
JOURNAL OF PROPULSION AND POWER

Vol. 17, No. 1, January–February 2001

Velocity and Temperature Statistics in Reacting
Droplet-Laden Homogeneous Shear Turbulence
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The results of numerical simulations are used to investigate the effects of the mass-loading ratio and the droplet
time constant on the velocity and temperature statistics in a two-phase homogeneous shear turbulence. The fuel
vapor generated by the evaporation of the droplets reacts with the oxidizer carrier gas through a single-step,
second-order reaction. The carrier phase is simulated in the Eulerian frame using direct numerical simulation,
whereas the droplets are tracked in a Lagrangian manner. It is shown that the turbulence kinetic energy and its
small-scale viscous dissipation rate increase with the decrease of either the mass-loading ratio or the droplet time
constant. The opposite trend is observed for the early variations of the extra dissipation, which results from the
drag. It appears that the velocity and temperature � uctuations of the dispersed phase can be reasonably described
by Gaussian distribution. The increase of the mass loading ratio increases both the mean temperature of the
carrier phase and the Lagrangian mean temperature difference between the phases. The increase of the droplet
time constant however decreases the former while increasing the latter.

Nomenclature
B = .T ¤ ¡ Td /=3 transfer number
C p; Cv = speci� c heats of the carrier phase
Dd = contributionof the drag to turbulencekinetic energy
dd = droplet diameter
f1 = .1 C 0:15Re0:687

d /=.1 C B/
h f

p = enthalpy of formation of the product gas
Kfwd = forward reaction rate constant
k = h½ui ui i=2 carrier-phase turbulence kinetic energy
kd = hhvi vi ii=2 dispersed-phaseturbulence kinetic energy
L f = reference length
Lv = latent heat of vaporizationof the liquid
M = .u i u i =° RT /1=2 turbulence Mach number
md = mass of the droplet
Nd = total number of droplets for each simulation
nd = number of droplets within the cell volume
R = gas constant
r = stoichiometriccoef� cient
S = @hU1i=@x2 mean velocity gradient
T = temperature
t = time
U f = reference velocity
Ui = instantaneousvelocity of the carrier phase
u i = � uctuating velocity of the carrier phase in direction

xi (i D 1; 2; 3)
vi = � uctuating velocity of the droplet in direction xi

xi = spatial coordinates
0 = binary mass diffusivity coef� cient
° = ratio of the speci� c heats of the carrier gas
1 = @u j =@x j dilatation
±i j = Kronecker delta function
±V = cell volume
² = viscous dissipation rate
´ = Kolmogorov length scale
· = thermal conductivityof the carrier phase
¹ = viscosity of the carrier phase
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½ = density
!i = vorticity component
h i = Eulerian ensemble average over the number of

collocation points
hh ii = Lagrangian ensemble average over the number of

droplets

Subscripts

b = base case
d = droplet properties
f = reference parameters for normalization
rms = root mean square
0 = initial value (at t D 0)

Superscript

¤ = carrier phase properties at the droplet location

Introduction

A CCURATE descriptionof dispersionof solid particles and liq-
uid droplets in turbulent � ows imposes many challenges from

an analytical point of view. This is mainly considered a result of
the numerous degrees of freedom associated with turbulent � ows,
which inevitablydemandsa very largecomputationaleffort.Despite
a signi� cant increase in the computationalpower in recent years, it
seems unlikely that, at least for a foreseeable future, turbulent � ows
of practical interest can be simulated in an exact manner such as di-
rect numerical simulation (DNS). Therefore, modeling is needed to
decrease the number of degreesof freedom such that they can be re-
solved numericallywith a (preferably) much less effort.The models
are generally derived following a long and complex mathematical
procedure, subject to simplifying assumptions; thus, they must be
assessed against more accurate data. Laboratory measurements can
be used to generate the data for model validation;however, they are
mostly limited to somewhat global and average � ow variables.

An alternativecan be provided by DNS data of simple (homoge-
neous) � ows whose simulation is feasible with the available com-
putational resources. Although these simple � ows do not exhibit
all of the complexities involved in practical situations, they can be
considered as basic � ows locally prevailing in more general inho-
mogeneouscon� gurations.Consequently,model validationin these
� ows can be considered as a logical � rst step. Although establish-
ing a good agreementbetween the model and the data in these � ows
does not, necessarily, guarantee acceptable performance in more
complex � ows, the reverse may be true. That is, if a model fails
when compared against basic � ows, there is little chance of success
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Fig. 1 Correspondence between simple homogeneous � ows and vari-
ous regions in a backward-facing step � ow.

in a � ow of practical interest.As an example, the schematic in Fig. 1
shows the correspondencebetween threebasic � ows and variousre-
gions in a backward-facingstep � ow, which could be used as a good
model formany applicationsincludinga dumpcombustor.The basic
� ows shown in the � gure include homogeneous isotropic, homoge-
neous shear, and homogeneousplane-strain � ows, which have been
recently studied by DNS and large-eddy simulation in both single-
and two-phase systems. A relatively rich database is now available
for most of these � ows, and they have already been implemented
by various investigators to validate turbulence models at different
stages.1¡3 The validation process involves comparisons for various
Reynolds stresses, dispersion functions, and correlations between
the temperatureand other � ow variables.The DNS results have also
been very helpful in providing the much-needed physical insight
during the early stages of model development.This valuable oppor-
tunity offered by DNS provides a direct means for the assessment
of basic modeling assumptions, which mostly stem from theoreti-
cal analysis of isotropic and homogeneous � ows. The form of the
energy spectrum, the behavior at dissipation scales, and the auto-
correlationof the � uctuating velocity of the � uid particle as seen by
the solid particle are only a few examples.

A review of the existing literature4 clearly indicates that the ex-
tent of DNS studies addressing dispersion of liquid droplets in a
compressible � ow is very limited. Recently, we presented4 simula-
tions of liquid droplets dispersed in a homogeneousshear turbulent
� ow in the presenceof evaporationand chemical reaction.The sim-
ulations were used to study the evolution of the oxidizer, the fuel
vapor, and the droplet-size distribution. The results indicated that
the droplets are mainly aligned in the direction of the mean � ow,
in agreement with a recent theory by Hyland et al.3 for dispersion
of solid particles in an incompressiblecarrier phase. Further, it was
shown that the reactionis much more intensein the regionswith high
droplet concentration. Consequently, the reaction zone is strongly
affectedby large-scalemeanshear as well as small-scalepreferential
distribution5;6 of the droplets in high strain rate regions of the � ow.

In this work we use the same simulations to analyze the statis-
tics of the velocity and temperature, which were not discussed in
Mashayek.4 In recent years a wide variety of con� gurations have
been considered by various investigators to study two-phase tur-
bulent � ows, including homogeneous isotropic,7¡9 homogeneous
anisotropic,10¡12 and inhomogeneous.13¡16 Among these, the homo-
geneous shear � ow (where the magnitudes of the normal Reynolds
stresses differ in various directions) provides a very convenient
framework for the study of anisotropy effects. An attractive fea-
ture of this � ow is the possibility of calculating statistics using the
entire � ow� eld. This is made possible in our study by solving all of
the governing equations in a deforming coordinate, which renders
both phases homogeneous. Another useful feature offered by this
� ow is its transientnature,whichallows the presentationof the time-
dependentstatistics.These featuresmake the statisticsgeneratedby
simulations of homogeneous shear � ow very valuable for model
validation.1;10 In the following section we provide a brief descrip-
tion of the formulation and methodology. The governing equations
and more details can be found in Mashayek.4;11

Formulation and Methodology
We consider the motion of a large number of evaporating fuel

droplets in an oxidizer carrier gas. It is assumed that the fuel vapor

and the oxidizer participate in the single-step, second-order irre-
versible reaction:

F C rO
Kfwd¡! .1 C r /P (1)

where F, O, and P refer to the fuel vapor, the oxidizer, and the prod-
uct, respectively.To study the anisotropy features, a homogeneous
shear � ow is considered, which is characterized by a linear mean
velocity pro� le (see Fig. 1) such that the carrier-phase instanta-
neous velocity is expressed as Ui D Sx2±i1 C ui , where S D @hU1i=
@x2 D const: Here, i D 1; 2; 3 refers to streamwise,cross-stream,and
spanwise directions, respectively.Unless stated otherwise, through-
out this paper the mean and � uctuating variables are calculated by
(density-weighted) Favre averaging.

To increase the computationalef� ciency and the accuracy of the
simulations, a Fourier pseudospectral method is used. This is ac-
complished by solving the governing equations for � uctuating ve-
locities on a grid, which deforms with the mean � ow such that
periodic boundary conditions can be imposed. The droplet equa-
tions are also solved in the moving coordinate, which allows us to
implementperiodicboundaryconditions,i.e., when a droplet leaves
the computationaldomain from one side, it is substitutedby another
droplet with the same conditions at the opposite side of the domain.
In this manner the total number of the droplets is kept the same
for the entire simulation, except for the very small droplets that are
removed as a result of other considerationsas discussed in the next
section. The details of the coordinate transformation and all of the
governing equations are given in Ref. 4. These include the com-
pressible forms of the continuity,momentum, and energy equations
for the continuousphase coupled with the Lagrangian equations for
droplets position, velocity, temperature, and mass. Further, conser-
vation equations (in the Eulerian frame) are considered for mass
fractions of the fuel vapor and the oxidizer. The fuel vapor and the
product are assumed to have the same molecular weight, viscosity,
mass diffusivity, and speci� c heat as those of the oxidizer gas, such
that the mixture of the gas, the fuel vapor, and the product can be
treated as one � uid, referred to as the carrier phase.

The carrier phase is considered to be a compressible and New-
tonian � uid with zero bulk viscosity and to obey the perfect-gas
equation of state. The carrier-phase energy equation is solved for
the summation of the sensible internal energy (½Cv T ) and the tur-
bulencekinetic energy ( 1

2 ½u i u i ) of the oxidizer-vapor-productmix-
ture. This equation is derived by assuming unity Lewis number17

(Le ´ Sc=Pr D 1). The evaporatingdroplets remain spherical with
diameters smaller than the smallest length scale of the turbulence.
The densityof the liquidis consideredto be constantandmuch larger
than the density of the carrier gas such that only inertia and (modi-
� ed Stokesian) drag forces are signi� cant to the droplet dynamics.
In addition, the volume fraction of the dispersed phase is assumed
to be small and both droplet-droplet interactions and heat transfer
caused by radiation are neglected. Various empirical correlations
are implemented to account for convective effects and modi� ca-
tions caused by a large-dropletReynolds number in the calculation
of momentum, mass, and heat transfer between the phases.4 The va-
por mass fraction at the surface of the droplet is proportional to the
partial pressure of the vapor and is described through the Clausius–

Clapeyron relation. The integrated effects of the droplets on the
carrier phase are accounted for by introducing source/sink terms in
the Eulerianequations.These Eulerian terms are calculatedfrom the
dropletLagrangianvariablesby volumeaveragingthe contributions
from all of the individual droplets residing within the cell volume
centered around each grid point.18 All of the variables are normal-
ized by reference length, density, velocity, and temperature scales.
A listingof the nondimensionalparametersthat appearin the formu-
lation is given here: Ce D [1=.° ¡ 1/M2

f ][3 ¡ .1 C r/.h f
p=C pT f /],

heat-release coef� cient; Da D ½ f L f Kfwd=U f , Damköhler num-
ber; M f DU f =

p
.° RT f /, reference Mach number; Pr D C p¹=·,

Prandtl number; Re f D ½ f U f L f =¹, reference Reynolds number;
Sc D ¹=½0, Schmidt number; 3 D Lv=C pT f , normalized latent
heat of evaporation; ¿d D Re f ½dd2

d =18, droplet time constant; and
8m D droplet mass/gas mass, mass-loading ratio.
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The computational methodology and the initialization are also
explained in Ref. 4 and will not be detailedhere. All of the Eulerian
� elds are calculatedusing a pseudospectralmethod, and the droplet
Lagrangian equations are integrated using a second-order-accurate
Adams–Bashforthmethod.To evaluatethe carrierphasevariablesat
the droplet location, a fourth-order-accurateLagrange polynomial
interpolation scheme is employed. The density and velocity � elds
are initialized as random Gaussian, isotropic, and solenoidal � elds
in Fourier space. The initial temperature � eld has no � uctuations,
and the initial pressure � eld is calculated using the equation of
state. The droplets are initially distributed randomly in the � ow
with a uniform size and the same velocity and temperature as those
of their surrounding � uid. The initial mean-gas density and mean-
gas temperature are used as the reference scales for density and
temperature, respectively. We choose M f D 1 so that the speed of
sound based on the initial mean-gas temperature is the reference
scale for the velocity.

Results
All of the simulations are performed on 963 collocation points,

using as many as 1:24 £ 106 droplets (see Table 1), and are contin-
ued until the nondimensionaltime St D 14. Although a wide variety
of cases have been considered,4 because of space limitations, here
we only discuss the effects of the mass-loading ratio and the droplet
time constant on velocity and temperature � elds. A listing of the
simulations considered in this study is provided in Table 1. Here,
we consider a base case, indicated by boldface in the table, and
then change the value of one of the parameters in each of the fol-
lowing simulations.For all of the cases, Re f D 500, Pr D Sc D 0:7,
° D 1:4, S D 2, ½d D 500, 3 D 0:8, Da D 0:5, Ce D 20, and r D 1.
The resultsof the reacting simulationsare compared (whereverpos-
sible) with the data from a one-way couplingcase.The abbreviation
used to refer to each case in the presentationof the results is shown
in the � rst column of Table 1. The droplets begin to evaporate and
react at the normalized time St D 2 when the carrier-phase turbu-
lence kinetic energy starts to grow (see Fig. 2a). The condition of
one- or two-way coupling, however, is imposed from t D 0 for cor-
responding cases. To avoid very small droplets, a criterion was set
in the code to remove the droplets when dd < »0:1´. Only for the
case with ¿d0 D 0:5¿d0b did the application of this criterion result in
the removal of some of the droplets for St ¸ 12. This has affected
some of the statistics pertaining to this case (for St ¸ 12) as can be
seen in Figs. 2a and 2b.

The temporal variation of the turbulence kinetic energy of the
carrier phase k D 1

2
h½u i u i i is shown in Fig. 2a. For all of the cases,

there is an initial (St < 2) decay of the kinetic energy becauseof the
isotropic initial velocity� eld, which lacks the shear Reynolds-stress
component and sets the production term in the transport equation
for k (see Ref. 11) equal to zero.Once the shear-stresscomponent is
generated by the imposed mean velocity gradient the homogeneous
shear � ow is established, and the kinetic energy starts to grow, ap-
proximately at St D 2. This time is chosen for initiating the evapo-
ration and reaction.Our previous results11 show that the presenceof
the droplets (without evaporationand reaction) decreases the turbu-
lence level by introducingan extra dissipation[see Eq. (3)]. This is
in agreement with early variations of the kinetic energy in Fig. 2a.
At long times, however, an increase in k is observed in reacting
cases as compared to the one-way coupling case. As pointed out
by Mashayek,11 there are two mechanisms involved in this increase
of the turbulence level: 1) the decrease of the size of the droplets,
which decreases the drag dissipation, and 2) the transfer of the ki-

Table 1 Cases considered in the study

Case reference Coupling Evaporation Reaction 8m0 ¿d0 Nd £ 10¡5

One-way 1-way No No —— 1.0 1.55
Base case 2-way Yes Yes 0.2 1.0 3.10
28m0b 2-way Yes Yes 0.4 1.0 6.20
48m0b 2-way Yes Yes 0.8 1.0 12.40
0:5¿d0b 2-way Yes Yes 0.2 0.5 8.77

a)

b)

Fig. 2 Temporal variations of a) the turbulence kinetic energy and b)
the velocity variance of the carrier phase.

Fig. 3 Temporal variations of the dissipation rate ² of the carrier
phase. Also shown on the � gure is the variation of the drag contribution
Dd to the carrier-phase turbulence kinetic energy. Both of the parame-
ters are normalized with the initial value of the dissipation rate ²0.

netic energy from the dispersed phase to the carrier phase by the
evaporatedmass. To assess the contributionmade by the evaporated
mass to the changes of the turbulence kinetic energy, in Fig. 2b, we
consider the temporal variations of half of the carrier phase veloc-
ity variance 1

2
hu i u i i. The difference between the curves for similar

cases in Figs. 2a and 2b is a quantitative measure of the effects of
changes in ½ on the kinetic energy. We also note from Fig. 2a that
the decreaseof either the mass-loadingratio or the droplet time con-
stant results in the increase of the turbulence kinetic energy at all
times.

More insight into the evolution of the turbulence kinetic energy
is gained by examining the variations of the (viscous) dissipation
rate:

² D .1=Re f /
¡
h!i !i i C 4

3
h12i

¢
(2)

The temporal evolution of ², normalized with its initial value (²0 ),
is shown in Fig. 3. In the case of solid particles interacting with
turbulence, the two-way coupling tends to decrease the dissipation
rate because of a decrease in the velocity � uctuations.11 However,
in the presence of evaporation and reaction the decrease in the total
dissipation rate is less pronounced. This is more noticeable in the
case with smaller initial droplet time constant, which results in ²
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values larger than those in the one-waycouplingcase toward the end
of the simulation. This is caused by the increase of the turbulence
level in this case as noted in Fig. 2b. Also shown in Fig. 3 is the
temporal variation of

Dd D ¡
½

1
±V

ndX µ
f1md

¿d

¡
u¤

i ¡ vi

¢
u¤

i

¶¾
(3)

which representsthecontributionof thedropletsdrag to the variation
of the turbulence kinetic energy. A negative value for Dd indicates
a decrease of the turbulencekinetic energy by drag. Figure 3 shows
that the magnitude of Dd increases during the early stages as the
droplets, becauseof their inertia, cannot follow the rapid changes in
the carrier phase and the relative velocity between the two phases
increases.At longer times the in� uenceof the initial conditionsvan-
ishes, and jDd j starts to decrease toward small values. For the case
with 8m0 D 48m0b , Dd assumes positive values toward the end of
the simulation,which indicatesan energy transfer from the droplets
to the carrier phase. Previous studies19;20 show that, in the presence
of a mean velocity gradient, the droplet velocity � uctuations in the
streamwise direction can exceed those of the � uid. This explains
the positive values of Dd at the end of the simulation. The negative
values, observed for most of the simulation time, are caused mainly
by the misalignment of the � uid and droplet velocity � uctuationsas
discussed in Fig. 4.

One of the most important features of homogeneous shear
� ow is the anisotropy of the normal Reynolds-stress components,
which makes this � ow very valuable for the assessment of various
Reynolds-stressmodels.1;2 In the assessmentthe resultsof the simu-
lationsat an early time are takenas the initial conditions,and thepre-
diction of the models for Reynolds stresses are comparedwith those
from the simulationsat longertimes.The anisotropyof thedispersed
phase can be demonstrated by considering the differences between
the normalized Reynolds stresses in various directions as shown in
Fig. 5. In the � gure kd D 1

2
hhvi vi ii is the turbulence kinetic energy

of the dispersed phase, and no summation is assumed on Greek in-
dices. A comparison with the Reynolds-stress components of the
carrier phase (not shown) indicated that the dispersedphase is more

Fig. 4 Alignment of the velocity of the droplets with the velocity of the
carrier phase.

Fig. 5 Anisotropy of the dispersed phase.

anisotropic than the carrier phase. With the neglect of the droplet-
droplet interaction, there is no direct mechanism similar to the � uid
pressure (within the dispersed phase) for the exchange of energy
among various directions. This signi� cantly enhances the differ-
ences between the Reynolds-stress components in the dispersed
phase during the early stages of the simulations. At longer times
the indirect effects of the � uid pressure on the droplets (through
drag) diminish the level of anisotropy in the dispersed phase. The
results in Fig. 5 indicate that the anisotropy of the dispersed phase
decreases with the decrease of either the mass-loading ratio or the
droplet time constant. With the decrease of the droplet time con-
stant, the dispersed phase behavesmore closely to the carrier phase,
which is generally less anisotropic because of the in� uence of the
pressure. On the other hand, the increase of the mass-loading ratio
diminishes the overall in� uence of the carrier phase on the droplets,
and so the � uid is less effective in reducing the anisotropy of the
dispersed phase.

The effects of evaporation and reaction on the alignment of
the droplet velocity with the carrier-phase velocity can be in-
vestigated by considering the temporal evolution of cos.u¤

i ; vi / D
hhu¤

i vi ii=[hh.u¤
i /2iihhv2

i ii]1=2. This alignment affects the magnitude
of the correlation between the droplet and � uid velocities hhu¤

i vi ii,
which is a key element in the modeling of two-phase� ows. Figure 4
shows that, during the early times, the alignment decreases rapidly
as the droplets are unable to adjust to fast evolution of the turbu-
lence. At long times, however, the effects of the initial conditions
are diminished, and the turbulence is more established so that it is
easier for the droplets to follow the � uid motion. As expected, two-
way coupling improves the alignment by modifying the velocity of
the surrounding � uid to mimic some of the features of the droplet
velocity.Because smaller droplets have less inertia and more easily
follow the � uid motion, a larger alignment is observed for the case
with ¿d0 D 0:5¿d0b . The change in the mass-loading ratio has very
little effect on the alignment at long times. This is expected as the
response of a droplet to changes in the � ow primarily depends on
its time constant.

In the stochastic modeling of two-phase � ows, of great interest
is the form of the probability density function (PDF) of the droplet
velocity � uctuation. In Fig. 6 the temporal evolution of the skew-
ness (hhv3

1ii=hhv2
1ii3=2) and kurtosis (hhv4

1ii=hhv2
1ii2 ) of the droplet

� uctuating velocity in the streamwise direction are presented; sim-
ilar trends were observed in other directions. The general observa-
tion is that the PDF of the droplet velocity is not signi� cantly af-
fected by evaporation and chemical reaction. The skewness is very
close to zero throughoutthe simulation, and, except for a short time
around St D 3, the kurtosis values remain close to three. These val-
ues are very similar to those for a normal distribution and suggest
that the droplet velocity � uctuations can be accurately modeled by
a Gaussian PDF. This is true in particular at long times when the
turbulenceand the droplets reach some quasiequilibriumstates.

Figure 7a shows the temporal variationsof the Reynolds average
temperature of the carrier phase. A slight growth in the temperature
is observed in the absence of a chemical reaction (i.e., for the one-
way case) caused by the energy added to the system by the mean

Fig. 6 Skewness and kurtosis of the droplet � uctuating velocity in the
streamwise direction.
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a)

b)

Fig. 7 Temporal variations of a) the mean carrier-phase temperature
and b) the Lagrangian mean temperature difference.

shear. As expected, the growth rate is much larger in the presenceof
chemical reaction.Part of the heat releasedby reaction is consumed
for the latent heat of evaporation and does not contribute to the
increaseof the temperature.To investigatethe heat transfer between
the two phases, in Fig. 7b we demonstrate the temporal variation
of the Lagrangian mean temperature difference, calculated based
on the gas temperature at the droplet location T ¤. This difference
increases in time for all of the reacting cases. One exception is the
case with ¿d0 D 0:5¿d0b at long times caused by the full evaporation
of a portion of the droplets as was discussed earlier in this section.
The temperature difference at a long time is smaller for this case as
compared to the base case, despite a higher mean temperatureof the
carrier phase, which is a result of the smaller heat capacity (mdC p )
of the smaller droplets. The temperature of these droplets can be
increased by a lower rate of convectiveheat transfer (i.e., a smaller
temperature difference) as compared to larger droplets. Regarding
the effects of the mass-loading ratio, we note that with the increase
of this parameter the total amount of the vaporized fuel increases.
This results in the increase of the total heat releasedby combustion,
and larger values for hT i are attained. Under these circumstances
the droplets can also receive more energy (by convection) from the
carrier phase, as demonstrated by larger values of hhT ¤ ¡ Td ii.

The effects of evaporation and chemical reaction on the temper-
ature � uctuation can be further studied by considering the temporal
variation of the rms of this quantity. Figure 8a shows the variations
of Tdrms D [hh.Td ¡ hhTdii/2ii]1=2 for the droplets. It is observed in
Fig. 8a that, in the absence of the chemical reaction, the curve for
the one-way coupling case approaches an asymptotic value at long
times. The rms temperature for cases with chemical reaction, how-
ever,does not reachasymptoticvalues.Furtheranalysisof the results
indicatedthat the rms valuesare smaller for temperature� uctuations
of the droplets than those of the � uid (not shown). This is mainly
causedby the largerheat capacityof the droplets,which makes them
more resistant to thermal disturbances.For the same reason the rms
temperature is larger for the case with a smaller initial droplet time
constant. The trend of variation of the rms temperature with the
mass-loading ratio is not as clear, although it appears that at long
times Tdrms decreaseswith the increaseof the mass-loadingratio. To
investigate the effects of reaction on the PDF of the droplet temper-
ature � uctuations, in Fig. 8b the temporal evolutionof the skewness
and kurtosis of Td is shown. It appears that the skewness and kur-

a)

b)

Fig. 8 Temporal variations of a) rms and b) skewness and kurtosis of
the droplet temperature.

a)

b)

Fig. 9 Temporal variations of a) the mean and b) the rms of the tur-
bulence Mach number.

tosis values for various cases are close to those for a Gaussian PDF
and suggest that, in the absence of more accurate information, the
PDF of the droplet temperature � uctuation can be approximated
by a normal distribution. An interesting feature noted in Fig. 8b
is that chemical reaction results in negative skewness, i.e., a larger
number of the droplets exhibit temperatures lower than the mean
temperature.This can be explained by considering the fact that, by
generating smaller amounts of fuel vapor, the smaller droplets are
associated with regions of the � ow with smaller reaction rate. This
is also veri� ed by � ow visualizations in Ref. 4, which indicate the
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presence of smaller droplets outside of the intense reaction zone
toward the end of the simulations. These droplets receive less en-
ergy from the combustion and exhibit smaller temperatures, thus
resulting in negative skewness factors for the droplet temperature.

The effects of the droplets on the turbulence Mach number M D
[ui ui =.° RT /]1=2 are investigatedby considering the temporal vari-
ations of the Reynolds average and the rms values of this quantity.
A comparison with the one-way coupling case indicates that both
the mean and the rms of the Mach number decrease in the presence
of chemical reaction. This is in agreement with previous studies in
single-phase� ows in that the chemical reactiondiminishes the com-
pressibility effects.21 The decrease of the Mach number is despite
the fact that the velocity� uctuationsmay increasewhen the droplets
are allowed to react (cf. Fig. 2b for ¿d0 D 0:5¿d0b ). Figure 7a shows
that the temperature of the carrier phase signi� cantly increases for
cases with chemical reaction. This results in the increase of the
speed of sound and the decrease of the Mach number. The results
in Fig. 9 also show that the Mach number is small for various cases
and the carrier phase is free of shocklets.This is an important issue
in this study as a Fourier pseudospectralmethod has been used for
the simulation of the carrier phase.

Conclusion
Results of numerical simulations are used to investigate the ef-

fects of the mass-loading ratio and the droplet time constant on
statistics of temperature and velocity in a reacting droplet-ladenho-
mogeneous shear turbulence. The chemical reaction takes place in
the carrier phase and is described by a single-step, second-order ir-
reversible scheme. The homogeneous � ow considered here can be
viewedas oneof thebasic� ows locallydominatingin a more general
� ow of practical interest. As a result, the statistics presented here
can be used for a preliminary assessment of statistical/stochastic
models for two-phase turbulent � ows. The results of the simula-
tions are primarily used to investigate the effects of the droplet time
constant and the mass-loading ratio. The decrease of the droplet
time constant (or the droplet size) signi� cantly modi� es the behav-
ior of both phases, which is caused mainly by the increase of the
evaporationrate, which in turn results in higherheat release by com-
bustion.Further, the decrease of the droplet time constant results in
the enhancement of both the turbulence kinetic energy and its vis-
cous dissipation rate, while increasing the alignment between the
� uctuating velocities of the two phases. The in� uence of the mass-
loading ratio is primarily a result of the two-way coupling effects
that tend to modify the behavior of the carrier phase to mimic some
of the main features of the dispersed phase. This decreases the tur-
bulence kinetic energy of the carrier phase by introducing the extra
dissipation caused by drag. The alignment of the particle and � uid
� uctuating velocities, however, is not in� uenced by the increase of
the mass-loading ratio, which shows that the alignment is primarily
a function of the droplet time constant that determines the response
of the particle to local changes in the � ow. Both the mean tem-
perature of the carrier phase and the Lagrangian mean temperature
difference(between the two phases) increasewith the increaseof the
mass-loading ratio. The rms of the droplet temperature � uctuations
increases in time in the presenceof chemical reactionand shows an
increase with the decrease of the droplet time constant. The results
suggest that the droplet velocity and temperature � uctuations can
be reasonablyapproximatedwith Gaussiandistribution;this is more
strongly true for velocity � uctuations.
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