines corresponding to the flow field are sham in Fig. 4. One must 

note that this is only an approximate simulation of the shear layer since 

vortex pairing is not modeled. 

DISTANCE ALONG CENTERLINE 

Figure 4. Streamlines for Stuart's vortices 

The calculations are now carried out by starting the particles at various 

locations in the vortex pattern and integrating the particle equation of 
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156 C. 7: Crowe er at. 

motion to find the particle trajectory in the flow field. The equation of 

particle motion is given by 

d'f s , L (q 
d t 

T~ 

Where 'f is the particle velocity and 8 is the gas velocity. The factor f 
P 

accounts for the deviation of the drag coefficient from Stokes drag and is 

well-represented for Reynolds number less then LOO0 by 

f - 1 + 0 . 1 5 R e  213  

wherc the Reynolds number is defined by 

Re - 1 8 - ' f l d i v  
P P 

and v is the kinematic viscosity of the fluid. The contributions of virtual 

mass, pressure gradient, and the Basset force to particle drag have been 

neglected. 

To smooth out the effect of initial position an the particle dispersion, 

the trajectory cnlculations were performed using a grid of initial positions. 

Onc hundred equally-spaced horizontal locations between vortex centers and 

four vertical locations at 0. 25. 50 and 75 percent of the vortex radius were 

chosen as starting positions. The particle dispersion was quantified by 

recording the maximum lateral displacement of each particle from its starting 

position. The dispersion for each size particle was then determined by 

averaging the maximum dispersions from the 400 trajectories. 

The results of the particle dispersion computations for various size 

particles are shown in figure 5. The horizontal nxis is scaled using a 

nondimcnsianal ratio of the particle aerodynamic response time, rA,  to the 

fluid time scale rF. Larger particles correspond to increasing time scale 

ratios. The vertical nxis of the figure is sealed using a nondimensional 

ratio of the maximum particle displacement to an effective diameter of 

Stuart's vortices. As hypothesized from the physical model, the particle 

displacement maximizes at an intermediate value of time scale ratio. 

The numerical results show the general trend suggested by the physical 

model, but predict a smaller dispersion ratio than that found experimentally. 

A more accurate representation of the flow field is needed to achieve a more 
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a 
0.1 1 1 I I I 

0.001 0.0 1 0.1 1 .o 10 

TIME RATIO, rA/rF 

K 
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0 - 2- - "- 
z: 
1, 
0 - 
' " z  

0 . 5 -  a 
0 
0 
LT 
- a 0.2- 
B 

Figure 5 .  Comparison of numerical  p r e d i c t i o n s  wi th  exper imenta l  d a t a  f o r  
p a r t i c l e  d i s p e r s i o n .  

A 
- 0 
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o? 
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\ 
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meaningful  comparison w i t h  t h e  d a t a  and assessment  of t h e  p h y s i c a l  model. A t  

I p r e s e n t  t ime,  c a l c u l a t i a n s  a r e  being performed v i t h  a pseudo-spectral  

method adapted by Ri ley  and Metcalfe  [ I l l  which s i m u l a t e s  v o r t e x  motion and 

p a i r i n g  i n  a f r e e  s h e a r  l a y e r .  I n  a d d i t i o n  t o  t h e  more d e s c r i p t i v e  numerical  

models. b e t t e r  exper imenta l  d a t a  a r e  needed t o  e v a l u a t e  t h e  v a l i d i t y  of the  

model. An exper imenta l  program t o  prov ide  t h i s  d a t a  is  be ing  pursued i n  our  

l a b o r a t o r y .  

The d a t a  and a n a l y s i s  p resen ted  i n  t h i s  paper  r e f e r  s p e c i f i c a l l y  t o  

gas -so l id  f l o v s .  There a p p e a r s  t o  b e  no d a t a  a v a i l a b l e  i n  the  l i t e r a t u r e  f o r  

s o l i d - l i q u i d  f l o v s .  The a n a l y s i s  p resen ted  h e r e  could be  extended t o  s o l i d -  

l i q u i d  f lows by t h e  i n c l u s i o n  of v i r t u a l  mass. p r e s s u r e  g r a d i e n t  and Basset  

f o r c e  i n  t h e  p a r t i c l e  t r a j e c t o r y  equa t ion .  The a u t h o r s  f e e l  t h a t  t h e  t r e n d s  

vould be s i m i l a r  because t h e  c o n t r o l l i n g  mechanism f o r  d i s p e r s i o n  is  t h e  

presence  of l a r g e  s c a l e  s t r u c t u r e s .  
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Should this physical model prove valid, the ramifications to engineering 

dcsign are significant. Particle dispersions could be intensified or mini- 

mized by modification of the large scale structure in the turbulent mixing 

region. This could be accomplished by tayloring upstream conditions or by 

applying a spring field to the flow such as  an acoustic source. The capabil- 

ity to control particle dispersion would lead to radical design changes in 

many combustion and gas cleanup systems. 

CONCLUSION 

It is hypothesized that particle dispersion in turbulent free shear flovs 

is dependent on the ratio of the particle response time to a fluid motion time 

associated vith the coherent structures. Previous experimental data appear to 

support this idea. Particle trajectory calculations based on a simple simu- 

lated field for the organized motion give further support to this idea. An 

investigation of this concept involving sophisticated numerical simulation 

techniques in conjunction vith an experimental study is nov being carried out. 
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