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ABSTRACT

The papedescribeshe application of a numerical method
to the prediction of dispersion ®feavy particles in a shear
layer. The methodsolves the Eulerian, two-fluid model
averaged equatiorend caters for turbulence ithe continuous
phase by an extension of theek-
guantities of the dispersed phase are obtaifrecth the
corresponding continuous phase valugsough response
functionsandthese ardased orthe recentwork of Wang and
Stock (1993).The results are in reasonable agreement with
available detailed measurements, etresugh the k= model is
known to be inadequate to representuhsteady behaviour of
the largevortices in the layer. Particle dispersion is well
predicted when th&tokesnumber is greatehanunity and is
underpredicted when it is around unity.

1. INTRODUCTION

Two-phase flowsnvolving solid particles carried by a gas
stream areommon in many engineering applicatiarl it is
thus importantfor the practicing engineer to have means to
predict their relevant characteristicshese requiredflow
characteristics arypically the mearnvelocities of each phase,
the gasand the particles, and the concentration of the
particulate phase which will indicateow the particles are
distributed. It is now knownhat some of thesé¢ype of flows
can bevery complex inthe detailsand themechanisms by
which particles respond to the fluid turbulence; iédews by
Eaton andFessler (1994und Crowe etal. (1996) clearly
demonstratéhatparticles are dispersed iman-homogeneous
way, even in homogeneotigbulenceand tend taoncentrate
in regions ofow instantaneous vorticity thus responding to the

large-scale coherent structures in the turbulent motions. Such
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type of behaviourcan only be predicted by sophisticated
simulation methods, like direct-numerical simulations and
large-eddy simulation, or by methods which usansport
equations for the many fluid/particle correlations (e.g..
Simonin et al 1993)However for engineering applications,

model. Turbulence-relatedresults from simpler modelsypically based on extensions to

two-phase flows ofthe well-known two-equation turbulence
models used in single-phaflews, may be sufficient for the
purpose.

The authors haveeen developing a model diis type,
which hasbeen applied withrsome success to confined jets
(IssaandOliveira 1995) and phase-fraction mixing layers (Issa
and Oliveira 1996). Thepurpose here is, first, to introduce a
different response modahd,secondly, to applthe method to
the prediction of particle dispersion invalocity mixing layer
problem for which detailed experimental data are available.

The method in questiosolvesthe Eulerian,two-fluid
model equations whichare composed ofthe ensemble-
averaged momentuand continuity equations for each phase
in conjunction with transport equatiofer k ande which are
used to characterizéhe effects ofturbulence. The equations
are discretised using dinite-volume techniqueand the
resulting equations arglved in aniterative algorithm which
is based on the pressure-correction scheme.

Central to thetwo-phase model used, iparticular the
model forthe effects ofturbulence, is the assumptionsiinple
algebraic relationdetweenthe local turbulence quantities of
the continuousand dispersed phasedhis assumption then
facilitates the correlatiobetweerthe turbulenstresses for the
dispersed phasand those of the continuous phase which in
turn arerelated by areddy viscosity tahe rates of strain in
that phase. Thaboveassumption requires the prescription of
response functions correlating the turbulence energies (C ), the
turbulent diffusivities (¢ )and thevelocity correlations (¢ ).
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These functions are obtainéwm the analysis of Wang and
Stock (1993) whichduly accounts(at least in isotropic
turbulence) forthe three knowreffects: crossing-trajectories
(reduced dispersion with increased dri#tlocity), continuity
(higher dispersion in the direction of the diiftan in other
directions),and inertia (stronger particlelocity-correlations
with increase in particle size).

The method incorporating thesew response functions
hasbeen successfullgpplied to theproblem of dispersion of
heavyparticles in a confinedir jet and theresults havéoeen
reported elsewhere (Issand Oliveira, 1997). In the present
paper, the dispersion of solid particles irmaxing layer is
computedand thepredictions are compared with the data of
Hishida et. al. (1992). Theffect of particle inertia on the
response functions will be assessed fitben resultsfor the 3
particle sizes used ithe experimentsLikewise, the effect of
crossing trajectories is assessed from a compatisbmeen
cases wherghe bulk velocity, and thus the mean drift, was

varied in experiments performed by the same group (reported

in Ishima et al. 1993)

2.  EQUATIONS
CLOSURES

The phase-averaged continuagd momentum equations
for each phaseare given by (e.g. Issand Oliveira 1995,
1997):

AND BASIC TURBULENCE

V-(@pl) = 0 (1)
and

agt(akpkﬁk) + V- (@pplp@U ;) = —a,Vp

+a,V-7y 4+ V-aF@, + parg + Fo, )

where® ; denotethe time-averag®olume fraction of phase
k, with index% taking thevaluek = g forthe gas phase (air)
and k& = p for the particulate phase. Both the molectfar
and the turbulent’ ', stress tensors arassumed tdollow
Newtonian constitutive laws, as explainbdlow. The main
dependent variables in tlaoveequations, besides the volume
fractions, are the average presstirangl thephase averaged
velocities defined by:

®)

which should be distinguished from the usual time-averaged

velocityT ; , with an overbar denoting a timecaage.
If the particulate phase is assumed tddsmed by many
spherical particles, all with theame diameter ,d then the

interaction term in (2) is dusolely tointerphase dragsince
the density ratio ishigh p,/p, > 1, and igjiven by (Issa and
Oliveira 1995):

Fp, = Ga,a,u,—-Uy,
= G (a,a,0,-U,) + [@n,+am)Va,) @

where G = 18 f(Re,)/ cﬁ is astandard dragoefficient for
which f(Re,) = 1+ 0.15R€%" (Re= p, u gy, )and n,
areeddy diffusivitiesdefined below. 1{(4), thesecond equality
results from substitution of the time-averagelocities by
U,=Up+u]=U,—ap,/a; based orthe definition of
the two averagesand from the gradiendiffusion hypothesis
for the transport of: by turbulent fluctuations, thatjs, =
—m.Va . The turbulentdiffusivity of the k-phasey;, , is
related to theeddy viscosity.;, (with 2} = ! /p,) through the
algebraic model explained ihe next section, while the latter
is obtained from an extension of thmvo-equation ke
turbulence model (see Issmnd Oliveira 1997 for details).
Thus:

PLo= (VU + VU]) -5V Uy + pkp)s  (5)
a p— it p— NN
a—t(a oK o) + V- (@gp U K )
t
Hg ~
= Vi@, Vk) +a,G-pZ.)+ § (6)
a — — ~Y NJ
a_t(agpge o) +V'(O‘g/0g o€ g
t ~~
M € ~
=Vi(@,; Vé) +a,7 (GG~ G )+ § (1)
g
and
(Rlz
W =p,Co = and G= WVU (VU,+ Vu]) . (8)

Standardvalues are assigned to the &«-model constants
(Ci=144,G= 192, C= 009 = 10,= 1.22). In
the transport equatiorfer the turbulent kinetienergy of the
gas phas'é'g (Eq. @nd itsdissipation rat& , (Eq. 7), terms
Sf) and § arisérom correlations betweethe dragforce and
velocity fluctuationsand aregiven by (see Issand Oliveira
1996):

~

o G(ngvap U, + g, kg( = 9
- ng(ng_np)vap'vap>

S =
(©)
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-G (10)

7-2| ~2
ol Nal

S, 2Ga a, k(1= Q .

where constant{C= 1,
given in the next section.

is the mean sigtocity and G is

3. RESPONSE FUNCTIONS

Some dispersion-relatetharacteristics of the particulate
phase appear in treboveequations which need to be related
to other variables; namely, theddy viscosii’yz/; =/,
turbulentdiffusivity n,, turbulent kinetic energy k' and mixed
velocity correlationu;, - ui, . Thisclosure problem is addressed
via algebraic relations from which the response functions:

C = 1/;/1/27 (11)
C,=n,/n (12)
Ci=k,/ k,, (13)
C=liuw-u/k,, (14)

can be obtained. In Eq. (12), is tiéusivity of atracer in

the gas phase, given by = 1/2/00 wherg is a Schmidt
number. Wang an8tock (1993) have analysed the response of
particles to isotropic homogeneous turbulence widgw to
obtaining explicit algebraic expressions ftite dispersion
coefficient and correlation functions. Theurpose waghus
similar to that inprevious work by Reek&l977)and Pismen
and Nir @978), butsome additional assumptions made by
Wang andStock lead to simplification dhe ensuing analysis
and the finalexpressions were in closed forand much
simpler than theobtained by the other authors. In Issa and
Oliveira (1997) it is shown howhe analysis of Wang and
Stock can be used to give all the required response functions:

C,=C, (15)
1T 1-05my/D T 1
Cn,r = DT E and gy = D T E (16)
1 1+St(D-0.5 )
Crz 1154 D and ¢, = TS0’ 17)
C; = G (18)

where D= v( 1+ ( mv)? , theStokes numberare defined as
St=1t,/Te or St = §/ T with the timscales definetyelow,
the crossing-trajectories parameterdisfined asy ="u./ gj
and the turbwince structure parameter as=mg/T t or
mr = m(T/Tg). It is notedthat theresponse functions can

have two values, in the direction of the mean drift (here
denoted with index: and perpendicularly to it (indey ); so,
for example G can take thevalue G, (which relates the
streamwiserms velocity fluctuation of the particles tthat of
the gas phase) or ;C  (similaor the lateral velocity
fluctuations). In a 3-D situationr, -components of thgponse
functions would be equal the iy -componentabove.The time
scales appearing in allthese expressions are; t, particle
relaxation time scale,gT , Eulerian fluid integral tiseale in

a frame moving with the mean fluiglocity, t,,time scale of
the energy containing eddies, \T Lagrangian integral time
scale, T, fluid integral timscale seen by a particle with zero
drift velocity. Inthis study we take T= 0.41 k/e (Calabrese
and Middleman,1979), == T./8 withg = 0.356 (Wang
and Stock), t= &/ m with m= 1, T E is given by an
empirical function of St in Wangand Stock, and
t, = p,d2/18u,f(Re, ).

4. NUMERICAL METHOD

The differential equations are integratacer each cell of
the computational mesh usingfiaite-volume discretisation
applied in a collocatedrrangement-  allariables arstored
at the centre of the cell. Tlmatcome othe discretisation is a
number of sets of algebraic linearised equations, one for each
dependent variable. These amved sequentially, byeans of
conjugate-gradienttype solvers,and a pressure-correction
technique is utilized in order to obtain a pressure field which
forcesthe sum of thevelocity fields ofthetwo phases to satisfy
an overall continuity constraint. The particulate phadame-
fraction results from the solution of the continuity equation of
this phase treated as a transport equatiom for . Details of the
two-phaseflow algorithm can bdound in Issaand Oliveira
(1994).

Strong couplingoetweenthe momentum equations of the
two phases, arising from large drag forces, can be dealt with by
the partial elimination algorithm described in Oliveira and Issa
(1994).

No use is made of any under-relaxation factor and
numerical stability is controlled by reducirte time-step
used inthe pseudatime advancement technique adopted. This
is why the time-dependent termsere retained in the
momentum equations (24nd also in the k-and e-equations
(6-7), even if intereshere is confined to the fingteady state
solution. For the present calculations, the time-gtap set to
§t=10"° s (yielding a small local Courant numberabiut
3 x 102 on the fine mesh) during the first 1000 time steps, and
was then increased taS & 10" s foihe subsequent time
advancemenand for all the other runs, whiclisedthe first
solution as thénitial field. This procedure was found to work
well and was required tocope with the numericalstability
problems associated witkery large velocity gradients in the
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interface regiorbetweerthe two velocity layeravhich induced
very large turbulence production and dissipation. 15

5. RESULTS

The problem considered ithe plane mixing-layerwo-
phaseflow reported by Hishida etl. (1992)and Ishima et al.
(1993). Two separated layers dir with different uniform
velocities (U = 4m/s and Y = 13 m/s) am@lowed to mix at
the trailingedge of twosplitter plates, the point defining the
origin of the mixing layerSolid particles with three different
sizes (§= 42, 72and 135 um; p, = 2590 kg/rh )were
injected therethrough a 0.57 mm gam-betweenthe two
0.3mm-thick plates, and with a velocity approximately equal to
U,=1 m/s. The developing sectionand computational
domain is a channel with half-width H 75 mamd length
L =450 mm oriented vertically downwards alorige z-
direction. The computational meshesre generated in such a
way that cells were concentratedlong the dividing line
(y = 0) where the gradientare expected to bdiighest. The
boundary conditionsare asfollows: given inlet profiles at
z = 0; no-slip conditions at the wallg= + H, a region
devoid of particles; and vanishing streamwise gradients
(0/0x = 0) for all quantities at theutlet x= L. Theprecise
inlet conditionswere difficult to assess fromme data reported
by the experimenters; it hdasen decided fothe baseinlet
conditions to imposehe two uniform velocities giverabove
for the gas phase, a partickelocity of about 1m/s at the
splitter plate opening (which could be resolvedtbg fine
mesh with 6-7 cellshnd avoid-fraction of around 1¢ . This
value is consistent witthe particle mas$luxes reported in
Ishima et al (1993&nd it issufficiently low toensurethat the
gas phase is baresffected bythe presence of the patrticles, as
often stated byhe experimental authors. Their measurements
of the particle numbedensity N, based on Laser-Doppler

/—U@@% x =250mm

O B B B N

burst counting, enablesnly an evaluation of a relativeoid- -/5-50-25 0 25 50 75
fraction - normalised by the maximuralue atthe station y ( mm)
x = 100 mm.Somevariations on thémposedinlet conditions
will also be considered below. Fig. 1 Streamwise mean velocity component of the gas
Fig. 1 shows profiles othe mean streamwiseslocity of phase at different stations.
the gas phase at the measuring stations. Predictions are (marks: experiments; lines: simulations)
represented by lineand theexperimental data by marks (an _ _ )
uncertaintity of + 5.4% in mentioned by the authors). Three It is also seenhat the ke model is able to resolve fairly

different meshes have been used: mesh-1 is a medium meshell the stepvelocity profile, although the predictions on the
(50 x 60;6 %yn = 4 mm and ¥, = 1 mmhich wasthen high-velocity S|de_ seem to deviate slightly frothe d_ata
refined along; to obtain mesh-2 (50 100y Y= 0.16 mm) therepyunderpredlctlng the rate of §p_read (the experimental
and alongz tmobtain mesh-3 (88 6@, k= 1 mm). It is velocity diffuses faster than the_ p_redlctlons).

clear from the figurehat the numericalesults obtained with _In factthe spread of the mixing layer, as measured by the
these 3 mesheare hardly separable, thus demonstrating mesh @xial variation of thehalf-velocity width, b= y(Uz) —

independenceand mesh-2 was therefore adopted for the Y(Uozs), is seen in Fig. 2 téollow a straight linebelow the
remaining predictions. data. Thecase with ahigherbulk velocity U = 13m/s (for

U, =21land Y = 13 m/s; Y= 0.5¢0H U ))reported by

4 Copyright @ 1998 by ASME



x*xkx data (Up,=8.5)
n pred. inl=3
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£ _
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Fig. 2 Variation of the velocity mixing layer half-width with
downstream distance.

Ishima et al is also plottednd showsthe same trend. This
feature is certainly a consequence of the shape of the
turbulence intensity profiles predicted the k< model inthis
mixing layer flow which areplotted against the data in Fig. 3
(uncertainty of the data i  6%). It is seen that the magnitude
of the maxima, the shift of theurves towardshe lower-
velocity side of the layer and the generakhape of the
streamwise velocityfluctuations arewell represented by the
predictions, but the turbulenckecay orthe high-velocity side
is much more gradual as shown by the datn the sharp
predicted decrease. Unsteadiness, like intermittanddarge-
scale vortices irthe mixinglayer boundary, is responsible for
that discrepancy ascan be inferredfrom the large-eddy
simulations of Chen (1994for the same case, whichow
better agreement with the gradudécay of the velocity
fluctuations in the data. The presesteady formulation
together with the k-modelareobviously unsuited to represent
that phenomenanonetheless, the predictions are still in
reasonable quantitative agreement.

As mentionedbefore,the gas phasgelds are un-affected
by the presence of the particlasd so thebovefigureswould
be the samdor any ofthe 3 particle size&eases.The mean
particle velocity is, however, strongly dependent on the
diameter assumed fdhe particles, as shown in Fig.where
the predicted velocity profiles are compared with the
experiments. There is fairlgoodagreementespecially in the
central area where the concentration of particlésgker and
also on thelower velocity side othe layer; the fastenitial
dispersion of the smaller particlésllowed by a progressive
catching up by the larger onedue to their weight, as
indicated by thecross-over ofthe profiles afterthe station
Xx =200 mm, isseen in both the predictionand the
experimental data. On thagher-velocity side, for ¥ — 5
mm, the agreement @nly qualitative forthe lighter particles
which are more affected by the structure of the turbulence

2
. x =250mm
A
~ &
€4 .
= o
7 0&9
0
. x =200 mm
o §
.
£ 1 &
\_g-‘ O
S
0
. x =150mm
. a
\ (@]
e .
\g O
- ] O o)
D
0
. %  x=100mm
n 7 @]
.
e 9
7 o
> S
0
x =50 mm
fm\ d mesh
N
&
- 8
0 T T T 7 T T [ 7
-75 =50 =25 O 25 50 75
Y ( mm)

Fig. 3 Lateral profiles of the gas phase streamwise rms
(' = (2k/3)Y?).

(large vortices). It should be bornenwind, while interpreting
this figure, that the particlevelocity has a finitevalue even
when there are almost no particles present; socinigenient
to look simultaneously to a platpresenting the particles
concentrationand realize that 4 has no meaniagere
a,~0.

Fig. 5 (a) presents the particle numloemsity for the
larger particle size (b= 1356 m), normalised by its maximum
value at x= 100 mm in order to allow a comparison with the
data given by the experimental authors. Fig. 5 (b) presents
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Fig. 4 Lateral profiles of the particle phase mean

streamwise velocity component
(lines: simulations; marks: experiments).

similar profiles forthe medium particle size (&= @2 m). Itis
noted herethat thecomputations furnish theolume fraction
from which the numbemensity can be calculated via the
relationship: N=a ,/(7 g/ 6 ; since the experimersly
give a normalised value of N , suffices tonormalised in a
similar way the volume fraction in order to have quantities
which can be compared with each other.

The dashed lines in Fig. 5 correspond to a slightly
different inlet condition for the particulate phase: for inlet-2

(@]

—| x =250mm

N

A
£

" bk,

1 x =200mm

Ng

O O O O O O O O O oo O U oo oo o o o o o
(@)

Ng

_| *****x data
inlet —1

-——inlet=2
67
- ]
=z 4—
27
0 I —— I —
-50 =30 -10 10 30 50
y (mm)

(a) dp, =135 um
Fig. 5 Number density of the particles. Effect of different
inlet conditions (marks: experiments; lines simulations).

the givenprofiles fora , and"t, aresymmetric abouthe line

y =0 (whereas in inlet-1they are somewhat asymmetric
becausethe origin of they -axis in the experimewas the
trailing edge ofthe splitter plate on thieigh-velocity side) but
have otherwiséhe samevalues as in condition inlet-Thus
the figureenables one to assdabe effect of asmall variation

in the inlet conditions (which, in any casere not well
known). It is seenthat there is fairagreementbetween
predictionsand datamore so forthe larger particles which
are less affected bythe structure of the turbulence (since
t,/t; > 1 where } is soméme scale fothe coherenvortices

in the mixing layertypically defined as Cte 4 - 4 )
responding to it as in isotropic turbulence, the condition for
which the responsmodel of Wangand Stock was developed.
Values for } are given by Hishida etl. (1992),cf. their figure

9, where it is seen thagt t,/t> 1 for the 135 pm particles and
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Fig. 5 Number density of the particles. Effect of different
inlet conditions (marks: experiments; lines simulations).

t,/t; = 1 for the small particlesand also for the medium

250

skxkk data d,=135
AAAAN dat a dp=42 A
200 pred do=135
****** pred d,=42 A
O _leseee data U,=13
g 1o0=mes ored Up=13
— 100 .
"> 50
O 1
0 50 100 150 200 250 300
X [mm]
Fig. 6 Variation of the dispersion square displacement W

with the downstream distance for 2 particle sizes and 2
bulk velocities.

particles (se€ig. 5 b) for which the predictions represented by
the dashed lindecome closer tthe data. Thigact seems to
indicate that witout the precise knowledge ofhe particle
phase inlet conditions it idifficult to obtain closer agreement
between predictionand experimentghan thatshown in Figs.

5.

Since the motivation from theutset was to develop a
prediction method able to give results useful dogineering
applications, weturn attention to avariable whichglobally
quantifies the dispersion. Fig. $howsthe variation of the
mean square displacement, computed as %
= [a ,y’dy/[@ ,dy where the integralare over the section
of the channelfor the smallest and largest particles of the base
case (for which Y= 8.5 m/s) andfor the case withhigher
bulk velocity given in Ishima etal. (U, = 13 m/s, d= 42
um). It is seenthat thecases whiclare not dominated by the
motion of the largevortices are very well predicted but
dispersion of particles with small diameter in these case is
underpredicted. This situatioworsens for particleshat are

particles as they move fu_rther qlownstream. Sin_ce the_ ot /t ¢ ther away from the mixing layer origin, when thetypical
controls the increased dispersion due to centrifugating by thelarge-scale vortices growand their pairing-interaction

coherent vortices (Crowe at. 1996), areffect not accounted
for by the present turbulence model,citmes as no surge
thatdispersion is underpredicted fibre 72 um particles at the

intensifies.

station x= 250 mm (Flg 5 b) In the present model, the terms 6. SUMMARY AND CONCLUSIONS

affecting particle dispersion (IssadOliveira 1995, 1996) are
mainly the turbulent drag term ( 2nd term in the of Eq. 4)
and the normateynolds stress dhe particulated phase, the
— %ppl'(p term in Eq. (5), which ilurn isgoverned bythe G,
function (Eqgs. 13 and 17).

The effect of asmall change in the inlet conditions is
appreciable, in thigasethe effect isstronger forthe lighter

A two-fluid model is applied to the computation of a plane
mixing layer flow of air ladenwith solid particles. Thenodel
embodies “response functions” fahe calculation of the
particulate phase turbulent characteristics in terms of the
correspondingair phase values which, iturn, areobtained
from solution of transport equatiorfier its turbulent kinetic
energy and dissipation rate(two-phaseflow k-e model). A
recent analysis of particle dispersion in isotropic turbulence by
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Wang andStock (1993) was used to deriedl the required
response functions.

The numerical predictions haween compared with the
detailed experimental data of Hishidaa&t(1992)and Ishima
et al. (1993) who have measurgde mean andluctuating
velocities of each phasand the particle numbetensity for
three particle sizesnd two fluid bulk velocities. From the
results it may be concluded that:

(i) Streamwise meaand rmsvelocity ofthe airphase are
generally well predicted, except fire decay of k orthe high-
velocity side ofthe layer which istoo abrupt compared with
the gradualdecayshown by thedata. Thisdeficiencycan be
attributed to thesteady-state k- approach which fails to
predict the effects of the large-scale vortical structures.

(ii) Predictedand measured mean axiaklocities of the
particulate phase are in qualitative agreenientll particle
sizesand in quantitative agreement fdahe larger particles
(t,/t; > 1). Resultsare better on the lowelocity side of the
mixing layer. The fasteiinitial dispersion of the lighter

particlesfollowed byacceleration of the heavier particles, due

to their weight, are well predicted.

(iii) Particle concentration, as measured by its normalised

number density, is predicted better fime heavier particles
since these are the leassponsive tdhe turbulence structure.
The local variations of Nfor the particles with g=72um are
not too bad comparedith the data buthe effect of the precise
conditions assumed at inlet is important.

(iv) The growth of
particles, an overall measure of dispersion)vésy well

predicted for the large particles, and also for the small particles

when the bulkvelocity ishigher — inboth caseshe effect of
the turbulence structure on dispersion is redugsee

discussion in Ishima et al.). However, the rate of increasé of y

is greatly underpredicted fohe small particles (d =42um) in
the base case (8.5 m/s)for the same reasor{s this case,
t,/t;~1 and thecentrifuging effect of the large vortices
dominates, see Eaton and Fessler 1994).
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