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Computations of Turbulent Evaporating Sprays

S. K. Aggarwal* and S. Chitret
University of Illinois at Chicago, Chicago, Illinois 60680

A computational study of turbulent evaporating sprays is reported. The major focus is to study the structure of
turbulent evaporating sprays and to examine the sensitivity of their vaporization behavior to transient liquid-phase
processes. Three models considered to represent these processes are the thin-skin, infinite-diffusion, and diffusion-
limit models. Favre-averaged equations with a k-z-g turbulence model are employed for the gas phase. The
Lagrangian approach with a stochastic separated-flow method is used for the liquid phase where the effects of gas
turbulence on droplet trajectories and interphase transport rates are considered using random-walk computations.
Variable-property effects are also considered in a comprehensive manner. Results indicate that, depending upon the
boiling temperature and heat of vaporization of the fuel considered, the vaporization behavior of turbulent sprays
may be quite sensitive to the modeling of transient liquid-phase processes. Thus, it is important that for most
hydrocarbon fuels these processes be adequately represented in comprehensive spray computations. The present
results also provide further support to the conclusions of earlier studies which have been based on simplified spray

configurations.

Nomenclature

a = acceleration of gravity
Cp =drag coeflicient

¢, = gas specific heat
¢, = liquid specific heat
d, =droplet diameter

D = mass diffusivity
= mixture fraction
= square of mixture fraction fluctuation
= heat transfer coefficient
= turbulence kinetic energy
= enthalpy of vaporization
e = gas-phase Lewis number
= drop mass
” =mass flux at drop surface
= number of drops per unit time in group i
r = Prandtl number
=radial distance in the jet
Re = Reynolds number
Sc¢ = Schmidt number
S, = source term
S, = droplet source term
t =time
T = gas temperature
T, =boiling temperature
T, =droplet surface temperature
T, =liquid temperature
u = gas velocity (also axial gas velocity)
v =radial gas velocity
x = axial distance
o, =liquid thermal diffusivity
At, = time-step size for liquid-phase calculation
¢ =rate of dissipation of turbulence kinetic energy
A = thermal conductivity
4, = turbulent viscosity
p = gas density
p, =liquid density
¢ = generic variable
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Subscripts

g = gas-phase property
i =droplet group

p =droplet property
oo = ambient condition

Superscripts

— =time (Reynolds) average
~ == Favre average

Introduction

HE development of comprehensive predictive capabilities

for turbulent sprays depends on an accurate representa-
tion of the exchange processes between the gas and the liquid
phases. Because the exchange rate terms are strongly sensitive
to the droplet trajectory and vaporization rate, it is important
that both be calculated accurately in any spray code. The
droplet trajectory calculation largely depends upon the accu-
racy of the drag law employed and the modeling of drop-tur-
bulence interactions. It is also affected by the vaporization
rate prediction, because the latter determines the droplet size
distribution in the spray. The accurate prediction of vaporiza-
tion rate depends on 1) droplet surface temperature since the
fuel vapor mass fraction at the surface generally has an
exponential dependence on this temperature, 2) realistic repre-
sentation of gas-phase convection, 3) variable-property effects
because the thermophysical properties of the gas film outside
the droplet can vary significantly during the droplet lifetime
as it travels in a combusting environment, and 4) droplet
trajectory calculations that determine the instantaneous
droplet locations and hence the local environment for calcu-
lating the vaporization rate.

In the present paper, a computational study of turbulent
evaporating sprays is reported. The major focus of the study
is to advance the predictive capabilities for turbulent sprays
and to present a detailed comparison of three vaporization
models used to represent the transient heat transport within
the droplet. The models considered are the thin-skin, infinite-
diffusion, and diffusion-limit models. The sensitivity of the
vaporization behavior of turbulent sprays to these models is
examined. The present work is important because the current
turbulent spray models!? do not consider the transient pro-
cesses within the droplet. Many recent studies® > have indi-
cated that the spray vaporization characteristics are strongly
sensitive to the way the transient liquid-phase processes are
modeled. These studies are, however, limited to idealized
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spray configurations; for example, one-dimensional laminar
sprays. A comparison of various vaporization models in a
more realistic turbulent spray is, therefore, of significant
interest.

The present study is also important because the spray
model developed here is quite comprehensive and provides an
improvement over the existing models. In the previous stud-
ies, reviewed by Facth,? either the liquid-phase transient pro-
cesses are not considered, or the effect of gas-phase turbulence
on the droplet dispersion and vaporization is not adequately
represented. Also, the variable-property effects are generally
not considered. In the present model, all of the above pro-
cesses are represented in a more complete manner to study the
detailed structure of turbulent evaporating sprays in a hot
environment.

Physical Model

The physical model considers a pressure-atomized spray in-
jected into a quiescent hot environment. An Eulerian-Lagran-
gian approach is employed to write the governing equations
for the two phases. A parabolic flow configuration is assumed
so that the boundary-layer approximations can be used for
the continuous phase. The computation of the liquid phase is
based on the solution of Lagrangian equations for each
statistically significant sample or group of droplets. The
stochastic separated flow (SSF) model® is employed to repre-
sent the effects of turbulent fluctuations on droplet trajecto-
ries, heating, and vaporization rates. The governing equations
for both phases as well as the calculation procedure are
essentially the same as those employed by Solomon et al.! The
major difference from the cited reference is the representation
of transient liquid-phase heat transport in the turbulent two-
phase model, as discussed later.

Gas-Phase Equations

The equations for the continuous phase are based on the
widely used k-g-g turbulence model, because this approach
has yielded good predictions for constant and variable density
gas jets, particle-laden jets, and nonevaporating and evaporat-
ing sprays.2%’ A steady axisymmetric low-Mach number tur-
bulent jet flow with no swirl is considered. Major assumptions
are that boundary-layer approximations are applicable, buoy-
ancy only affects mean flow, exchange coefficients of all
species and heat are equal, and kinetic energy is negligible.
The Favre-averaged governing equations are employed, which
can be written in a general form as
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where

¢ = ()
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is a Favre-averaged quantity and ¢ is a generic quantity. The
conservation equations of mass, momentum, mixture fraction,
turbulent kinetic energy, and rate of dissipation of turbulent
kinetic energy obtained using Eq. (1) are given in Table 1.
The expressions for y,4, S;, and S, along with the appropri-
ate empirical constants are also given in the table. The mass
and momentum source terms S,; appearing in gas-phase
equations are obtained by computing the net change of mass
and momentum of each droplet group i passing through a
computational cell j. These can be written as

Snmj =V I[Z”i (miin - miom)]j (3a)
SP"] = Vj_ 1[z“ni (miupi)in - (miupi ]out

+mal(1—-p/p,) At,); (3b)
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Table 1 Source terms in Eq. (1)
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0.09 1.44 2.9 1.87 1.0 1.3 0.7 0.7

Here n; is the number of droplets in group i, m; the mass of
each droplet, and ¥, the volume of computational cell j. Note
that there are no droplet source terms in the equations for k,
¢, and g due to the dilute spray approximation. The turbulent
viscosity is calculated from

= C,pk’[e )

The Favre-averaged value of any scalar property is obtained
from the state relationships ¢( f) as follows

<5=J H(NP(S) df &)
0
while p is obtained from
LI T
p-l=1 —P(f)d 6
p Lp(f) () df (6)

Following Solomon et al.,! the probability density function
P(f) is assumed to be a clipped Gaussian. The most probable
value p and standard deviation ¢ are determined from the
calculated values of f and g by using a table-look-up proce-
dure. The state relationships are found by assuming adiabatic
mixing of fuel and air, the latter being at a high temperature.
The calculation of the thermodynamic equilibrium state then -
provides ¢( f), where ¢ is any scalar property such as temper-
ature, density, and mass fractions.

The numerical solution of the gas-phase equations is ob-
tained by using a modified version of GENMIX.! Further
details of the numerical algorithm can be found in the cited
reference.

Liquid-Phase Equations

The Lagrangian approach in conjunction with the SSF
method is employed to compute the properties of each group
of droplets as it travels in the hot turbulent jet flow. The
procedure is adopted from the work of Solomon et al.! The
major assumptions in writing the Lagrangian equations are
no direct droplet-droplet interaction, quasisteady gas phase,
negligible radiation effects, drag law and the effects of forced
convection as given by semiempirical relations,? and phase
equilibrium at the drop surface. The equations governing the
variation of position, velocity, and size for each droplet group
i along its trajectory are

dx,;
e Y
du,; T o,
m; a = —§ dpipcplup,- —ul(upi - u) +a (8)





















