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ABSTRACT
Large-eddy simulation of a turbulent reactive jet with evaporating liquid droplets is performed to investigate the in-
teractions among turbulence, combustion, heat transfer and evaporation. A hybrid Eulerian-Lagrangian approach is
used for the gas-liquid flow system. Arrhenius-type finite-rate chemistry is employed for the chemical reaction. To
capture the highly local interactions, dynamic procedures are used for all the subgrid-scale models, except that the
filtered reaction rate is modelled by a scale similarity model. Various representative cases with different initial drop-
let sizes (Sty) and mass loading ratios (MLR) have been simulated, along with a reacting case without droplets. It is
found that compared with the bigger, slow responding droplets (Sty=16), smaller droplets (Sty=1) are more efficient
in suppressing combustion due to their preferential concentration in the reaction zones. The peak temperature and
intensity of temperature fluctuation are found to be reduced in all the droplet cases, to a varying extent depending on
the droplet properties. However, both the vorticity magnitude and turbulent kinetic energy may be enhanced where
droplets reduce the local temperature and consequently the viscous dissipation. From the budget analysis of grid-
scale kinetic energy (GSKE), it was found that the droplet evaporation effect on GSKE is small, while the droplet
momentum effect greatly depends on Sty. When the MLR is sufficiently high, the bigger (Sty=16) droplets can have
profound influence on GSKE, and consequently on the formation and evolution of large-scale flow structures, en-

trainment and turbulent mixing.

INTRODUCTION

Multiphase reactive flows appear in many engineering
applications, such as water/steam diluted gas turbine com-
bustors and fire suppression systems, in which complex
unsteady interactions exist among vortex dynamics, en-
trainment, mixing, turbulence, combustion and evaporat-
ing droplets at vastly disparate scales. The problem is also
scientifically interesting and computationally challenging.
Nevertheless, a systematic understanding of such multis-
cale, multiphysics systems is still far from being achieved.
Fundamental numerical studies in the past usually adopted
an idealized homogeneous [1, 2] or two-dimensional [3]
flow in the laminar and transitional regimes. For spatially
evolving flows, the gas-solid non-reactive isothermal jet
has been investigated extensively with numerical and ex-
perimental techniques [4, 5], with a focus on particle ef-
fects on gas-flow turbulence, i.e., turbulence modulation.
With the addition of chemical reaction and phase change,
very few reported work can be found. Recently, Direct
Numerical Simulation (DNS) of a spatially developing
reactive planar mixing layer has been performed to study
the effects of fine solid particles on flow turbulence with
the assumption of no temperature variation [6]. The ef-
fects of turbulence on vaporization, mixing and combus-
tion of liquid-fuel sprays were investigated by the Rey-
nolds Averaged Navier-Stokes (RANS) approach in [7].
Compared with DNS and RANS, Large-Eddy Simulation
(LES) is an ideal compromise between computational cost
and numerical accuracy, which is being developed for
reacting [8] and multiphase [9] flow simulations.

In the present study, a three-dimensional (3D) turbulent
reactive jet laden with non-reactive evaporating liquid
droplets has been simulated using LES. The LES ap-

proach uses the dynamic procedure to obtain six subgrid
model coefficients in order to capture the highly local
interactions among turbulence, combustion, heat transfer
and evaporation. The complex interactions are then inves-
tigated under various representative conditions.

MATHEMATICAL MODELS AND NUMERICAL
PROCEDURE

The flow field is described with the compressible time-
dependent Navier-Stokes equations [10]. An idealized
one-step irreversible reaction with the Arrhenius finite-
rate chemistry is employed [10]. The subgrid scale (SGS)
terms in the momentum, energy and species equations are
modelled by dynamic Smagorinsky or eddy-diffusivity
type models [11], based on the generalized Germano iden-
tity [12], with six dynamically adjusted coefficients in
total. The reaction rate term is modelled by a scale simi-
larity filtered reaction rate model [13].

The droplets are tracked in the Lagrangian frame. The
governing equations for every computational droplet are
written as
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where my, vq;, T4 are the mass, ith component of velocity
and temperature of the droplets; u,; and 7, the ith compo-
nent of velocity and temperature of the gas phase at the
droplet location; Sh, Sc, Nu, Pr, Ma, St the Sherwood,



Schmidt, Nusselt, Prandtl, Mach and Stokes numbers; y
the ratio of specific heats; f a correction coefficient to
Stokes drag; Fy.g; the Stokes drag force exerted on the
droplets; Hy the driving potential for mass transfer; /g, the
latent heat of evaporation. To simplify the analysis, the
gravity force on both phases is neglected. The source
terms contributed by droplets that appear in the gas phase
governing equations are
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where Sy, Simo.i» Sen are the source terms on the right-hand-
side of mass, momentum and energy equations (refer to
[10] for the gas phase equations). V is the filtering volume
in LES. S, appear in the species equation for Y, as well.

Detailed information of numerical methods for the gas
phase, including spatial/time discretization schemes and
initial/boundary conditions, can be found in [10]. A semi-
analytical scheme [14] is used for droplet marching. A 4"-
order Lagrangian interpolation scheme [15] is utilized to
obtain gas properties at droplet locations.

A 3D free turbulent reactive planar jet laden with non-
reactive evaporating liquid droplets has been simulated
under different conditions shown in Table 1. Figure 1 pre-
sents the schematic of the computational domain and the
boundary conditions are described in [10]. The domain
size is chosen as L,xL,xL, = 8x31.8x42.785, where the
subscripts x, y and z designate the spanwise (periodic),
lateral and streamwise direction, respectively. The sponge
layer [10] starts at z=40. A uniform grid system n,xn,xn,
= 41x160x200 leads to grid spacing AxxAyxAz =
0.2x0.2x0.215. Droplets enter the computational domain
with the fuel jet through the slot nozzle after =20, when
the jet flame has been ignited and established in down-
stream regions. When a droplet leaves one end of the pe-
riodic boundary, a new one with identical properties as the
leaving one is put at the corresponding position at the
other end.

RESULTS AND DISCUSSIONS

As part of the validation procedure, our LES results of a
3D non-reactive transitional hot jet compared well with
the experimental data in [16]. The main simulation pa-
rameters taken from [16] are Re=4000 and $=0.76, where
S is the density ratio of hot fuel to environmental air at the
inflow plane. In the present reacting jet, the combustion
parameters are Da=3, Ze=12, T=4 and Q,=250, where Da
is Damkohler number, Ze Zeldovich number, 7; adiabatic
flame temperature, Qy, heat of combustion, all defined in
[10]. In Table 1, St, is the initial Stokes number of drop-

lets, designating the normalized initial droplet size, and
MLR is the mass loading ratio, defined as the ratio of mass
flow rate of droplets to that of the hot fuel at the slot noz-
zle exit. Figure 1 shows the isosurface of vorticity magni-
tude, 0.25, at =100 for Case A, a pure reacting jet. The
flow field develops from a laminar flow at the inflow,
forming large scale vortices at z=10, and subsequently
breaking up into small scale structures at z=20.

Table 1: Simulation Cases

Cases Sty MLR
A - 0
B 1 0.1
C 16 0.1
D 16 1.7
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Figure 1: Schematic of the computational domain, boundary
setup and the isosurface of vorticity magnitude (0.25) of Case A
at t=100.
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1. Diluted Combustion

A comparison of the averaged temperature fields at =100
for all cases is shown in Fig. 2. At small MLR (0.1), the
fields of droplet Cases B and C are very similar to that in
Case A without droplets, in terms of the first vortex roll-
up, break-down location and spreading rate, etc. However,
Cases B and C have dramatically different effects on
combustion and consequently peak temperature due to
different droplet sizes. The deployment of more droplets
while keeping the droplet size the same results in further
suppression, as seen in Figs. 2c and 2d for the St;=16
cases. Since the peak temperature in Case D is almost
equal to the initial hot fuel temperature, combustion has
been fully suppressed. Meanwhile, the lateral spreading of
the jet and droplets becomes much less than in other
cases, due to the lack of expansion of the mixture of hot
reaction products.

Figure 3 presents the profiles of normalized tempera-
ture fluctuation intensities for all cases at selected loca-



tions. The peak intensity values for Case A appear in the
strong reacting area (z>30), with T, reaching almost
25% of the mean temperature. In all droplet cases, the
temperature fluctuation intensity is dramatically reduced,
especially in Case D, due to the cooling effects of droplets
and lack of combustion-induced temperature fluctuations.
In the near field (close to nozzle exit), droplets play a role
as external disturbances on the laminar flow, which lead
to higher level of flow fluctuations (not plotted) and in
some locations larger temperature fluctuations. Figure 3b
shows that high values of temperature fluctuation intensity
are usually distributed at the interface between the fuel
and the oxidizer ambient, where there is strong combus-
tion, similar to the double peak distribution widely ob-
served experimentally.
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Figure 2: The temperature fields averaged over the periodic
spanwise direction at t=100 for (a) Case A, (b) Case B, (c) Case
C and (d) Case D. A same legend (1-2.087) is used for all the
contour plots. The peak temperature in the whole domain for
(a), (b), (c) and (d) is 3.12, 1.39, 2.17 and 1.32, respectively.
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Figure 3: The normalized temperature fluctuation intensities
t=100: (a) streamwise profile along the jet centreline; (b) lat-
eral profile at z=30.

Figure 4 presents some key parameters for Cases A and
D to illustrate the effects of combustion and droplets on
flow. In Fig. 4a, the mass fraction of vapour, Y, is consid-
erable, due to effects of combustion at an earlier time or
more upstream locations. However, once vapour is pro-
duced, the cooling effect of evaporation suppresses the
reaction rate (RR). As a result, the RR in Case D is very
low compared with that in Case A, as if it were a non-
reacting jet. The turbulent kinetic energy (TKE) is found
to be higher in Case D than in Case A for most down-
stream locations. In the non-reacting cases in [17], it was
found that “small particles tend to attenuate the turbulence
while larger particles augment the turbulence level”. In the
present reacting jet, an additional factor is that combus-
tion-induced high temperature will increase molecular

viscosity, which decreases TKE. Also shown in Fig. 4c is
the vorticity magnitude (lwl), which is defined as the
square root of the enstrophy, measuring the stretching and
tilting, an important mechanism for turbulence production.
Consistent with the trend in TKE, the peak magnitude of
lowl is higher in the droplet case.
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Figure 4: Averaged profiles of key parameters at z=34 and
t=100. (a) Reaction Rate (RR) and mass fraction of vapour (Y,);
(b) Turbulent Kinetic Energy (TKE); (c) Vorticity magnitude.

2. Droplet Dynamics

In Figs. 5a and 5b, the droplet distributions are shown for
Cases B and C. In Case B at the transitional region, the
small (Sty=1) droplets follow the flow and concentrate in
the circumferential regions of large scale vortices or high-
strain-rate regions, due to their tendency for “preferential
concentration” [18]. These are the regions where chemical
reactions are strong thanks to better mixing of the fuel and
oxidizer. The concentration of droplets there not only re-
duces the temperature through evaporation, but also sepa-
rates the fuel from the oxidizer, leading to effective sup-
pression of combustion and thus peak temperature. In the
turbulent region downstream, the droplet size becomes
even smaller on average, resulting in even more rapid
evaporation and effective suppression of combustion, as
seen in Fig. 6b, which shows the Probability Density
Function (PDF) profiles of the normalized droplet sizes at
two heights, i.e., Z1 = 101 and Z2 = 30=1, the typical
transitional and turbulent regions. The PDF at Z2 shows
that the droplets are smaller and have a wider spread of
sizes than those at Z1. For the PDFs calculated with all
the droplets in the whole domain at =100, Fig. 6a shows
that the initially large droplets (Cases C and D) have
evaporated to a lesser extend than in Case C. This is partly
because smaller droplets (with the same MLR) have a lar-
ger total surface area, which enhances heat transfer and
evaporation. Another reason is that larger droplets are less
responsive to the flow field and less likely to concentrate
in the regions with strong combustion and thus high tem-
perature. Also shown in Fig. 6a is that increasing MLR
inhibits evaporation of individual droplets, comparing the



PDFs of Cases C and D. However, the total mass of the
vapour produced in Case D is much more than in Case C
(not shown), due to 13 times more droplets existing in the
whole domain of Case D than in Case C at +=100. This
leads to the different degree of reaction suppression in
these two cases, as seen in Figs. 2c and 2d.
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Figure 5: The instantaneous droplet distribution at t=100 for
(a) Case B and (b) Case C.
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Figure 6: The PDF profiles of the normalized droplet sizes.

The effects of droplets with different initial sizes on the
flow field can be scrutinized via the analysis of the grid-
scale (GS) kinetic energy budget, which can be written as

Dk _ op a(o-ikugi) = al/lgy,» a a(pgTik ”g,i)
Dt ok ox, ox, * ox, ox,
I I I v
— u,. wu — ——
8-l 818l
+ pg Tzk a - Sms + ugﬂi Smoﬂi
Xk D vII
L ———
v VI
The operators, “~”, “” and “A”, designate the Favre

filtering, normal filtering and those functions evaluated
using filtered variables, respectively. k is the grid-scale
kinetic energy (GSKE), representing the large-scale flow
structure behaviour and playing a key role in entrainment

and turbulent mixing, k =p u_u /2; p is the filtered
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thermodynamic pressure; o is the shear stress tensor; (
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is the SGS stress tensor, T, =u

term I represents the convection of pressure waves, II the
viscous diffusion, III the viscous dissipation, IV the redis-
tributive effect due to interactions between SGS stresses
and velocities, V the SGS dissipation, VI the SGS effect
of droplets due to evaporation, and VII the SGS effect of
droplets due to momentum exchange between the two
phases.

Figure 7 presents the contributions of the dominant
terms (I, IV, V and VII) in Eq. (7) for all the droplet cases
at z=30 and r=100. In all the cases, combustion-generated
pressure gradients due to local thermal expansion lead to
the dominance of term I. For a well-resolved LES, the
magnitudes of term III (not shown) should be much
smaller than those of term V, which has been correctly
captured in all the cases, indicating a proper choice of the
grid spacing in the current LES. Moreover, the effect of
SGS redistribution of GSKE (term IV) has been found to
be much more efficient than the GS redistribution effect
(term II), which is consistent with the findings in [19].
Since STH>0, VI always acts as a “sink” and tends to

decrease the GSKE. However, its magnitude has been
found to be too small to trigger any profound effect on
GSKE in all the cases presented here. The droplet term
due to momentum exchange (VII) plays different roles
depending on the droplet initial sizes, i.e., St,. For Case B,
thanks to the small droplet responsive time, the relative
velocities between the flow and droplets are small and the
effect of momentum exchange on GSKE is negligible. For
the opposite reasons, the droplet momentum effect is more
pronounced for Cases C and D. Even with small MLR
(0.1), VII has risen to the budget level of the SGS dissipa-
tion term V, but is still smaller than the SGS redistribution
term IV. In Case D, in which the MLR is much higher, VII
becomes the second most important term after the com-
bustion term I. It’s worth noting that VII is basically posi-
tive, which acts as a source term for GSKE. Therefore,
larger droplets act as a ““turbulence promoter’’, which
could trigger an earlier transition to turbulence as com-
parison of the different cases in Fig. 2 would reveal. It
should be pointed out that the conclusions drawn in this
section have been verified at different downstream loca-
tions and time instants.

CONCLUSIONS

Large-eddy simulation has been employed to simulate a
turbulent reactive jet with and without evaporating drop-
lets to investigate the interactions among turbulence,
combustion and evaporating droplets. Dynamic models
are employed for all the subgrid terms, except that the
filtered reaction rate term is modelled by a scale similarity
model, in order to capture the highly local and transient
nonlinear interactions. Although a full description of such
complex interactions is beyond the scope of a short paper,
the present paper has shed light on the different dynamics
introduced by droplets of different size and mass loading.
Smaller droplets tend to concentrate in high-shear regions
where mixing of fuel and oxidizer and consequently com-
bustion predominantly takes place. They are therefore
very efficient in suppressing combustion through evapora-
tion of a large number of droplets and by separating fuel
from oxidizer. In contrast, bigger droplets are less respon-
sive to the gas phase, and their effect on combustion is
less strong. When the droplet size is kept the same, in-
creasing droplet numbers have a larger effect on combus-
tion, as anticipated.

The temperature and intensity of temperature fluctua-
tions are both attenuated when droplets are introduced in



all cases but the extent of attenuation depends on droplet
properties. The vorticity magnitude and turbulent kinetic
energy in the reactive jet with droplets are generally
higher than in the pure reactive jet without droplets,
mainly because the reduced temperature field leads to
lower viscous dissipation.

The budget analysis on the grid-scale kinetic energy
(GSKE) reveals that the droplet evaporation effect on the
GSKE is small, and the droplet momentum effect depends
on initial droplet sizes (St;). Unlike the smaller droplets
(St;=1), the momentum exchange between the two phases
is much stronger for the bigger droplets (St,=16), which
can have profound influence on GSKE, and consequently
on mixing and entrainment of the flow field, provided that
the mass loading ratio is sufficiently high.
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Figure 7: The x-averaged GSKE budget at z=30 when t=100
for (a) Case B, (b) Case C and (c) Case D.
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