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INVESTIGATION OP PARTICLE-LADEN TOBBOLENT PLOW IN FREE-SHEAR 
TURBOLBNT COMBUSTION* 

Alfred C. Buckingham2, Wigbert J. Siekhaus3, Janet 
Ellzey4, and John H. Daily5 

Explicit numerical mixed phase simulations are described 
which couple random gasdynamic motions to inertially inter
active gas borne particles. These simulations are numerical 
experiments intended to provide data for investigating the 
interaction between a developing turbulent free shear layer 
and gas borne solid particles it entrains. The simulations 
predict most probable distributions of dispersed phase tra
jectories, standard deviations, and gas phase mixing dynamics 
which include the concomitant back-influences of the particle 
phase on the carrier gas flow. Data for refinement of the 
computational scheme and v'aysical verification is provided by 
experiment. The experimental evidence is developed in a 
splitter plate divided, two-channel free shear mixing combus
tion tube. A variety of particle concentrations and particle 
size distributions are admitted into non-combusting or com
busting flows with selected heat release levels. The compu
tations, in turn, provide guidance on design and selection of 
new experiments. 

1. BACKGROUND 

Observations reveal that non-combusting (or nearly inert) 
finely divided particles significantly influence carrier gas 
combustion. The interaction process is of particular impor-

iRark performed under the auspices of the U.S. Department 
of Energy by Lawrence Livernore National Laboratory under 
contract |SJ-7405-Eng-48, and supported by U.S. Army Research 
Office (DRXRO-EG) and ARRADCOM, Large Caliber Weapons Systems 
Laboratory. 
2Pnysicist, Theoretical & Applied Mechanics, H Divison/ 
Physics, ̂ Surface Scientist, Materials Science, Chemistry t 
Materials Sciences, Lawrence Livermore National Laboratory. 
^Doctoral Candidate, Mechanical Engineering, Professor, 

NOTICE Mechanical Engineering, University of California at Berkeley. 

PORTIONS OFTHIS REPORT ARE ILLEGIBLE. U 
has been reproduced from the best available 
copy to permit ttu brudttt possiMi mil. 



tance in solid (coal) combustion, burner flow field analysis, 
and in solid propellant ballistic flow field studies. The 
influence of alaost theroo-chemically inert particles appears 
to reduce the combustion nixing zones by enhancing dissipa
tion of the turbulent gas field. The influence appears to be 
associated with a breakdown in the large scale, persistent 
and most energetic eddy structure, which drives the produc
tion and transfer of energy to smaller dissipative-diffusional 
turbulent scale motions. The kinematics of the breakdown and 
transfer process appear to result, on a temporally averaged 
scale, in a reduction of the vigor and extent of the turbulent 
mixing and mixing-enhanced combustion regions. 

The previous numerical-experimental investigations of 
Buckingham and Siekhaus[l] are herein extended by experimental 
evidence of particle-turbulence structure influences as 
revealed by a two channel, two-color LDA/LDV diagnostic tech
nique. This procedure provides us with spatially and tempor
ally coincident recordings of instantaneous particle and gas 
motions. Our theoretical and computational collaboration 
between the Livermore and Berkeley groups,[2] provides data 
for describing particle additive influences on reducing wall 
erosion[3,4]. Here we extend our investigations with two and 
three dimensional numerical simulations and turbulent free 
shear layer experimental observations which give us a more 
penetrating view of the evolving fine-scale turbulent struc
tures when undergoing modulation by the entrained particles. 

Our study includes numerical simulations of particle 
laden turbulent flows and experiments in free shear layers 
and within the boundary layer adjacent to solid walls. 
Specific attention is placed on the dissipative influence of 
particles on the carrier gas turbulent field, as well as the 
predicted dispersal of particles subjected to the random 
influence of the turbulent gas field and consequent mean and 
fluctuating components of gas-particle forces. Hear the 
wall, the influence of particle-to-gas and particle-to-solid 
surface boundary effects is tested in the opposing limits of 
perfect surface-particle momentum and energy accommodation 
and of pure elastic scattering[4]. In this paper our atten
tion is focused on the free shear layer mixing region near 
the centerline of a two-dimensional two channel combustion 
tube. He have and will publish separately our discussions of 
the erosive boundary layer modeling in the two phase flow at 
a reactive wall[3,4], 
2. DISCUSSION 

2.1 Formulation 

This discussion presents a substantial change to our 
previous numerical method which was based on use of more or 
less traditional Reynolds'-Favre' averages for the mean, 



compressible Navier-Stokes solutions applied to transitional 
and developing turbulent flow, in our applications, however, 
compressibility must be considered in relation to combustion 
energy release. As a first approximation we calculate the 
velocity fluctuations and mean flow coaponents satisfying a 
locally incompressible Poisson equation based on a pressure 
potential, T • P/p. Here P is the mesh averaged local mean 
density at the previous time step. Particle fractional vol
ume effects will be described subsequently. The random 
density statistical fluctuations are assumed small enough to 
neglect with respect to the velocity fluctuations. The mean 
flow density is then corrected for compressibility by relax
ing to a new mean state with an iterative correction to the 
pressure and simultaneously the internal energy and mean 
velocity fields in the spirit of the almost incompressible 
all Mach number schemes introduced by the Iios Alamos 
group[10,ll]. The present hybrid scheme is adopted for 
expediency in implementing both pseudo-spectral and LBS 
procedures. As such it is an intermediate step to developing 
a self-consistent approximation to both the mean continuous 
phase density field and any significant density fluctuations 
(and later, necessary joint density-velocity correlations). 

For simplicity we will ignore the reaction-species pro
duction phase of our: computations in this description. For 
reference to the reactive phase numerical procedures, partic
ularly near the eroding surface, the reader is invited to 
review our previous discussions 13,4]. He consider the con
tinuous phase (unsubscripted) and dispersed particle (sub
script d) phases as continuum fields at the mixture stage. 
He write the conservation equations on a geometrically regu
lar three-dimensional cartesian mesh with position xj, and 
velocity, UJ vectors, j • 1,2,3. 

3)P 
si =-2 • 0, (2) 

automatically, under the Lagrangean particle description for 
thermochemically inert, monodisperse, size invariant parti
cles. The vapor void fraction is implicit in Bq. (2), 

P = <JP*, P « ( 1 - a ) p , 

where superscript (*) refers to the uncorrected density terms 
and the void fraction, 

a = volume of gas/Z (volumes of gas + particles). (3) 



Momentum conservation, 

®(Pu ) , 9u 
^ • i r ^ i j ' - i n r ^ s r ^ v 0 (4) 

3 3 3 

^Vl' at - F i B ° ' ( 5 ) 

Note that the momentum exchange forces, t^, between dis
persed and continuous phases appear explicitly and that the 
dispersed particle phase momentum, for thermochamically inert 
particles transfers no stress particle-to-particle in the 
'absence of inelastic collisions. Also we note that the con
tinuous phase stress tensor is modified by the void fraction 
to account for the change to the proportion of the local sur
face area over which the stress acts which is obscured by the 
particles. The local viscosity coefficient u is replaced by 
the kinematic viscosity coefficient, u = u/p in our almost 
incompressible formulation step. 

Energy Conservation 

0 t dt V 2 ' l ' 

Note that the divergence of the heat flux vector, qj is 
in the total enthalpy (B) expression, Eq. (6) (sum of speci
fic enthalpy plus kinetic energy per unit mass), is also 
"shielded" from the area occupied by the particles. Also 
note that the continuous phase releases energy to the parti
cle phase (due to interphase coupling force, Fj.) and trans
ports it at a rate given by the product, U p , ^ . A self-
consistent set of coupling forces, including velocity (Rey
nolds number) modified drag. Basset viscous force, and Saff-
man lift for the curvelinear eddy trajectory followed by an 
entrained particles, is adapted from the mixed phase system 
laws analyzed by Crowe[12]. In the particle system, Eq. (7) 
describes the spontaneous rate of change of the kinetic ener
gy of B particles, each containing m (mass) in o volume, V. 

Closure and averaging relationships are not imposed in 
the conventional sense. The fluctuating velocity field is 
initiated from an instability in the initial viscous pro
file (7) or from imposed initial averaged velocity profiles 
derived from experimental analysis for particle shearing 
flows [5]. 



2.2 General Numerical Procedure 

As an Introduction, we outline the procedure. The first 
step involves modeling the continuous vapor phase including 
the effects of an assigned initial particle distribution by 
means of an averaged void fraction and pseudo-spectral or 
spectrally averaged LBS methods. Particles are considered 
inert with no interphase mass or thermal transfer and the 
particle sizes are assumed invariant with no agglomeration or 
breakup. 

Statistical decomposition by random selection of the 
velocity field produces the fluctuational vapor components 
and forces on the particles, randomly distributed at selected 
grid mesh point sites. The probability distribution integra
tion is approximated by ensemble averaging over a finite 
summation with 'importance sampling" techniques invoked to 
reduce the number of samples required for statistical signif
icance [13] . Sampling of the fluctuations must be repeated 
for a statistically significant number of gas phase trajec
tories in phase space. Each trajectory represents an inde
pendent random probability density function distribution for 
a particle "cluster* centered at some fixed position and time 
in the computation mesh. Gas phase fluctuations about the 
mean flow speed are thereby simulated as a weighted sum of 
previous increments plus a currently evaluated random fluctu
ation sampled from a one-component probability density func
tion (pdf) distribution. The incremental sampling procedure 
and summation over a finite number of events, replaces the 
exact integral formation. This converges to the integral 
value provided a sufficiently large number of samples is 
taken. The base distribution is taken to be the Gaussian 
normal distribution for weighted phase space spectrum samples 
of the random variables. 

Following determination of the most-probable cluster 
trajectories, particle aggregate cloud concentrations and 
spatial distributions are reevaluated for the next time 
interval and the void fraction distribution modified gas 
phase Navier-Stakes solution is updated. 

2.3 Boundary Conditions 

We impose law-of-the-wall slip conditions at interior 
solid contours and continuous flow or periodic boundary con
ditions on streanwise entrance and wake. Unsteady particle 
field streamwise conditions are imposed in the streamwise 
particle current from initially selected population size and 
momentum distributions at inlet. These represent the pres
cribed particle injection, emission or entrainment situation 
under study. Exhaust of particles is incrementally accounted 
for so that the finite array of particles selected for a 
computation can be replenished for re-entrance at a later 



time interval, if necessary. A major assumption is associated 
with the particle flux at the wall. Tangential flow is 
assumed free slip with no surface accommodation. At other 
then tangent incidence, either specular elastic reflection oc 
perfect accommodation of momentum and energy are maintained 
as the two limiting options for the computation. 

2.4 Experimental 

We study pre-mixed two-channel separated flows, as seen 
in Fig. 1. These flows are dominated by large scale struc
tures which grow by entrainment and coalescence. In combus
ting flows it is the entraiiuaent process which governs the 
rate of combustion. For combustion to take place, the fuel 
and oxidizer must be brought into molecular contact by the 
uixing process. The rate at which this is done generally 
controls the rate at which products are formed, thus the name 
diffusion flame. In premixed flames, one stream is premixed 
oxidizer and fuel, the other is hot combustion products, 
generally at zero axial velocity. In this case the burning 
rate is controlled by the rate at which the already hot 
products heat premixed reactants to the ignition temperature. 

The splitter plate divided, two-channel flow experiments 
are conducted in the two-dimensional, two-stream combustion 
facility at the University of California at Berkeley. The 
combustor is operated at fixed entrance velocities and densi
ties and the amount of heat release within the mixing layer 
is varied, as the injected particle flux and size distribu
tion. High speed Schlieren movies are taken of the combus
ting flow. Structure passing frequencies are determined from 

Fig. 1 Two channel, rectangular combustion tube free 
shear layer mixing chamber at the University of 
California, Berkeley experimental facility. 



the movies at various downstream positions, and information 
about the vortex structure pairing process is deduced. 
Supplemental LDA/LDV, hot film and hot wire measurements are 
made to obtain the tine scale turbulent features and statis
tical measurements. Further discussions on the experimental 
set-up and diagnostic procedures appear in current publica-
tions[2,4]. 

2.5 Observations and Simulations 

Even the finely ground, sub-micron dust particles consis
tently influence the breakdown of the largest eddy mixing 
structures in the shear layer. The significance of this 
breakdown is associated with an increase in the population of 
the smaller structures out to the dissipation (high frequency) 
range where the viscous energy transfer is accelerated by the 
increased population of small high frequency motions. Figure 
2 illustrates this breakdown and population of higher fre
quency structures by recording the measured normalized proba
bility density distribution of passing frequencies at a fixed 
station, x, downstream of the splitter plate trailing edge. 
The upper channel is a lean unturned mixture of air and 
propane at an equivalence ratio of $1 - 0.6. The lower 
channel is premixed, ignited and combusting prior to entering 
the two channel mixing zone. The first three positions 

~ reveal the breakdown. The final station, however, shows some 
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Fig. 2 Ousty (upper row) vs dust free (lower'row) 
passing frequencies from Hy-Cam (5000 s"1) 
framing motion picture images of cross channel 
optical Schlieren patterns at indicated stations. 



of the effects of two dimensional vortex pairing and growth 
in the larger scales which appears to shift the pdf distribu
tion back to the lower frequencies. 

Figure 3 shows the U3A measured Reynolds stress in the 
combustion tube for a cold, non-combusting flow situation 
with channel velocities of 15 m/s (upper) and 5 m/s (lower). 
The measurements and digital processing provide cross and 
auto-correlations and higher moments: skewness and Kurtosis 
of the velocity field. For comparison, Fig. 4 shows numeri
cally simulated profiles of the normalized Reynolds stress 
(upper figure) and normalized turbulence energy (lower 
figure). These computations were made without and with part
icles at the initial mass loading (kg,) indicated. 
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Fig. 3 Measured profiles of Reynolds stress in the two 
channel combustion chamber at the listed flow 
conditions. The y • 0 axis is on the splitter 
plate centerline. 

In.other numerical -tests we have predicted comparable 
comparisons of the higher moments of the unsteady velocity 
field and both auto and joint correlations to compare with 
the experiments. Publication space limits preclude showing 
more of these results in this description. 

To summarize, sufficient concentrations of finely divided 
particles interact with a turbulent mixing layer so as to 
teduce the intensity and extent of the mixing zones. This is 
of great importance in combustion situations where sidewall 
erosion is a problem. 

pseudo-spectral or spectrally averaged procedures appear 
to be necessary for numerically simulating these interactive 
flows since they at* able to provide sufficient resolution 
and accuracy to trace the fluctuating motions over a usefully 
broad range of scales, without excessive computer capacity. 

The major problems encountered in our current simulations 
are the proper, efficient and accurate treatment of the part
icle flow boundary conditions at the wall and the treatment 



of compressibility effects. These considerations are the 
focus of our current and on-going research and nethod devel
opment. 
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Fig. 4 Results of numerical simulations variations in 
Reynolds stress (upper figure) and turbulence 
kinetic energy (lower figure) with listed parti
cle mass loading. 
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