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LES of a circular jet laden with evaporating liquid drops are conducted to assess
computational-drop modeling and three different SGS-flux models: the Scale Similarity
model (SSC), using a constant coefficient calibrated on a temporal mixing layer DNS
database, and dynamic-coefficient Gradient and Smagorinsky models (GRD and SMD,
respectlvely) The GRD model was used for LES of an unforced jet, that compared well
to previous DNS at the same jet-diameter Reynolds number of 500. For a forced jet
at the same Reynolds number, where the inlet streamwise velocity was perturbed, the
three SGS models were compared. The LES had similar results in representing the time-
evolution of globally-averaged vorticity and enstrophy, and of ensemble-averaged drop
temperature and size. When compared at the same physical time, the LES has similar
spatial distributions ef vorticity, drop number density and vapor mass fraction. The jet
displayed a series of vortices induced by the forcing, but lacked small scale structures,
for which the SMD model has previously shown to perform poorly in LES of a temporal
mixing layer. Using the GRD model, the number of computational drops (each repre-
senting a number of physical drops) was reduced from the number of physical drops by
up to a factor of 64; however, a reduction factor of 32 was found to be thgé maximum that
yvielded numbers and spatial distributions of physical drops similar to those obtained at

lower reduction factors.

1 Introduction

Two-phase (TP) flows occur in many important
natural and industrial processes. In many of these
processes, such as household cleaning products, phar-
maceutical inhalers, office printers, gas turbine engines
and spray-chemical-conversion reactors, the gaseous
carrier phase transports particles of a liquid dispersed
phase, and the two phases exchange mass, momentum
and energy. Direct Numerical Simulation (DNS) of
TP flows is a useful research tool to investigate the in-

teraction between the carrier phase and the dispersed’

(particulate) phase. Recent TP DNS include those for
solid particles without phase change in isotropic turbu-
lence,2 and those for evaporating drops in isotropic
turbulence,® 4 temporal mixing layers®™? and jets.® In
these DNS, the gas-phase was computed in an Eulerian
frame and the drops were individually tracked in a
Lagrangian frame. Following Boivin et al.,! the ter-
minology ‘DNS’ is retained to refer to simulations in
which the turbulent scales of the gas phase are re-
solved, the particles are smaller than the Kolmogorov
scale and the interaction between the gas phase and
the particles is modeled. However, DNS of turbulent
flows are still relatively computationally expensive.
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The intent of Large Eddy Simulation (LES) is to
replicate the results of the DNS while reducing both
the number of grid points and the number of computed
drops. This reduction can be attained by calculat-
ing only the largest scales of the turbulence while
modeling the subgrid scales (SGSs), and by using
computational drops to represent the physical drops,
thereby reducing the computational demands of DNS.
However, LES has additional modeling requirements
compared to DNS. The gas-phase LES equations are
derived by spatially filtering the DNS gas-phase equa-
tions, and contain terms that need to be modeled:
the SGS fluxes arising from filtering the convective
terms, and the filtered source terms (FSTs) represent-
ing the effects of the drops on the filtered LES field.
Recent LES of TP flows have considered an incom-
pressible gas phase laden with small solid particles,
with one-way®* or two-way® !¢ coupling, and used
physical or computational particles whose evolution
was entirely governed by the resolved flow field, that is,
neglecting SGS effects on drop evolution. Because the
SGS modeling requirement in these LES was confined
to the gas phase, SGS-flux models for incompressible
single-phase (SP) flow could be used; these LES used
Smagorinsky?® (SM) SGS-flux modeling, in constant-
or dynamic-coefficient implementations (denoted SMC
or SMD). The SM model is based on eddy viscosity
concepts, and assumes the SGS fiuxes to be propor-
tional to the strain rate. The SMC model shows poor
correlations with the SGS quantities,” but has been
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" used in recent TP LES of reacting jets.!®17 Although
dynamic modeling, wherein the model coefficients are
computed from the LES during the LES, is consid-
_ ered more accurate, its increased computational costs
discourage its use in engineering problems, and the
SMC model is still preferred to the SMD model in
many applications. Other approaches designed to in-
crease the accuracy of LES modeling, applied to LES
of jets, include unstructured mesh algorithms'® and
grid-averaged Lagrangian drop-modeling.!® The prob-
lem of robust and accurate, as well as computationally
efficient, TP LES models therefore remains an active
research area.

LES models for TP flows with evaporating drops
" have been developed by Okong’o and Bellan’ us-

ing a DNS database of a temporal mixing undergo- .

ing tramsition to turbulence, and then validated in
LES of the same flow.?0 The LES were performed
with constant-coefficient SGS-flux models, using co-
efficients calibrated on the DNS database, and with
dynamic-coefficient SGS-flux models. The three SGS
models that were consistently numerically stable were
the constant-coefficient Scale Similarity?! model (SSC)
and the dynamic Gradient (GRD) and SMD models,
the SMD model being combined with the Yoshizawa?3
model for trace of the SGS momentum fluxes. The
Gradient®* model is based on a Taylor series expan-
sion of the SGS fluxes, while the SSC model attempts
to deduce the SGS behavior from that of the small-
est resolved scales, and forms the premise of dynamic
modeling.25-?7 All LES used a grid spacing four times
that of the DNS, resulting in a 64-fold reduction in
the number of grid points. The computational drop
model involved representing Ng physical drops by one
computational drop, and tracking the computational
drops using the same evolution equations as the phys-
ical drops, but having the drops encounter the filtered
LES field instead of the DNS field, that is, neglecting
direct SGS effects on drop evolution. The SMD model
was found to be unable to achieve transition to turbu-
lence, attributed to its overly dissipative nature, while
the SSC and GRD models performed well in replicat-
ing the DNS field for both single-phase (SP) and TP
fiows. The GRD and SSC models had good predictions
of the spatial distribution of the drop number density
and of the vapor mass fraction, while the SMD model
did not. It was found that the computational-drop
model retained accuracy as Ny was increased, up to a
value of 32.

The LES mixing layer study?® concluded that the
developed LES models” needed to be further tested in
a spatial configuration, with the intent.of eventual val-
idation with experimental data. To this end, LES of
a jet laden with evaporating liquid drops have been
conducted, and aré compared with DNS performed
for similar flow conditions.® Section 2 of this paper
presents the highlights of the LES methodology, the

LES models and the flow configuration. Section 3
discusses the jet LES results, including flow visual-
izations, and finally conclusions and areas for future
work are summarized in the last section.

2 LES Methodology

The LES methodology is described by Okong’o and
Bellan,” along with details of the underlying DNS
methodology which is based on the formulation of
Miller and Bellan.® The governing equations are for-
mulated in an Eulerian frame for the gas phase and
in a Lagrangian frame for the drops. The gas phase
consists of two species: the carrier gas and the va-
por evolving from the drops. The drops are treated as
point sources of mass, momentum and energy. This as-
sumption is justified by the dilute (i.e. volumetrically

-small, O(1073)) loading and the size of each particle

being much smaller than the Kolmogorov scale.!

2.1 Gas-Phase Equations

The vector of gas-phase conservative variables is de-
fined as ¢ ={p, pui, pe:, pYy } where p is the density,
u; is the velocity in the z; coordinate direction, e; is
the total energy (internal energy, e, plus kinetic en-
ergy, u;u;/2) and Yy is the vapor (subscript V) mass
fraction (the carrier gas, subscript C, mass fraction is
Ye; Yo + Y = 1). The gas-phase LES equations are
obtained from spatial filtering of the DNS equations;
for a variable 1, 1) denotes spatial filtering whereas
¥ = pyp/5 denotes Favre (density-weighted) spatial fil-
tering. The filtered flow field is denoted as ¢, and A is
the filter width for the present LES which use a cubic-
top hat filter. The adopted form of the gas-phase LES
equations is:’
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where the SGS fluxes are

Tij = Uiy — ﬂ,;ﬂj, Cj = huj - h&j,
o~

n; = Yyu; — Yyd;, (5)
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and the FSTs are S = {§I,§H,¢,§IH,SI}. "The pres-
sure (p), the enthalpy (h), the viscous stresses (03;),
the heat flux (g;) and the vapor mass flux (jy;) have
the same form as for DNS:

} p($) =pR($)T (), (6)
h(9) = Cp(¢) T (¢) + hY Yy = heYo + v Yy, (7)
e(d) =Cy ()T (#) + RYYy =ecYo +evYy, (8)

1
05 () = 2u (S,-j - §5kk5ij> , (9)
Jvi (@) =— pDaa—}Z

Yv | Yo YvYo Op(4)
—pD <m—V + -7';7,—;) (mc — mv) » (¢) ——6.’13]' (10)

5 @) = 2Ly (9) o (@) 5 ), (11
F] .
assuming a calorically perfect gas where R{¢) =
Yy Ry + YoRg, Ry = Ru/my, Rgc = Ru/mc, Ru
is the universal gas constant and m¢ and my are
the molar weights of the carrier gas and vapor respec-
tively. The mixture heat capacity at constant pressure
is Cp (¢) = Cp,VYV + Cp,0YC, where Cp,c and C Y
are assumed constant, and A, is the reference vapor
enthalpy .at (70, p°) which accounts for the enthalpy
difference between the vapor and carrier gas at the ref-
erence conditions. The temperature (T") is computed
from e, where C, is the mixture heat capacity at con-

stant temperature (C, = Cp — R);

1 6’U,i 6’[1,_7'
S () — 2 (8:5]- + Oz; /

is the rate of strain. The viscosity (u), the diffu-
sion coefficient (D), and the thermal conductivity (A)
are assumed constant, and will be defined through
the Prandtl and Schmidt numbers, Pr = uCp/X and
Se= 1/ (pD).
2.2 Liquid-Phase Equations _

The LES uses N4 computational drops to represent

(12)

the N, physical drops, that is each computational drop

represents Ngp = Ng/N.q physical drops. The LES
computational drops, denoted Z, follow the DNS evo-
lution equations® for physical drops Z:

dZ/dt = S(vs, v, Z), dZ/dt=S(ds,¥s,Z), (13)

where  has the same functional form for LES as in
the DNS but is based on ¢ and Z instead of % and
Z. We define Z = {X;,v;,Tgq,mq} as the physical
drop field with position X;, velocity v;, temperature
Td, and mass md;

oo o B QR @ Ly

mg’ mgCr,

where F; is the drag force, @) is the heat flux, 74
is the evaporation rate, and Cy, is the heat capacity
of the drop liquid. Ly is the latent heat of vapor-

.ization, which here is a linear function of tempera-

ture, Ly = AY — (Cp — Cpv)Ty. The drop evo-
lution depends on the gas-phase primitive variables,
Vv (¢) = {uw,T,Yy,p}, evaluated either at the drop
surface (subscript s) or at the drop far-field (subscript
f). The far-field variables are taken as the gas-phase
primitive variables interpolated to the drop locations.
The detailed expressions® for F;, Q, and 7hg involve
validated correlations for point drops which are based
on Stokes drag, with the particle time constant de-
fined as?? 74 = prd?/ (184), where pr, is the density of
the liquid and d is the drop diameter (spherical drops;
mg = prwd/6):

Fi (%5, Z) = %fl(ui,f — ;) (15)
N
Q Wy, 2Z) = T_:g)_Picp,fh(Tf -Ty)  (16)

Here, f; is an erhpirical correlation to correct the
Stokes drag for finite drop Reynolds numbers and the
mass transfer number is By = (Yy,s—Yv)/(1-Yys).

‘The Nusselt, Nu, and Sherwood, Sh, numbers are em-

pirically modified for convective corrections to heat
and mass transfer based on the Ranz-Marshall correla-
tions. Except for 74, which depends on u, Eqgs. 15-17
depend essentially on ratios ‘of transport properties
through non-dimensional numbers. Therefore, the
value of 74 and thus for a given liquid and drop size,
the value of u determines the interaction time between
drops and gas.

2.3 LES Models

The gas-phase LES equations (Egs. 1-4) contain
terms that cannot be computed directly from the fil-
tered flow field ¢ and that need to be modeled, namely,
(1) the SGS fluxes (75, ¢j, n;) and (2) the FSTs.

2.8.1 Subgrid-scale fluz models

For the SGS fluxes, we consider the three models
previously used for LES of a temporal mixing layer:2°
SSC, using a second, test-level, filter of width A = A
and the DNS-calibrated” constant Csg = 1.996, and
SMD and GRD using A = 2A. Here, the GRD and
SMD models use different coefficients for each type of
SGS flux, one for 735, one for ¢; and one for 2, denoted
Cr, C¢ and Gy, respectively; these coefficients: are spa-
tially constant in the domain. SGS-flux models were
found to be absolutely necessary in order to compute
flows on the LES grids as the simulations performed
with no SGS model crashed, this being evidence that
the high accuracy of the numerical method (see Sec-
tion 2.5) does not allow under-resolved computations. -
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2.8.2 Models for filtered source terms
The exact FSTs for the top-hat filter used in the
present LES are

= (V) TN 182 (W5, ¥, 2)),,s (18)

a volume-average over the N, physical drops
within the filtering volume Vy.  The individual
physical-drop source contributions Sg(¢f, 1/13,Z) =
{S1,4,811,4,4,5111,d, 51,4}, are

Sra=—mq, Sr1,id=—[F;+ maqvi],
Srrrg = — [Fvi+ Q + g (vivy /2 + hys)]. (19)
The FSTs are modeled from the computational drop
field, Z, and the filtered primitive variables 1/)

5(4.2) = eV 32,0 54 (97,94, 2)] , 20

where the summation is over the Ng computational
drops within the filtering volume V.

2.4 Flow configuration

The initial configuration of the simulation, similar
to the geometry of Abdel-Hameed and Bellan,? is il-
lustrated in Fig. 1 where the streamwise (z), the
cross-stream (z2), and the spanwise (z3), coordinates
are shown, and the domain lengths are Ly, Ly and L3
in each direction. For all the simulations performed
berein, Dy=0.02m is the diameter of the jet circu-
lar orifice, centered at (z9,z3) = (0,0) in the inlet
(z1 = 0) plane. Initially, the domain of simulation
is devoid of drops; during the simulation these are
injected through the orifice. Navier-Stokes Character-
istic Boundary Conditions (NSCBC)?® are used: an
inlet condition at z; = 0 and outlet boundary condi-
tions on the other boundaries. :

The free-stream velocity (Up = M, pac,o) is calcu-
lated from a specified value of the convective Mach
number (M, o) based on the carrier gas initial speed
of sound (ac,o = \/RcTC,()C ,C/Cu,C where TC,() is
the initial uniform temperature of the carrier gas at
the initial uniform pressure); the carrier gas is the
sole initial species in the gas phase. The jet exit
speed (Uy) is determined from the exit Mach num-
ber (My). The inflow profile is smoothed by a tanh
function of width §; = D;/25 and, to promote the
development of coherent structures, is forced using si-
nusoidal perturbations of amplitude A; = A4/2" and
frequency f; = 2'fo (for i = 0,...,4); related to the
Strouhal number as fy = StrU;/D;; the values used
are Ap = 0.2 and Str = 0.2. The specified value of the
initial Reynolds number, Reg = poAUpDs/u, where
po is the initial gas density, is used to calculate p. All
thermo-physical properties are for air as the carrier gas

and decane as the drop liquid® (,DL =642 kg/m?) with -

Pr = 5¢=0:697.

‘The LES were performed for the same conditions
as the DNS:®* Rey = 500, M, 0=0.05, M;=0.35,
Tc,0=350K, po=0.9415kg/m3, AUy=112.3m/s (with
Uy = 131m/s and Uy = 18.7m/s). The drops have ini-
tial diameter dg = 50 um, temperature T4 0=325K and
velocity V3 =0.75U ;. The number of drops injected at
each time step is determined by the injected liquid flux
mr, = 0.012 kg/s. The initial drop size based on the
Stokes number St = 13AUp /67 is St =2.79, close to
the initial Stokes number of 3 of the temporal mix-
ing layer DNS and LES.% 720 Drops are removed from
the simulation once they diminish below 10% of their
initial mass, in contrast to DNS where drops reaching
the minimum size were ‘frozen’ but not removed from
the computational domain. Also, the DNS inflow had
Yy = 0.03 at the orifice, while the LES has no vapor
in the inflow, so the LES flow is allowed to completely
determine Yy .

2.5 Numerical procedure

The LES used the same numerical scheme as the
DNS.8 The LES equations were numerically solved us-
ing a fourth-order explicit Runge-Kutta temporal inte-
gration for time derivatives and an implicit sixth-order
central finite differences with eighth-order filtering for
spatial derivatives.?® A fourth-order Lagrange interpo-
lation procedure was used to obtain gas-phase variable
values at the drop locations.® The eighth-order filtered
was applied every four time steps, and the dynamic co-
efficients were updated at the same interval.

3 Results
3.1 TUnforced Jet

For comparison with the DNS of circular unforced
Jjets, LES were first performed using the GRD model

‘with Np = 1, without any forcing (49=0). The do-

main size was Ly = 205 = 2L3 = 8D;=0.16m. The
DNS used 240x180x180 grid points, whereas the LES
used 128 x64 x 64 points. The main determinant of the
LES resolution was the representation of the circular
orifice, although TP DNS® showed little influence of
the orifice geometry for circular, square and triangular
orifices having the same equivalent jet diameter. Both
DNS and LES reached steady state by t* = 14. In
the DNS,® the criterion for the achievement of the jet
steady-state was the invariance in time of the mass flux
difference (@ — Qo)/Qo, where Q (z1) = [[ puidzedzs
is‘the streamwise mass flux and Qo = @Q(0). This
criterion has previously been applied to SP unforced
jets.30 Figure 2 represents the mass flux at t* = 14
for GRD LES, which is seen to be similar to that from
the DNS® at t* = 14.2, also plotted. The LES mass
flux agrees well with the DNS near the inlet, but ex-
ceeds it downstream, indicating an overprediction of
entrainment. For forced jets, Qg varies in time, and
(@ — Qo)/Qo¢ will not reach a steady state. There-
fore, an alternative criterion for the steady state of
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unforced jets, that will also be applicable for deter-
mining the stationary state of forced jets, is when Ny
(the number of physical drops in the domain) becomes
constant. Using this criterion, the LES reaches steady
state at t* = 14, with Nz = 484 000.

The LES is compared to the DNS results® for the

vorticity,

_Ous _Oup o Owm Ous - Oup Oum
wl—axz 813’ 2_(9:123 31’1’ 3_6.’121 (9.’1’,‘2,
(21)

enstrophy (w;w; ), drop number density (p,) and vapor

mass fraction (Yy ). For LES, p, = NrNg/Vy, where .

Np is the number of computational drops in the filter-
ing volume V%, whereas for DNS, p, = Ziv_i_l (wa/V),
a weighted sum over the N, physical drops, pro-
portional to the drop distance, in the computational
volume V. For convenience, the tilde and overbar de-
noting filtered quantities are omitted; DNS refers to
unfiltered quantities, whereas LES refers to filtered
quantities.  The steady s’glate w3, Wiwi, pn and Yy are
depicted in Figs. 3 and 4 at the center-plane (z3 = 0),
while Figs. 5 and 6 show w3 and p,, respectively, at
the same time at three different downstream locations
(z1/Dy=2.5, 5.0 and 7.5). The LES closely matches
the steady state distributions of the DNS results, as
seen in the contour plots in Figs. 3-6. Some discrep-
ancies are observed in p, and Yy, as the DNS inflow
has Yy, = 0.03 at the jet, while the LES has no vapor
in the inflow; furthermore, for the DNS, drops reach-
ing the minimum size were ‘frozen’ but not removed
from the computational domain. The presence of va-
por retards evaporation, leading to fewer evaporated
drops and hence a higher p,, (Figs. 4 and 6). However,
the jet is not saturated, so Yy continues to increase
downstream, resulting in an overall higher Y3, for the
DNS than the LES (Fig. 4). These discrepancies have
little impact on the jet dynamics, as the vorticity lev-
els are comparable in the DNS and the LES (Figs. 3
and 5).
3.2 Forced Jet
For the forced jet, LES were performed using the
SMD, GRD and SSC SGS-flux models. These simula-
tions, summarized in Table 1, were performed for all
models using Ngr = 1, and additionally for the GRD
model using Ng values of 8, 16, 32 and 64. The do-
main was slightly smaller than for the unforced jet:
Ly = 3Ly = 3Lz = 9D;=0.18m with 144x48x48
grid points. Since the jet is forced, it does not reach
a steady-state, so the simulations were continued un-
til a stationary state, that is, when the time-averaged
statistics are invariant over each cycle of the forcing.
Indicated in Table 1 are Ng(=NgNg) and Nyevap
(the cumulative number of drops that have evaporated
since the beginning of the simulation) at the end of the
LES at t*=30, and the CPU time required. Compar-
ing simulations with N = 1, the SSC LES has more

drops than the GRD LES while the SMD has fewer
drops at t*=30; the CPU times are comparable. Us-
ing higher values of Ny with the GRD model leads to
values of Ny at t* = 30 lower than for Ng=1: by 1% for
Ng =8, by 4% for Ng = 16 and Ny = 32 and by 23%
for Ny = 64. The indication for Ng = 64 is that an
mmcorrect number of physical drops is being simulated,
and therefore this Ng value is excessive. The reduc-
tion in N,y has little impact on the CPU time beyond

_the 10% reduction of Ng = 8 compared to Ny = 1.

This suggests that most of the computational effort is
being expended on the gas phase.

8.2.1 Ewolution of global quantities

Figure 7 illustrates the time evolution of various
global quantities for the LES with Ng = 1. Initially,
the domain is devoid of drops. The time evolution
of Ny (Fig. 7(a)) encompasses in its history both the
nurmber of drops that have exited the domain at the
outlet boundaries and the number of drops that have
been removed by evaporation. By the time ¢* =30,
Ny oscillates around a value of 620000. Compared to
the unforced jet, the forced jet requires a longer time
for Ny evap to achieve a constant rate (Fig. 7(b)): this
rate becomes constant at t*=15 for the unforced jet
but at t*=23 for the forced jet. The longer time re-
quired for the forced jet-to achieve a stationary state
can be explained by the longer time required for the
jet to establish its response to the inlet conditions.

- The other global quantities illustrated in Fig. 7
arey/((w1)), /{{ws)), ({wiw;)) (which measures

" stretching and tilting, an important mechanism for

turbulénce production), the resolved kinetic energy
(Bra = [igmam P (uiui/2) dV), {{T4}} (drop temper-
ature) and {{d?}} (drop diameter-squared), where
{{()) denotes volumetric-averaging over the domain and
{{}} denotes ensemble-averaging over all the compu-
tational drops. All the global gas-phase quantities
exhibit a response to the forcing, matching exactly its
frequency; the drops statistics also have the same re-
sponse. The GRD and SSC LES show higher levels
of vorticity than the SMD LES in both the stream-
wise and spanwise directions; this difference is more
noticeable in the streamwise direction as SMD reaches

values 24% lower than the GRD LES, which in turn

reaches values 14% lower than the SSC LES. Similarly,
the SMD LES kinetic energy is lower, by about 5%,
than that of the SSC and GRD LES (Fig. 7(f)), indi-
cating the more dissipative nature of the SMD model.
For these simulations, only a small fraction (between.
0.3% and 0.4%) of the total energy in the system (Eo)
is expressed as kinetic energy. For the drop statistics,
{{Tu}} and {{d?}} are close for all three LES models,
with the SMD LES {{74}} slightly lower (about 1%)
than that of the SSC and GRD LES, and its {{dz}}
being slightly higher (about 3%). The curves plotted
in Fig. 7(h) do not follow the d? law of linear decay
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as {{d?}} is an ensemble average result. Compared

to the unforced jet, the forced jet has higher vorticity

. and enstrophy levels, created by the oscillation of the
jet streamwise velocity component, and smaller hotter
drops.

To determine the behavior of the dynamic models,
the time evolution of the dynamic coefficients is pre-
sented in Fig. 8 for the SMD and GRD models. The
SMD C. is not shown as its range is two to three or-
ders of magnitude larger than that of C; and C,. The
distinctive feature of the time-evolution is that, for
both models, the coefficients exhibit a response to the
forcing, clearly seen as a pattern of repeating peaks.
For example the initial perturbation has a frequency

. fo = 1310 Hz, almost identical to the frequency of
- 1308 Hz of the biggest peaks. For the GRD model, by
t*=30, the three dynamic coeflicients oscillate around
values (0.15 for C. and 0.13 for C; and C,) very
close to the values calibrated on the DNS database
of the temporal mixing layer configuration’ (of 0.15),
suggesting the universality of GRD SGS-modeling in
different flow configurations.

3.2.2° Flow visualizations

Complementing the global quantities, flow visualiza-
tions allow for a qualitative comparison of the different
SGS models. Plotted in Fig. 9 are w3 and w;w; for the
- GRD, SMD and SSC LES with Ny =1 at t* = 30,
in the spanwise center-plane (r3 = 0). For each case,
five vortices are present. The three models have simi-
lar predictions of the size and location of each vortex,
although the SMD has slightly higher local magnitude
of vorticity. These findings are consistent to those for
the temporal mixing layer,?® where the SMD model
only captured the largest scale vortices but was un-
able to reproduce smaller structures, as the jet here
shows little small-scale activity. Figure 10 shows ws
at three different downstream locations, and the vor-
tices of Fig. 9 are seen to be symmetrical to the plane
x5 = 0. The vortices in the three LES have simi-
lar shapes and vorticity levels as they are convected
downstream.

Plotted in Fig. 11 are p, and Yy, at the same time
and in the same plane as in Fig. 9. As for the vorticity,
all LES have similar results, although the SMD LES
has slightly higher p,, and Yy. The LES show regions
of low p,,, which correspond to regions of high vortic-
ity in Fig. 9, consistent with experimental findings.®
Figure 12 shows p,, at the same planes as Fig. 10, and
here again the three LES resemble one another, al-
though the SMD LES p,, at the farthest downstream
location seems slightly less uniform that the GRD and
SSC LES at the same location.

Finally, to assess the performance of the
computational-drop modeling as Ny 1s reduced,
Fig. 13 shows p, and Yy using the GRD model for
increasing values of Ng from 8 to 64; the Ng = 1

results are plotted in Fig. 11. Up to a reduction of 32,
both p, and Yy are still well predicted by the GRD
model, although some denser region of drops appear
at Ng = 32. The Ny = 64 LES exhibit degradation
of the distribution of p,, although qualitatively it still
matches the lower Ny results and has similar p,, levels
as Ng = 32. The vapor mass fraction, however, is stifl
well predicted for Ny = 64 compared to Ny = 1. The
indications from Table 1 that Ng = 32 is the maximal
accurate drop reduction are therefore confirmed; this
value was also obtained in the mixing layer LES.%°

4 Conclusions

LES of a jet laden with evaporating drops were
conducted using various SGS-flux models: dynamic
Smagorinsky (SMD), dynamic Gradient (GRD) and
constant-coefficient Scale-Similarity (SSC). The SSC
model used a coefficient previously calibrated on a
DNS database, while the dynamic models did not re-
quire calibration as their model coefficients were com-
puted from the LES field during LES. An accurate
numerical algorithm, sixth-order in space and fourth-
order in time, was used to integrate the gas-phase and
drop evolution equations. The drops were tracked in a
Lagrangian frame, while the gas-phase was computed
in an Eulerian frame. The effect of (physical or com-
putational) drops on the flow field was embodied in
filtered source terms (FSTs) in the gas-phase equa-
tions, and the drops were taken to be affected by the
filtered flow field, without direct SGS effects. The
SGS models were essential to LES, as the absence of
any SGS models caused the simulations to end after
only a few time steps. LES of an unforced jet with a
jet-diameter Reynolds number of 500, using the GRD
model and the same number of computational as phys-
ical drops, were compared to previous DNS of similar
flow conditions. The steady-state was reached at the
same time for LES as the DNS, and LES-predicted
vorticity and streamwise mass flux were in good agree-
ment with the DNS. :

LES of a forced jet was conducted for the same jet
Reynolds number as for the_unforced jet, using the
same number of computational as physical drops. Sim-
ilar results were obtained from the three SGS models,
both for global and local quantities, including vor-
ticity components, drop number density and vapor
mass fraction. The LES all showed regions of low
drop number density corresponding to high vorticity
regions. However, no small scale structures were ob-
served; this lack of small structure contributed to the
similar performance of the three SGS models, as the
SMD model has previously been shown to perform
poorly in replicating the resolved small scales. Us-
ing the GRD model, the number of computational
drops was reduced, with up to a factor of 64 fewer
computational than physical drops. The LES with a
reduction factor of 32 retained most of the characteris-

6 OF 14

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS PAPER 20041170



tics of the LES with the full number of physical drops,
but degradation of the results was observed for a re-

duction factor of 64. Future studies should involve

higher values of the jet Reynolds number, and per-
haps different inflow conditions, in order to generate
fully turbulent flow which will place more demands on
the LES models.
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SGS Nr t* =30

Model Ny Ngevap CPU-hours
GRD 1 626414 23405 265
GRD 8 619648 24416 242
GRD 16 598592 25632 240
GRD 32 601184 24768 239
GRD 64 480896 43072 240
SMD 1 609343 15434 288
SSC 1 647212 31990 259

Dimensionless time, t* = tAUy /D

Ng,evap is the cumulative number of physical drops
that have evaporated during of the simulation.

CPU hours on 32 processors of an SGI Origin2000.

Table 1 Summary of LES runs; forced jet.

Fig. 1 Circular jet configuration: inlet plane at
z1 = 0, drops injected through circular orifice of
diameter D centered at zo = 0,23 = 0.

0.1
cosl g
L g
o - /,
O oosf ’
— /,
lar-3 r /
g wock DNS t'=14.2
g o4 /S e GRD LES t=14
0.02‘-
/ 1 1 1 " ")
OO 2 4 6 8
X, /D,

Fig. 2 Steady state streamwise mass flux for un-
forced jet: DNS and LES.
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Fig. 3 Unforced jet at t*=14 and z3/D;=0, DNS (top) and LES using GRD model and Ng=1 (bottom):
(a,c) vorticity magnitude, (b,d) spanwise vorticity. Dashed lines are used for negatlve values.
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Fig. 4 Unforced jet at t*=14 and zs/D,;=0, DNS (top) and LES using GRD model and Ng=1 (bottom):
(a,c) drop number density (m™>) and (b,d) vapor mass fraction.
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Fig. 5 Spénwise vorticity, unforced jet at t*=14: DNS (top) and LES using GRD model and Np=1

(bottom) at z1/D;=2.5 (a,d); 5.0 (b,e); 7.5 (c,f). Dashed line

s are used for negative values.
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Fig. 6 Drop number density (m™?), unforced jet at t*=14: DNS (top) and LES using GRD model and
Ng=1 (bottom) at z;/D;=2.5 (a,d); 5.0 (b,e); 7.5 (c,f). - '
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Fig. 7 Time evolution of global quantities for LES using Ng = 1 and the SMD, GRD and SSC SGS-
flux models: (a) number of drops in domain, (b) cumulative number of evaporated drops, (c) spanwise
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Fig. 8 Time evolution of the dynamic coefficients: (a) GRD LES and (b) SMD LES; Ng=1.
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Fig. 11 Drop number density (m~%) (a,c,e) and vapor mass fraction (b,d,f) at t* = 30, and z3/D; = O:
(a,b) GRD LES, (c,d) SMD LES and (e,f) SSC LES; Nr=1.
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Fig. 12 Drop number density (m-3) for (a,b,c) GRD LES, (d,e,f) SMD LES and (g,h,i) SSC LES at
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Fig. 13 Drop number density (m™?) (a,c,e,g) and vapor mass fraction (b,d,f,h), at t*=30 and z3/D;=0,
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