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Abstract

A transported joint probability density function (PDF) model for turbulent spray flows is presented,
where a one-point one-time statistical description of the gas-phase mixture fraction and the gas velocity
is used. This approach requires the closure of the molecular mixing, which is achieved through use of
the extended interaction-by-exchange-with-the-mean (IEM) model and a simplified Langevin model for
the closure of the gas velocity both of which are extended through additional terms accounting for spray
evaporation. These equations require the solution of the turbulent time scales and the mean pressure field
through a Eulerian description. The numerical approach includes a Lagrangian Monte Carlo method for the
solution of modeled joint PDF equation with a Eulerian finite-volume algorithm to determine the turbulent
time scale and the mean pressure field. For the dispersed liquid phase, Lagrangian equations are used to
describe the droplet heating, evaporation, and motion in the framework of a discrete droplet model. The
convective droplet evaporation model is employed, and the infinite conductivity model with consideration
of non-equilibrium effects based on the Langmuir-Knudsen law is used. The droplet turbulent dispersion
is modeled with two different Lagrangian stochastic models. The resulting spray evolution equations are
solved by a Lagrangian discrete droplet method using the point source approximation for a dilute spray.
The numerical results are compared with experimental data of Gounder et al. [1], where the experimental
set B of the acetone spray flows SP2 and SP6 are simulated. Comparison of numerical and experimental
results includes droplet size, liquid volume flux as well as the mean and fluctuating velocities. Generally,
good agreement is achieved, although the radial droplet dispersion is somewhat under-predicted by the

computations. The droplet fluctuating velocities show sensitivity to the different dispersion models.

Introduction

Many industrial applications operate with liquid
fuels, for instance devices for power generation,
where the fuel is sprayed into a chamber, followed
by a number of interacting processes, i.e., droplet
dispersion, evaporation, turbulent mixing and com-
bustion. The complexity involved in these gas-liquid
two-phase flows is tremendous, and the strong inter-
actions between spray, turbulence, and chemistry in
a broad range of time and length scales present a
great challenge for modeling and simulation of these
spray processes. Popular approaches include direct
numerical simulation (DNS), large eddy simula-
tion (LES), and Reynolds-averaged Navier-Stokes
(RANS) equation modeling. In DNS, all scales are
resolved, which is not affordable for realistic techni-
cal applications. RANS and LES are useful tools in
industrial applications at reasonable computational
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cost, although the sub-grid scale (SGS) modeling
raises open issues for complex multi-phase flows
in LES [2]. The probability density function (PDF)
method provides a suitable approach to couple the
spray evaporation to the turbulent flow field, since it
can account for the turbulent fluctuations of the fluid
variables considered, and the local PDF of scalars
is well represented in the presence of evaporating
droplets [3], which is of crucial importance in reac-
tive sprays.

Improving mathematical and numerical models
is a difficult task, and it is usually assisted by careful
comparison with simple but representative experi-
ment. Guided by the success of the Turbulent Non-
premixed Flames (TNF) workshop series (www.
sandia.gov/TNF), the workshop series Measure-
ment and Computation of Turbulent Spray Combus-
tion (www.tcs-workshop.org) was initiated in 2009,
and it aims at advancing current understanding of
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the underlying physical-chemical processes in both
non-reacting and reacting spray flows [4]. In this
framework, a series of comprehensive dilute spray
jets and flames with different characteristics of tur-
bulence, droplet mass loading and fuel type have
been studied experimentally [1, 5]. Many excellent
studies attributed to the computational studies of
these test sprays have been reported [6-8]. Chrigui
et al. [6] studied reacting acetone sprays [1] using
an LES approach with a discrete spray model and
Flamelet Generated Manifold (FGM) tabulated
chemistry. The computed results of droplet size,
mass flux and gas temperature were compared with
the experiments. In this approach, the effect of the
sub-grid scale dispersion on evaporating droplets is
neglected, which could possibly improve the com-
putational results. A numerical investigation of re-
acting ethanol sprays with LES is also performed
by De et al. [7], where the turbulence-chemistry in-
teraction is described with a flamelet-progress vari-
able (FPV), where the sub-filter fluctuations of the
gas temperature and the composition seen by the
droplets along the trajectory are taken into account.
These results [7] suggest that in the present dilute
reacting sprays, the effects of SGS scalar fluctuation
on droplet evaporation depend on the liquid mass
flow rate and the amount of pre-vaporized liquid
at the inlet. Heye et al. [8] combined a joint mix-
ture fraction and process variable PDF with LES
of a turbulent ethanol spray flame, and a Lagrang-
ian Monte-Carlo algorithm for solving the modeled
PDF transport equation was used.

In the present study, following the Eulerian-La-
grangian approach, a joint PDF of the mixture frac-
tion and the gas velocity is used, where the molecular
mixing is described with an extended interaction-
by-exchange-with-the-mean (IEM) model, and the
particle evolution equation is closed with an extend-
ed simplified Langevin model [9, 10]. The exten-
sion concerns additional terms to account for droplet
evaporation. The dilute spray model includes the de-
scription of the convective droplet heating, evapo-
ration, and motion. A non-equilibrium evaporation
model is used to account for the thermodynamic
non-equilibrium effect at the droplet surface. Two
different turbulent droplet dispersion models are
implemented and evaluated. The numerical results
are compared with the experimental set B by Masri
et al. [5] for two test cases (SP2 and SP6), where
two poly-disperse turbulent acetone spray flows
with different initial liquid mass load were studied.

Mathematical Modeling

In this section, the mathematical models for both
the carrier gas and the dispersed liquid phase are pre-

sented. The transported joint PDF for the gas veloc-
ity and the mixture fraction is modeled and solved,
and a discrete Lagrangian description is used for the
evolution of the dispersed droplets assuming a dilute

spray.
Gas Phase

In both non-reacting and reacting spray flows,
the momentum and the turbulent mixing in the gas
phase are crucial for the evolution of dispersed drop-
lets and the characteristics of the gas, which moti-
vates the choice of a statistical description of a joint
gas velocity - mixture fraction probability density
function model for the gas phase [9]. The definition
of the mixture fraction is based on the chemical ele-
ment C [3, 11]. With the definition of a fine-grained,
one-point one-time Eulerian joint gas velocity -
mixture fraction probability density function f/* (V,
{; x, f) for the gas phase of turbulent spray flows [9]

ffV.Gx,0 =6UK0-V)&Ex -0, (1)

where V and { are the sample space variables of the
gas velocity, U (x, t) and the mixture fraction, &, re-
spectively.

The transport equation of the mass density func-
tion F(V,(;x,t) = (p)f(V,{;x,t) with dependent vari-
ables gas velocity and mixture fraction yields [9]
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Here, 7; is the viscous stress tensor, p the local
pressure field, and S, and S,,, are the spray source
terms for the transfer of mass and momentum be-
tween the liquid and gas phases, respectively, which
will be given in the next section. In Eq. (2), the
terms on the right hand side are unclosed and require
modeling. They represent the effect of fluctuating
spray source terms, which are neglected in the pres-
ent work, and transport in gas velocity and mixture
fraction space due to the molecular processes and
the fluctuating pressure.
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For the solution of this high dimensional equa-
tion, a stochastic Lagrangian Monte-Carlo method
is suitable [12]. Thus, the mass density function, F,
is computed from an ensemble of notional stochastic
particles with a set of properties, (m”, x*, U", &). The
joint PDF transport equation is then transformed
into a set of stochastic differential equations (SDEs),
which provides the evolution of each particle and
its properties. The time evolution of the gas particle
velocity is determined by the extended simplified
Langevin model [12]

10 1
du;(t) = (gi - m% +m(<5m,i> - <Ui><Sv>))dt
—(1+§C)(U*(t)—(U))Edt+ CoedW,. (3
I i iE 0€ i (3

Here, the diffusion process is represented by
the increment of the Wiener process d//;, which fol-
lows a Gaussian distribution with (dw,(¢)) = 0 and
(dW,;(£)dW;(t)) = dtd;; . The linear drift term includes
the body force, mean pressure gradients, and the
spray source terms that represent the force exerted
by the liquid droplets.

The molecular diffusion is described through
use of the interaction-by-exchange-with-the-mean
(IEM) model, which is extended to account of the
spray evaporation [9, 13]
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In Egs. (3) and (4), (U;) and (&) represent the es-
timated mean velocity and mixture fraction, respec-
tively. k and Z denote the turbulent kinetic energy
and its dissipation rate, and the standard constants
Co=2.1,C;=2.0 are used [9].

For the closure of the joint PDF transport equa-
tion, the Favre-averaged conservation equations of
mass, momentum and enthalpy of the gas phase in
the turbulent spray flow are required. They include
source terms, S,, Sn; and S, to describe the ex-
change between the gas and the liquid phases [11]
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Here, the viscosity hypothesis for turbulent flux-

es of mass, momentum, and enthalpy is used, and

T3 et = M/0w1 + M/ 00, denotesthe effective exchange

coefficient for variable ®@. g4, and 4, are the laminar
and turbulent Prandtl-Schmidt numbers, respectively,
and 7, and #, are the molecular and turbulent dynamic
viscosities, respectively, 3, = ¢, pk?/& where with C,=
0.09. k and & denote the turbulent kinetic energy
and its dissipation rate, and they are obtained by
solving an extended k-¢ model [11]. The transport
equations for k and Z yield [11]

a(pk)  a(pUk) 8 (r~ a_%)_
at ax; ax;\ FMoax; ) )
__ 2_-9U; _
Gk_ pg—gpka—x]'F Sk

and

d(pz) 9(pU;) GE
at ax;  Ox;\ “Mox;
g
= (Cabi—Capriy )

(Zc c )—~al~]"+§
—\3Cer —Ce3 ) pEZ— )
3 € & axj €

where the production term, G, of k is given as
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In the above equations, §,, is the spray source
term for the turbulent kinetic energy k, and
S.= cS%Fk is the source term for the turbulent

kinetic dissipation rate [ 11]. The model constants are
C,=144,C,=192,C;3="-1.0,and ¢s= 1.5 [11].

Liquid Phase

The point source approximation is assumed for
the poly-disperse spray, and spherically symmetric
droplets are considered. Since the density of the
liquid is much larger than that of the carrier gas,
p1 > (p), the forces considered for droplet motion
include the drag and gravity, and the velocity, Vy; in
i direction is described as

dVa; 3 1¢p)

dt —§T_dECD(UE_Vd,E)|Ui_Vd,i t9u (11)
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where 7, is the droplet radius and g; the gravitational
acceleration. U; = U; + u; is the instantaneous gas
velocity in the i direction seen by the droplet along
its trajectory. Following the correlation given
by Schiller and Naumann [14], the drag coeffi-
cient, Cp, based on the droplet Reynolds number

Req = 2rgplu—vql/ps where y; is the mean dynamic
viscosity in the film, is determined from [14]

(12)

24
I 0.687) = < 3

Cp = { Red(1 +0.15Re%®7) if Rey <10 .
0.44 if Req > 10°

Using Eq. (11), the droplet stochastic positions,
Xq,» in the flow domain are updated following

L=V (13)

During the Lagrangian tracking procedure, the
local instantaneous gas velocity U; has to be deter-
mined, which reflects the effect of turbulence on
droplet dispersion. The mean gas velocity U; can be
estimated using the droplet position from the neigh-
boring mean fluid velocity at the grid-point, whereas
the fluid fluctuation part y; still requires modeling.
In the present study, two ditferent stochastic closure
approaches are used and evaluated.

One of the commonly used approaches is the so-
called eddy-life time model proposed by Gosman
and loannides [15]. This model makes use of the
concept of droplet-eddy interactions, and assumes
that the droplets interact with a sequence of tur-
bulent eddies. Within one droplet-eddy interaction
time, 7.,,,, the fluid velocity experienced by the drop-
let remains constant, and the fluctuating velocity is
sampled from a Gaussian distribution with expected

value of zero and a standard deviation of [2%/3,
which yields

f(u") = (4?” E)_i exp (—%uuz). (14)

The interaction time, 7, of the droplet with a
certain eddy is determined by taking the minimum

value of the eddy life-time, 7ic = L/ [2k/3 and the

eddy transit time, Ty = Le/|u = v4l , as
Teorr = min(rltr rtt) . (1 5)

The characteristic length scale of turbulent eddy

is estimated as L, = ¢,3*k3/*/& with constant C, =
0.09 [15].

Another droplet dispersion model considered
here is the single-step Langevin equation model
[16]. In this model, the fluctuating velocities at two
successive time steps are correlated according to the
following Langevin equation [16]

w;(ty41) = Rp (AL, Ar)uy(t,) + 6x; (1 - R3 (At A7) -(16)

Here the first term corresponds to the correlation
with velocity variation at the last time step and the
second terms accounts for the random contribution
of local fluctuating velocity. y, is a Gaussian ran-
dom number with mean value zero and a standard
deviation of unity. The correlation function, Rp,, is
the product of a Lagrangian and a Eulerian part, R,
(At,Ar) = R, ; (AHR; (Ar). The Lagrangian correla-
tion function takes an exponential form as

R;;(At) = exp (_TA'_D’ (17)

and the Lagrangian integral time scale is computed
as T, = C;0'fi with o= [2k/3 and C;= 024 [17].
The Eulerian part can be expressed as functions of

longitudinal and transversal correlation coefficients,
f(Ar) and g(Ar) as

AriAri (18)
Rg;(Ar) = {f(Ar) — g(4r)} nz 7Y (Ar)dy;,
and
Ar

F(Ar) = exp (—E) (19)

and
Ar Ar
g(at) = (1 - Z_LE) exp (_E) (20)

Here, Ar = |u-v,At is the separation distance be-
tween the fluid element and the droplet, and the in-
tegral length scale is L; = 3.07;0. For simplicity, in
the results and discussion sections, these two models
will be referred to as 'ELT' and 'LEM' models, re-
spectively.

The present study concerns one-component
sprays with pure fuel acetone in air. The droplet
evaporation is described through the droplet mass
evaporation rate, r,, as [20]

g = 2nrgpDShIn(1 + By), (21)

where the hat denotes properties in the surrounding
gas film, which are determined using the "1/3 -rule"
[18], and By, is the mass transfer number, By = (Y-
Y.)/(1-Yg,), where Y, denotes the mass fraction of
fuel in the surrounding gas phase.
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The droplet heating is calculated using the in-
finite conductivity model for acetone with its low
boiling temperature as [19]

Ay _ £ N (G Ly (T g
dt _3rdprg(cp,l (T = Ta) - Cou (md)' (22)

14 = 2/9prd /K 1s the droplet relaxation time, and x,
the gas viscosity around the droplet. C,, and C,,
are the heat capacity of gas and liquid phase, re-
spectively, and Ly(7,) the temperature dependent
latent heat of vaporization. The droplet mass, m, is
my = 4/3mpr3. f;is a correction factor for the
heat transfer due to evaporation discussed below.

Following the work of Abramzon and Sirignano
[20]. the modified Nusselt fu and Sherwood num-
bers Sh are substituted in Egs. (21)-(22). This modi-
fication is used to account for the blowing effect on
the droplet evaporation. The modified Nusselt and
Sherwood numbers yield [20]

— Nu-—2
Nu=2+ F(By) (23)
S = Sh—2
S _2+F(BM)’ (24)
with
(1+B)%
F(B) = Tln(l +B). (25)

In Eq. (25), B stands for either the Spalding mass or
heat transfer number, B = (1+By)’-1 and ¢ = (1/Le)
(C,/C,o)(SE / i ) [20].

For the case of thermodynamic equilibrium, the
mole fraction at the droplet surface, X, is com-
puted by the Clausius-Clapeyron equation [21]

Ly (Te) Wyap (i 1 )l

XFs,eq = €Xp [ R Ts - T_d

(26)

where W,,, is the vapor molecular weight, R is the
universal gas constant, and 7 and 7, are the boiling
and the droplet temperature, respectively.

Miller et al. [19] compared several liquid drop-
let evaporation models in many-droplet gas liquid
flows, and the results show the improved perfor-
mance of non-equilibrium models especially for
small droplets and moderate or large evaporation
rate cases, which can be expected in the present
polydisperse sprays. Based on the Langmuir-Knud-
sen law [19], the thermodynamic non-equilibrium
effects at the gas/droplet interface is considered in
this work, where a deviation term is added to the
equilibrium surface mole fraction, X;eq [19]

Koanen = Traa = (-0). @7)

Tq

Ly is the Knudsen layer thickness [19],

Ug 21Ty R/anp (28)

K = )
pgch

where p, is the pressure of the gas phase, and £ is a
non-dimensional evaporation parameter [19]

B = 1.5Prgytq %. (29)
d

For the non-equilibrium model, f, =/ (¢#- 1) [19],
which enters Eq. (22) and acts as a correction factor
of the Nusselt number.

With the above formulations of the droplet dy-
namics, the spray source terms for mass, S,, momen-
tum, S, and energy, S., can be estimated [3, 11].

ng
S, = Z Ng e g, (30)
k=1

nq
dvy, . 31
Sm = z Nk [_md d?k + ded,k] @1
=1

and
nq
Se = Nd)k mdhd. (32)

The summation is applied over the number of
droplet parcels, n, that pass through a computational
grid cell, and N, is the number of real droplets in
the computational parcel .

The spray evolution in the continuous gas phase
is described with the representative droplet parcels,
where each computational parcel contains a num-
ber of droplets with identical location, size, velocity
and temperature. The temporal evolution of the par-
ticles' characteristics, which are governed by Egs.
(11)-(22), are recorded through a Lagrangian parti-
cle tracking method [11]. At the inlet boundary, the
liquid particles are injected with prescribed initial
values and tracked until they reach the exit bound-
ary or are completed vaporized. Only dilute gas-
particle flows are considered in this work, so that
particle-particle interactions are neglected whereas
the two-way coupling is retained and the effect of
evaporating droplets on the carrier gas phase is ac-
counted through the source terms defined in Eqgs.
(30-32).
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For the carrier gas phase, the closed system of
equations is formed by applying a joint PDF method
in a Eulerian CFD solver. The solution of gas phase
PDF in the velocity and mixture fraction space is
achieved by numerical integration of the SDEs (3)
- (4) for notional gas particles. The averaged mean
variables appearing in the PDF model are computed
by solving the conservation equations of mass, mo-
mentum and enthalpy of the gas phase, cf. Egs. (5)—
(9), which are solved by a two-dimensional finite-
volume CFD solver based on SIMPLE algorithm, and
a relaxation method is used to enhance the computa-
tional stability and accelerate the convergence [11].

Results and Discussion

Two poly-disperse turbulent acetone spray flows
in air are studied using the model described above.
As shown in Fig. 1, the spray burner is composed of
a central jet nozzle with diameter D = 10.5 mm and
a surrounding co-flow air stream with a diameter of
104 mm [1]. This co-flow burner assembly is mount-
ed in a wind tunnel with bulk velocity of 4.5 m/s. The
liquid acetone is injected 215 mm upstream of the
nozzle exit plane, leading to partial evaporation of
droplets before reaching the exit plane and a mixture
of acetone and air is found at the nozzle inlet. The
flow rates of different streams at the inlet boundary
for two sprays are listed in Table 1. Compared with
SP2, SP6 has a lower liquid mass flow-rate but the
same carrier air flow rate. These data correspond to
the experimental set B of the SP2 and SP6 acetone
evaporating spray jets [1]. In the following section,
the comparison between the computed and experi-
mental data at different cross-sections is made for
the main droplet properties, i.e. Sauter mean diame-
ter, droplet volume flux, and droplet axial and radial
mean and fluctuating velocities.

© 25 mm
fle 1|o.5 mm

)
M
I

215 mm 0104 mm

>

!

RN

j 1 of 4 Coflow
Air Inlets

e

1 of 2 Carrier
Air Inlets

Fig. 1. Experimentai configuration [1].

Table 1
Inflow conditions of the acetone sprays
SP2 and SP6 [1]

Parameter SP2 SP6
Carrier mass flow rate (g/min) 225 225
Liquid fuel injection rate (g/min) 75 45

Measured liquid fuel rate at 33.9 26.7

inlet (g/min)

Vapor fuel rate at inlet (g/min) 41 18.3
31.800 | 28.100

Jet Reynolds number

The numerical convergence and accuracy of Eu-
lerian-Lagrangian simulations of two-phase flows
have been discussed in many studies [22, 23] A
higher number of particles per cell is required for
an accurate estimation of the interphase momen-
tum transfer term. In the present computation, the
sensitivity of computed droplet mean properties to
the initial number of droplet trajectories at the in-
let were tested in the range of 5,000 to 20,000, and
a total number of 10,000 parcels with constant sta-
tistical weight is found to be suitable. To generate
the inlet profiles for the computations, the profiles
at the first experimental cross section are used. First,
the particles' position is determined randomly with
a normal distribution around each measurement po-
sition, and the droplet size is prescribed assuming
a Rosin-Rammler distribution [17], matching the
measured Sauter mean diameter (SMD) of the spray.
The droplet velocity is pre-scribed using a Gaussian
distribution matching the experimental mean and
fluctuating velocities of the corresponding droplet
size groups [7]. The gas phase velocity and its tur-
bulence intensity at the inlet plane are taken from
the experiment. As shown in Tab. 1, for both sprays
considered here pre-vaporized fuel vapor is found
at the nozzle exit and causes a non-zero mixture
fraction at the inlet. This air-fuel mixture retards
droplets evaporation because of the decreased mass
transfer coefficient. Based on the mass flow rate of
air and vapor fuel, the inlet mixture fraction is set to
be 0.154 and 0.0752 for SP2 and SP6, respectively.
The thermo-properties of liquid acetone are taken
from Perry et al. [24].

Figure 2 shows radial profiles of Sauter mean
diameter computed using two different dispersion
models (ELT and LEM) in the comparison with
the measurements (Exp.) at four cross-sections
x/D =5, 10, 20, 30. It is seen that generally, good
agreement between the computed SMD profiles
and the experimental data is achieved especially
upstream, and the computed results tend to under-
predict the SMD near the centerline downstream
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Fig. 2. Radial profiles of the Sauter mean diameter, SMD, in sprays SP2 (top) and SP6 (bottom).
the nozzle exit. The discrepancies between the two volume flux predictions with the two dispersion
dispersion models are similar in these two spray models is shown in Fig. 3. At x/D = 5, the com-
flows, and with the single-step Langevin equation puted radial profiles match reasonably well with
model (LEM), the predicted SMD is little small- the experimental data, whereas from cross-section
er near the inner jet, but larger towards the edge x/D=10downwards, the numerical results over-pre-
of the spray, which is much more pronounced at dict the liquid volume fluxes near the centerline, and
higher distances from the nozzle exit. This comes this becomes even more obvious at cross-sections
from the fact that in particle-laden jet flows, the x/D = 20 and 30. This shows an accumulation
effect of the turbulent dispersion is mainly re- tendency of droplets towards the centerline while
flected by the radial dispersion of the droplets. moving downstream. This observation has also
The profiles of the SMD show that the jet is broad- been reported in other discrete droplet calculations
ened further downstream. In this sense, the tur- [25]. Moreover, as indicated in the computed ra-
bulent dispersion model LEM causes a more pro- dial profiles of SMD, the LEM model gives a lower
nounced radial dispersion of droplets compared spray volume flux near the centerline due to the
to the ELT model. The comparison of the droplet more intense radial droplet dispersion.
1.5 1.5 1.5 1.5
D=5 -=@-- Exp. %D =10 ==@- - Exp D =20 --@- - Exp ®D = 30 --@a- - Exp.
' Y 2 —— 12 o lem | e -
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Fig. 3. Radial profiles of droplet volume flux. SP2 (top) and SP6 (bottom).
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Fig. 4. Radial profiles of the mean axial droplet velocity for different size classes (a): 0 < d,; < 10 um, (b): 40 um < d, < 50

um. SP2 (top), SP6 (bottom).

Figure 4 presents the radial profiles of the axial
mean velocity of droplets conditioned on size class
(a): 0 <d; <10 pm and (b): 40 um < d,; < 50 um at
different cross-sections. In Figs. 4(a) and 4(b), the
top part refers to SP2 and the bottom corresponds to
SP6. The computed profiles generally follow a simi-
lar trend as the measured data, and the comparison
shows that in contrast to the small droplets' behav-
ior, the mean velocity of the larger droplets changes
with different dispersion models, where the LEM
model predicts lower values.

The corresponding computed profiles of the
droplet fluctuating velocity are depicted in Fig. 5.
For the droplet size class 0 < d; < 10 um, the fluc-
tuating velocity is augmented using the dispersion
model LEM, whereas for the larger droplets, at
x/D =5, the peak value of the axial fluctuation ve-
locity is smaller but closer to the measured profiles.
In Fig. 5 (a), at x/D = 5, the experimental data show
peak values at about /D = 0.4-0.6 in both spray
flows, which can be considered as the locations
with intense turbulence mixing or positions where
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the production of the turbulent kinetic energy of the and corresponding fluctuations in two spray flows
gas phase is highest. The peak value is not well pre- are shown in Figs. 6 and 7. Similar to the axial mean
dicted by the computation, and small droplets less velocity, no big difference between the two disper-
than 10 pm act as track particles, which essentially sion models LEM and ELT is found in the predic-
follow the gas phase. In this sense, the gas phase tion of radial mean velocity. In contrast, the radial
turbulence intensity is under-predicted, and this then velocity fluctuations predicted by LEM model is
results in the under-estimation of the droplet radial higher and they is closer to the experiment; larger
mean velocity as shown in Fig. 6. droplets are more sensitive to the different disper-
Computed droplet radial mean velocity profiles sion models.
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Fig. 5. Radial profiles of the axial fluctuating droplet velocity for different size classes (a): 0 <d,; < 10 pum, (b):

40 um < d,; <50 pm. SP2 (top), SP6 (bottom).
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Fig. 6. Radial profiles of the mean radial droplet velocity for different size classes (a): 0 < d,; < 10 pum, (b): 40 pm < d, <

50 um. SP2 (top), SP6 (bottom).

Conclusion

In the present study, a Eulerian-Lagrangian ap-
proach is employed to simulate two droplet-laden
two-phase turbulent flows. The approach is based
on a statistical description of continuous gas phase
with the joint gas velocity and mixture fraction
probability density function, coupled with the Eu-
lerian finite-volume method providing the necessary
information of the turbulence and mean velocity
and pressure field. The spray evolution is described
using a Lagrangian discrete parcel method. The

transported joint PDF equation is solved using a La-
grangian Monte-Carlo method. The simplified Lan-
gevin model and the interaction-by-exchange-with-
the-mean (IEM) model are used for the velocity and
scalar evolution of discrete gas particles. For the
disperse phase, two droplet dispersion models are
compared and evaluated, and the LEM (the one-step
Langevin equation model) leads to larger droplet
fluctuating velocities and radial dispersion of drop-
lets. Generally, an overall good agreement between
computation and experiment for droplet size and
mean velocity is reported.
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Fig. 7. Radial profiles of the radial fluctuating droplet velocity for different size classes (a): 0 <d; < 10 um, (b): 40 pm <
d,; <50 um. SP2 (top), SP6 (bottom).
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