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ABSTRACT - The paper presents the development and extension of a simple model for the
prediction of turbulent dispersion in two-phase flow, and its application to the case of
particulate co-axial jets. The model is based on the Eulerian formulation of transport equations
for each phase (the two-fluid model) together with a turbulence closure based on an extension of
the k-¢ model. Turbulent dispersion effects are accounted for through phase-weighted averaging
of the equations and then relating the resulting velocity fluctuations of each phase to those of
the other via a simple particle/eddy interaction model. The model embodied in a numerical
procedure is applied to .the prediction of dispersion of particles in co-axial air jets, and the
results are compared with experiment. It is shown that the turbulent Schmidt number has a
decisive influence on the dispersion rates predicted.

1. INTRODUCTION

Dispersion phenomena in two-phase flow, especially
of particle laden gases, are attributed to the effects of
turbulence. It is therefore imperative that in the
modelling of two-phase flow, proper account of the
action of turbulence should be taken in the formulation
of the governing equations. This paper describes the
development of such a model and its application to the
prediction of particle dispersion in co-axial air jets. The
model is based on the k-¢ two-equation turbulence
closure, especially extended to two-phase flow. This
extension entails the formulation of the averaged
conservation equations for each phase and modelling
the different turbulence related correlations which arise
in the averaged equations. Central to the model is the
formulation of a relation describing the response of a
particle to turbulence eddies; this relation is formulated
in a simple manner which enables numerical solutions
to be obtained economically, unlike other models which
solve differential equations for turbulent fluxes.

The two fluid model employed here involves the
formulation of transport equations in an Eulerian frame
for each of the phases in terms of dependent variables
that are averages in some sense (ensemble, time or
volume averages). There are different routes taken to
arrive at these equations, involving different averaging
procedures. In most of the derivations of the transport
equations for the two fluid model, the starting point is
the instantaneous Navier-Stokes equations for the
individual phases. The equations are then averaged
either by time, volume or ensemble averaging processes.

The time (Ishii [1]) and ensemble (Drew [2]) averaging
procedures usually yield phase weighted equations
which embody turbulence fluctuations; thus, the
Reynolds stresses appear in the averaged equations
automatically. Volume averaging however does not
involve turbulence fluctuations and the equations retain
their instantaneous form. In this case a second time
averaging process is necessary to arrive at the final
averaged form. Here there are two routes to take, one
using phase weighted fluctuations (in the manner of
Favre-averaging that is utilised for variable density
flows) as followed by eg. Politis [3], and the second
using the raw fluctuating quantities as dome by
Elghobashi and Abou-Arab [4]. In the last work the
resulting equations assume a different form from the
rest of the derivations since unlike the others they are
in terms of dependent variables that are non-weighted
by the phase fraction.

For the present work the equations are derived
following the double averaging procedure whereby
phase weighted quantities are used along the lines of
Politis [3]. However the modelling assumptions made at
the final stage of the formulation differ from the ones
made by Politis, with the result that the present
modelled equations become similar to those obtained

by means of a single ensemble average. Those

assumptions which mainly affect the momentum
interaction term (in this case, the drag force) were
introduced by Oliveira [5] and Issa and Oliveira [6],
and are here extended to the treatment of the turbulent
stresses.
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Most of the turbulence models used for the closure
of the averaged equations are based on the well
established k-¢ model, although there are several other
modelling efforts that employ higher order closures.
The main reason behind the preference of the two-

equation model is the large demand in computer

resources made by the more elaborate models which
involve many additional equations that have to be
solved. The present effort focuses on the development of
a turbulence model based on the extension of the
standard k-¢ model to two-phase flow proposed by
Politis [3] and Gosman et al [7]; this model has already
been subject to several refinements (Oliveira [5], Issa
and Oliveira [6]).

2. EQUATIONS AND TURBULENCE MODELLING
2-1 The a-Weighted Equations of Motion

The phase averaged equations are formulated by
carrying out volume averaging first followed by time
averaging. The resulting continuity and momentum
equations, after simplification, are:

oD + V-a) =0 (1)
and
3 —_ _— — ‘N
atakuk = V- akukuk nrka)' + akV T —+

where oy, is the volume fraction of phase k,  and rt are
respectively the molecular and turbulent stress tensors
and Fp is the drag force per unit volume, the only
interphase momentum transfer term relevant to the
present application (since py/p.>1, Hinze [8]).
Densities of each phase, p, (k=¢ continuous phase; k=d
dispersed phase), are taken as constant and the same
averaged pressure P acts on both phases. In Eq. (2) it
has been assumed that pressure and molecular stresses
averaged over the interface are equal to the respective
averaged bulk values.

The velocity vector W is a phase-weighted average
quantity, defined by:
u=U+u'=u+0 (3)
where u is the instantaneous (volume-averaged)
velocity and u’ is the fluctuating component. The
phase-weighted-averaging process used is based on the
following relations:

v =0, ' e
and
F=a71 (5)

where the overbar denotes time averages. Time and
phase averaged velocity, and fluctuations, are related

by the expressions:

= (o) / & (6)
and
E=¥+1, (7)
which will be used below. As an outcome of the

derivation, the expression for the turbulent stress in the
momentumn equation is:

preg(u’u’),

~t
7 = - B, _ ®)
thus 7 is the phase-weighted average of the tensor

I
uu.

2.2 Main Modelling Assumptions

In order to obtain a closed set of equations in terms
of the dependent variables W), and P , assumptions have
to be made regarding the different correlations in the
phase momentum equations (2) and, as will be seen
later, in the k and ¢ equations.

The turbulence stress tensor in Eq. (8) needs to be
modelled. Within the Boussinesq assumption, other
works formulate a relationship between 7 and the rate
of strain tensor based on the phase averaged velocity.
However, it is not clear whether that approach which is
a simple generalisation of the single-phase relationship
is applicable here since the correlation in velocity
fluctuation now contains the phase fraction c. In the
present work an alternative route is taken based on the
arguments of Oliveira [5] who showed that

P T

aluu’") i e eaT
~t P (a ) 0t t e p(u’u')

This suggests that the turbulent stresses ought to be
related to the time-averaged velocity gradients and not
the phase-averaged ones since the correlation now
contain only u’u’. Thus, 7 is approximated by:

Te=m(Vi + V) - (ka U + Pk )d, (9)
where & is the identity tensor. The time-average
velocity is related to the phase-average value by Eq.
(7), which must be introduced into (9) to obtain the
stress in terms of the dependent variable W and the
phase weighted turbulence kinetic energy k;. The
details of this operation are left for section 2.4.

The turbulence kinetic energy of the continuous
phase k is obtained from its own transport equation
and the turbulent viscosity pc is given by the k-€
model, as explained in section 2.5. The dispersed phase
turbulent viscosity and kinetic energy need to be
specified as functions of the respective continuous phase
values, as explained below.

Similar to the transport of momentum by
turbulence, correlations involving volume fraction and
velocity fluctuations, which represent transport of o by
turbulence, are modelled assuming the gradient eddy
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diffusion hypothesis:

ﬂcu; = —I}CVEC, (10)

(11)

In these equations 7, is the turbulent diffusivity of oy
which for the continuous phase will be obtained from
’?C_—'Vi/”a! with an appropriate eddy Schmidt number,
o, A similar expression based on the same on the
same value of ¢ is used for 7, Since o +ay=1 and
Va,=—Vay, Eq. (10) can be re-written as:

aguy = —n,yVa,.

(12)

Equation (11) shows that 5, is the diffusivity of ay
transported by turbulent fluctuations of the dispersed-
phase velocity, whereas Eq. (12) shows that the
diffusivity 7, is related to the transport of a, by
continuous-phase velocity fluctuations. In previous
work (Issa and Oliveira [9] and [6]) a value of unity
was assigned to the eddy Schmidt number. However a
review of the literature reveals that o, is typically
below 1. Hinze [8] reports from data of Forstall and
Shapiro a value of ¢,=0.71 for the spread of helium in

.a round free jet of air. For a plane jet, Hinze reports

-from the data of Van der Hegge Zijnen considerable

variation of o, across the jet with local values as low
as 0.42. Subramanian and Ganesh [10] measured an
eddy Schmidt number, based on diffusivities averaged
over the cross section of a jet, of 0.47 and their analysis
shows local values as low as 0.125. Values used in
predictions are also typically around or below 0.7 (Lee
& Chung [11]); Simonin [12] used a value of 0.67, as
well as 0.5 which he recommends (Simonin [13]) for
large heavy particles. McTigue [14] used values as low
as 0.15 to match measured data of solid sedimentation
in water, and remarked that the turbulent Schmidt
number %ends to decrease substantially away from the
wall. From this evidence it appears that the eddy
Schmdit number may vary significantly and this
justifies the parametric study of its influence on particle
dispersion presented in section 3.

In the model.of Gosman et al. [7], all the remaining

correlations are calculated from a particle response
function C;, which links the instantaneous velocity
fluctuations of the dispersed phase to the velocity
fluctuations of the continuous phase as:
u;= Ciul . (13)
This is a key assumption of the model since it enables
any correlation to be easily worked out; for example
ugu! would become Ciulu, = Ciuju;. From the above
it follows that:

e i

where k is the turbulence kinetic energy, and that:
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However the work of Issa and Oliveira [6] reveals that
such a modelling approach is not completely
satisfactory. This is because when C, is small as is the
case in the present study, very low dispersed phase
kinetic energy and eddy viscosity are predicted from the
above relations contrary to experimental evidence. The
standard model therefore underestimates the rate of
dispersion of a particulate jet considerably.

A study (to be published elsewhere) in which the
model of C; is compared with the theory developed by
Tchen (cited by Hinze [8]) reveals that it is more
appropriate to consider C; as the ratio of the root mean
square values (hence C; = uj/u,, where the r.m.s is
v'=./u'-u'), and to consider different response
functions for the various correlations. To this aim, the
following definitions are introduced:

u,-u
o= i
u.-u.
t
v
C, =-% (15)
lf)C
uf i; !
u’ -u
(o C

which will suffice for the present turbulence model. The
response function C;, relating the phase r.m.s.
velocities, can be viewed as 1/Cj and is formulated in
section 2.5.

2.3 Modelling the Drag Force
Drag is modelled assuming that the dispersed phase

is a cloud of small spherical particles. It can generally
be written in a linearised form as:

with
C; = (Gpou,Cp)/d, = 18pf(Re,)/d% (18)

where the drag coefficient is given as a function of the
particle Reynolds number (B.e,,:ﬁrdp/vc, v =p_/p.) by
the standard formula:

_ 24 ey 0.687
Cp = —IE{(R%) = Rep(1+0'15R£P )- (19)
In the expressions above, u,_ is the relative velocity
(u,=ug—u,|) and d, is the particle diameter. After
averaging and making use of the gradient diffusion
assumption for & (Oliveira [5]), the drag force becomes:

Fp.= O ( 3.,-%,) + (& +341,) V8, -
~ ool ). (20)

2.4 Modelling the Phase-Weighted Turbulent Stresses

The stress for the continuous phase is defined in
Eq. (8) and is modelled using the Boussinesq eddy
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viscosity assumption given by Eq. (9). With the help of
Egs. (6) and (7), and the eddy diffusivity (10), the
Reynolds stress tensor becomes:

Fo= WV + VD) -3 (VT + ok )8+
+utnd -2 (Va,)(Vay) + 2 (Va,) - (Va,)s)/ a2 (21)

An equation like (21) will hold for the dispersed phase
as well, after substituting dispersed phase quantities for
the continuous phase ones.

2.5 The k and ¢ Equations and the Modelling of the
Additional Terms

The o-weighted equations for the transport of
turbulence kinetic energy (k) and its rate of dissipation
(€), for the continuous phase, are written as:

rZa K +vauk)=

= V-(a, ”cwc)+a et (22)

]

PG 2% i b °)

V”)+

2| 2

=N (0: £(C,G = CypE) + S5 (23)

Lo

c
These equations represent a generalisation of the single-
phase k-¢ model (Jones & Launder [15]) applied to the
-continuous phase except for the additional terms S,
which account for the interaction between dispersed
particles with the continuous phase turbulence. The
turbulent viscosity and the generation of k are

computed from:
~2 .
" I, . 5
ve=Cyu—= (24)

c
G = p VAL VA, + VAT) (25)
and the constants used in the present work are the
standard ones (C;=1.44, C,=1.92, C,=0.09, ¢;=1.0,
o= 1.22).

The additional source term in the k equation arises
from the time average of the inner product between the
instantaneous external forces and the fluctuating
continuous-phase velocity (Favre [16]). The external
forces are drag and gravity (see Eq. 2) and the
additional term is:

k
8= (FDc + p.o g) ul =

qucad(ud -u): u;’ T '("e:g'f"":“‘l:I =

= Crm, (adug-(u -T,) +ag(uy - u”]—u;')
which after the introduction of the model assumptions
in section 2.2 becomes: e
sk = ~Cn.(@,~%,)- V&, + 288K, (1-C))  (26)

The main contribution for Sﬁ is given by the last term
in (26), which constitutes a sink of turbulence energy

because for particle flow C;<1. It will induce a
dissipation equal to the term divided by the turbulence
time scale (k/¢). Hence the additional source in the -
equation is modelled as:

€, ~ -
Gh— —CST“ QCfocﬁ'dkc(l—-C,—)‘ (27)
[+
where the model constant Cj is taken as unity in the
absence of any knowledge of its actual magnitude.

2.6 New Ct Formulation

A model for the response function C; is here
derived from a simplified analysis of the particle
equation of motion which is written in terms of a
disturbed velocity field as:

du D "

Du" du! o

+ 3o Yol - d—td) = PV gCLu, X (Vxu;), (28)
where D/Dt denotes material derivative with respect to
the fluid, Cp is the lift coefficient and the drag
parameter 9D is to be determined from whatever drag
model used. The pressure gradient term has already
been eliminated by making use of the approximate
fluid momentum equation, p.Dul/Dt=—Vp. For
simplicity, the mean flow is assumed to be in the x-y
plane, aligned with the x-axis. The vorticity vector is
then along the z-axis, V x u/=¢ k (£=8v./0x—dul/dy),
and the lift term in (28) is perpendicular to the mean
flow direction, becoming

T, x(Vxu)) = -, j.
where i, j and k are base vectors and u, v and w the

velocity components, along the 3 directions. Now, from
the definition of C; given by Eq. (13) and with the

assumption that dud/dt ~ Duj/Dt, the particle
equation (28) becomes
Du/ Du!
Pa¥ 4Cimic Dt = chd 5 + Du(1-Cy) +
+ %pcvd———{Dtc 1-C;) + p.V4CLu, £ 5, (29)

where it is clear from the presence of the last term that
one needs to consider two C; values: for the main flow
direction, C;_, and for the cross stream direction, Cy

Finally, in order to obtain a closed expression for d'
one needs to introduce an approximation for the eddy
acceleration, Du//Dt. In the range of the energy-
containing eddies, which are assumed to give the main
contribution to the dispersion of the particles, the

theory of homogeneous turbulence gives the
approximate equation Du’z,/Dt_:—Au':sﬂe (Batchelor
[17]) hence the acceleration may be scaled as

| Dul/Dt | =~ «.?/1,. With this approximation, Eq. (29)
can be rearranged into:

PRRED ) 30)
Ctz 1+ 8+ 2p,/p, (

for the main flow direction, and




c -3+B+2CGR
W7 148+ 2p4/p,

for the cross stream direction. The additional term in
the numerator for the cross stream diréction was
obtained from the approximation £=C,v./l,, and the
factor R relates the mean relative velocity to the lateral
r.m.s. fluctuation, R=1,/+.. In the above equation
=291,_/p ¥ yu. which, for spherical particles, becomes:

p=129 (kY L

mdgp, \dy/ Rey’
where Re,=ull_/v, is the turbulence Reynolds number.
For particle flow the density ratios are of the order
palpe~2x 10 and therefore C, is always smaller than
1. The response in the crosstream direction is always
greater than in the main flow direction, increasing with
the ratio R, however, this effect is small for particle
flow.

(31)

2.7 Numerical Solution of the Model Equations

The averaged transport equations for momentum
and mass of each phase, and for the turbulence kinetic
energy and turbulence dissipation of the continuous
phase, are solved by a finite-volume numerical
methodology. The equations are discretised on a non-
staggered mesh and the sets of discretised equations are
solved iteratively in a sequential manner. The
algorithm developed utilises the pressure-correction
technique extended to two-phase flow and applied in a
time-marching fashion whereby the velocity, pressure
and scalars at a new time level are computed from their
values at the previous time level.

3. RESULTS

The model is applied to the prediction of dispersion
in a particle laden jet. Experimental data were
obtained by Hishida and Maeda [18] who give a full
description of the experimental set up which is shown
in Fig. 1. It consists of a jet of air laden with solid
particles issuing vertically downwards from an inner
pipe of 13 mm diameter (D); the latter is enclosed by a
larger pipe of 30 mm diameter carrying a confining
particle-free air stream.

air+ particles

air air

L1e ]
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X

Figure 1 Sketch of the experimental geometry.
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Figure 2 Centre-line decay of axial mean velocity for the
continuous (1U_) and dispersed (U;) phases. Comparison
with the data.

The particles have a mean diameter of 64.4 u and a
density of 2590 kg/m® which corresponds to a Stokes
relaxation time of 33 ms for a free fall velocity of 28
cm/s. Air velocities at inlet are 29 m/s, for the
primary jet at the axis, and an approximately uniform
value of 15.6 m/s for the secondary stream. The
measured inlet particle velocity is smaller than the air
velocity with a value of 23 m/s at the axis for a
concentration of @; =2.5 10™% hence, due to their
weight, particles Occelerate until their velocity
eventually surpasses that of the air stream. From that
point, the velocity of the particles relative to the fluid
will first increase due to their large inertia;
subsequently, due to drag, it will approach the free fall
velocity. This behaviour is illustrated by Fig. 2, which
shows the axjal variation of the predicted mean
streamwise velocity for the fluid and the particles,
where. data corresponding to the 3 axial measuring
stations are plotted (x/D=5, 10 and 20).

It has already been shown [9] that predictions of
the mean axial velocity agreed fairly well with the
experimental data. The main focus here is in the
prediction of particle dispersion which is better assessed
by the variation of the particle flux (f;=p a,u;).
Figure 3 shows the radial variation of the measured
and predicted particle flux at. two stations, x/D=10
and 20. These predictions were obtained with the new
C; formulation developed in 2.6, which was used for Cp
and C;. According to the findings of the previous work
[6] the eddy viscosity of the dispersed phase was here
set equal to the continuous phase one, hence C =1.
This is in agreement with Tchen’s theory for long
dispersion times (Hinze [8]) which is valid when there is
no crossing-trajectories effect (Csanady [19]). The
parameter which is varied in Fig. 3 is the turbulent
Schmidt number (¢,) and it is seen that the
predictions become closer to the data as o, is decreased
(for a value of ¢,=0.2 the agreement is very good). A
reduction of the Schmidt number corresponds to an
increased rate of transport of particles by turbulent
fluctuations, signified by the correlations o u’ and
adu;. Hence the spreadiﬁg rate of the particles is
directly linked with the turbulent drag term given in
2.3, similar to what McTigue [14] found for the
sedimentation of solid particles in water: It is not clear,
at present, whether 5,=0.2 is too low; Simonin [12], for
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Figure 3 Comparison of measured and predicted axial
particle-flux using several eddy Schmidt numbers (f;4:
inlet value at centre-line).

example, used a Schmidt number of 0.67 for the same
problem. However, as mentioned in section 2.2,

experimental evidence reveals a large variation of

Schmidt/Prandt numbers together with the fact that it
is not constant across the flow. This point will require
further investigation.

For the same parameters, Fig. 4 shows the
variation of particle flux along the centre-line, where
the data clearly fall between the predictions using
0,=0.45 and o ,=0.2 respectively.

According to Csanady [19] a mean relative velocity

between particles and fluid brings about a reduction of

the particle autocorrelation and hence of the particle
diffusion coefficient. If this coefficient is identified with
the eddy viscosity of the dispersed phase, then
Csanady’s crossing-trajectories effect is quantified as
v&:béo(lﬁ-cﬁ(ﬁr/i;;)z)_lfz(see also Picart et al., [20]),
where the eddy viscosity for zero relative velocity (”fio)
is here set equal to the fluid one. Csanady expression
has been approximately confirmed by experimental
measurements, for example Wells and Stock [21] whose
data was matched by Simonin [12] with a constant C

of 0.45 . In terms of the C,, formulation of 2.2, this is:

-1/2
C,= (1+045@/u)?) - (32)

seces exp. data
0.=1.0

(fd/fdn.)CL

Figure 4 Effect of the eddy Schmidt number on the decay
of the axial particle-flux along the centre-line.

However in Csanady’s study the r.m.s. particle

~velocity was considered to be equal to the r.m.s. fluid

velocity; when this is not so, as it is the case here, then

. in the equation above must be replaced by uj,

leading to the alternate C,, function:
—-1/2

c,= (1+045 (Cffu,)z) : (33)

This expression includes both effects: crossing-
trajectories (measured by U,) and inertia. Figure 5
shows the centre-line variation of particle flux for 3 C,
formulations (with C,=C;=C; and ¢,=0.70). There is
almost no difference between Csanady’s equation
without correction for inertia and Tchen’s finding
(C,=1). The value of C, affects mainly the region
close to the jet exit (up to x/D = 5), with the length
over which the particle flux maintains its inlet value
(the potential core for particle concentration) tending
to increase as C, decreases. This effect of C,, on the
initial dispersion rate cannot be properly assessed with
the data obtained by Hishida et al [18] for the present
case since the first measured profile of f; is only at
x/D=10.

(fd/fdn)CL

Figure 5 Effect of the C,-function (v = C, ) on the
predicted axial decay of particle-flux along the axis.

4. CONCLUSIONS

Predictions of solid-particle dispersion in a two-
phase confined air jet are made using the two-fluid
model. The governing equations are expressed in terms
of phase averaged velocities and are solved by a finite-




volume procedure. Turbulence of the continuous and
the dispersed phases, which is the driving force for
dispersion, is accounted for by an extension of the k-¢
model.

The continuous phase turbulent stresses are
modelled by the eddy viscosity assumption in terms of
gradients of the un-weighted velocities, while turbulence
of the dispersed phase is accounted for by appropriate
response functions. A new particle response function is
derived to relate the turbulence kinetic energy of the
dispersed phase to that of the continuous phase. For
particle flows (p;/p. > 1) this function where the r.m.s
velocity fluctuations are used in the formulation
becomes identical to the result derived by Tchen, who

followed the statistical theory of homogeneous
turbulence.
The eddy viscosities of the dispersed and

continuous phases are considered either equal to each
other, when the averaged relative velocity is small
compared with the turbulence velocity scale, or related
by a factor similar to the one proposed by Csanady
when crossing-trajectory effects are important. It is
shown that when this factor is small there is a tendency
for the jet to penetrate a longer distance without
reduction in particle concentration.

It is shown that there is good agreement between
predicted and measured particle dispersion if the eddy
Schmidt number is reduced from 1 to between (.45 to
0.2. Evidence from the literature suggests that this
number is not constant but varies across the flow. Since
its effect on the rate of dispersion is shown here to be
quite considerable, there is a need to further study the
problem of the variation of o, across the field. It
should be recalled that in the model used there are two
Schmidt numbers for the transport of ey, one relates to
the fluid velocity fluctuations and the other to the
particle fluctuations. The question of whether the same
value should be used for both, and also of the definition
of the diffusion coefficient for each, must be addressed
in future work.

NOMENCLATURE

C,,C, turbulence model constants

Cs, Cp turbulence model constants

C, . comstant in C; formulation

Cy particle response function, dimensionless

Cp ratio of turbulence kinetic energy,
dimensionless

©, ‘ratio of eddy viscosities, dimensionless

C; interaction response function, dimensionless

Cg constant in Csanady expression

CpCp  drag coefficients, dimensionless

Cy, lift coefficient, dimensionless

dp particle diameter, m

D, D, diameter of inner and outer pipes, m

f(Re) correction for non-Stokes drag, dimensionless

£y particle mass flux per unit area, kg/m? s

Fp drag force, kg/m? s?

g gravity acceleration, m/s?

G generation of turbulence kinetic energy, kg/ s°m
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ij,k  Cartesian base vectors

k turbulence kinetic energy, m?/s

I, characteristic scale of energy-containing eddies,
m

P pressure, N,’m2

R ratio of mean relative velocity to lateral r.m.s,
dimensionless

Re Reynolds number, dimensionless

gk S5 source terms due to dispersed phase in the k

and ¢ Egs., kg/m s and kg/m s?, respectively
t time, s
u velocity vector, m/s

u', v velocity r.m.s. , m/s

u,v,w Cartesian velocity components, m/s

X,y streamwise and cross-stream coordinates, m

Greek and other symbols

o volume fraction, dimensionless

Jé] parameter in the formulation of C;,
dimensionless

é identity tensor

€ rate of turbulence dissipation, m?/s®

7 phase eddy-diffusivity, m?/s

g, v dynamic and kinematic viscosity, kg/m.s and
m? /s

p density, kg/m®

o, turbulent Schmidt number, dimensionless

T stress tensor, kg/m s

3 vorticity component, s ~ !

D general drag parameter, kg/s

Y volume of a particle, m>

v nabla operator = 8/0x;-i;, 1/m

Superscripts

t turbulent or eddy

T transpose of a matrix, or tensor

5 phase average (tilde)

- time average (overbar)

' fluctuation relative to time average (prime)

1" fluctuation relative to phase average (double
prime)

Subscripts

ey d continuous and dispersed phase

k phase indicator (k=c or d)

0 at inlet centerline

P particle

r relative to continuous phase
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