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Abstract--An extensive numerical study was carried out for a confined evaporating spray in a turbulent, 
heated gas flow using a published well-defined experimental dataset. The Eulerian-Lagrangian stochastic 
models were employed for spray calculations wherein the gas turbulence was modeled using the second- 
moment transport model for the Reynolds stresses and heat-flux vectors, and the droplet dispersion was 
modeled using the Lagrangian stochastic models with or without temporal correlations. Two fashions of 
the infinite-conduction-evaporation model were studied, both of which have taken into account the variable 
gas-film properties by the 1/3-rule. Numerical results for the droplet phase, i.e., the mean diameters, mass 
fluxes, mean and fluctuating velocities were presented and discussed by comparison with the experimental 
data. The sensitivity of various droplet properties to the number of droplet trajectories at the inlet, the 
drift correction approaches for the improvement of mass-flux predictions, and the evaporation models was 
investigated in terms of the well-defined experimental dataset. Results show that the droplet mean velocities 
are generally not sensitive to all the factors considered, that droplet r.m.s, velocities downstream are 
sensitive to the number of trajectories, that the droplet mass-flux accumulation near the centreline can be 
substantially improved by using a new drift correction approach, and that mass-flux predictions are 

sensitive to the evaporation models. 

INTRODUCTION 

Numerical investigation of fuel sprays is a prerequisite 
for further study of spray combustion. Due to their 
particular advantage of straightforwardly accounting 
for droplet trajectcry crossings, Lagrangian stochastic 
separated-flow (SSF) models are increasingly receiv- 
ing great attention. The comprehensive reviews of 
spray and combustion models can be found in, among 
others, Chigier [1]~ Law [2], Faeth [3], Crowe [4] and 
Sirignano [5, 6]. 

Many of early Lagrangian SSF calculations, i.e. 
Shuen et al. [7] and Chen and Pereira [8], have clearly 
shown that the specification of droplet-phase initial 
conditions plays an important  role in accurate pre- 
diction of droplet properties. Without  well-specified 
inlet conditions from the experiment, Sturgess et al. 
[9] found that it is very difficult to yield acceptable 
predictions of droplet space distribution, even though 
they spared no effort on adjusting the specification 
of the assumed inJ:et conditions. Therefore, accurate 
assessment of developed Euler ian-Lagrangian SSF 
models must rely on well-specified experimental data, 
especially those u,;ed as the initial conditions. As a 
result, recent numerical investigations of sprays were 
carried out by Bulzan et al. [10] and Chang et al. [11] 
under detailed initial conditions. Moreover, systemati- 
cally experimental and theoretical study has also been 
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made earlier on nonevaporat ing sprays in the Faeth's  
group;  see Solomon et al. [12, 13]. Their numerical 
results show that Euler ian-Lagrangian SSF models 
can achieve encouraging results. However, all these 
studies were associated with nonevaporat ing sprays. 
Currently, few complete sets of experimental measure- 
ments are available for evaporating sprays. Aggarwal 
and Chitre [14] computed a turbulent evaporating 
spray based on some assumed inlet conditions, with 
the aim of qualitatively studying the effect of  various 
evaporation models. Even though experimental and 
numerical study has been made by Solomon et al. [15] 
on evaporating sprays, their numerical results were 
obtained using the measurements only downstream of 
50 nozzle diameters. Recently, Sommerfeld et al. [16] 
have successfully performed experimental measure- 
ments of turbulent  evaporating sprays, which make it 
possible to investigate numerical models on the pre- 
diction of evaporating sprays. To attain accurate pre- 
dictions, it is significant to perform a study on the 
sensitivity of droplet properties, i.e. velocities, diam- 
eters and mass fluxes, to such factors as the number  
of droplet trajectories, Lagrangian SSF models and 
evaporation models, etc. Therefore, the main objective 
of this work is to clarify the effect of  these factors on 
droplet properties in terms of available, well-specified, 
experimental measurements in an attempt to get an 
insight into the influence of the numerical models on 
the prediction of spray evaporation. 

The previous study by Chen and Pereira [17] indi- 
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NOMENCLATURE 

Cp specific heat at constant pressure 
[J kg -1 K -1] 

Dp droplet diameter [#m] 
H enthalpy of the gas phase [J kg-~] 
k turbulent kinetic energy [m 2 s -2] or 

thermal conductivity [W m - l  K- l ]  
L droplet latent heat of vaporization 

[J kg -~] 
Le Lewis number, Le = k m / ( P m f p m D v )  

mp droplet mass, mp = lrppD~/6 [kg] 
droplet number flowrate [s-t] 

P pressure IN m -2] 
Pr Prandtl number, Pr = Cpm[.,tm/km 

Sc Schmidt number, Sc = l lm/(pmDv) 

SPIn mass source from droplet phase 
[kg s -1] 

S p enthalpy source from droplet phase 
[J s - ' ]  

Sk p turbulent energy source from droplet 
phase [kg m 2 s -3] 

St, momentum sources from droplet 
phase [kg m s -2] 

S ~  stress sources from droplet phase 
[kg m 2 s -3] 

Sc~ turbulent model constant, Sct= 0.7 
t time [s] 

T temperature [K] 
U axial gas velocity [m s-~] 
V radial gas velocity [m s -~] 
x axial coordinate [m] 
y radial coordinate [m]. 

Greek symbols 
dissipation rate of turbulence [m 2 s -3] 

# laminar dynamic viscosity [kg m-~ s-~] 
#t turbulent dynamic viscosity, 

#t = O.09pk2/e [kg m -1 s -~] 
p density [kg m-3]. 

Subscripts 
i, j indices of coordinate component 
1 liquid 
p droplet phase 
t turbulent 
v fuel vapor or radial velocity 

component 
m gas-film mixture. 

Superscripts 
- instantaneous 

time derivative. 

cates that the isotropic droplet-eddy encounter dis- 
persion model of Gosman and Ioannides [18] fails 
to account for the effect of the anisotropicity of gas 
turbulence on droplet dispersion for the present flow 
configuration whereas the time-correlated dispersion 
model of Zhou and Leschziner [19] can account for 
this anisotropic effect and gives more agreeable pre- 
dictions with the measurements. Unfortunately, it is 
found that the mass-flux predictions tend to accumu- 
late strongly near the centreline far downstream in 
both of these two droplet dispersion models. There- 
fore, another objective of the work is to improve the 
mass-flux predictions by devising a new approach for 
Lagrangian stochastic sampling. This new approach 
is also compared with another approach suggested by 
Maclnnes and Bracco [20], which is associated with 
the time-correlated dispersion model of Zhou and Les- 
chziner [19]. The efficiency of these two approaches 
to damp the mass-flux accumulation was assessed in 
terms of the experimental measurements. Besides, all 
the other numerical results were also discussed and 
appraised in accordance with the experimental 
measurements of Sommerfeld et al. [16]. 

DESCRIBING EQUATIONS FOR THE GAS PHASE 

The equations governing the continuous gas flow- 
field are modeled using the Reynolds-stress-transport 
(RST) model. For  a steady, axisymmetric, two-dimen- 

sional (2D) turbulent flow, application of the Reyn- 
olds time-averaging process to the Eulerian form of 
conservation equations for each dependent variable 
yields the governing equations for mass, momentum, 
enthalpy and vapor mass fraction as follows : 

apUs 
- S~m ( 1 )  

dxj 

apU, Uj ~P ~ / ~U~ - - \  
- (2) 

OvffYo~ _ ~,a \~( # ~°n-P~)+ s ~ (3) 

O # ORUjF ~xj[~c OF _ _ 7  p 
dxj _ Uxj --puJJ+Sm (4) 

where all the turbulent fluctuating correlations are 
modeled using the RST model, except that the mass 
fraction correlation is modeled using an isotropic 
eddy-viscosity diffusivity model, i.e. 

_ p~ c~F 
- -pui f  ~" ~C t ~ .  (5) 

The Reynolds stresses can be expressed tensorially as 
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~ 3 m 
+ Pu + C 1P ~ (UlUmnlnrnOij -- iuluin~nj 

3 ~ I~ 
- -  ~u, ujn, n,)fk - -  (~l  P k (Ui~jj - -  2kao ") - -  ] P ~ a i j  

3 + C~2 ~ (~,2nlnmru-~c~,l,2nlnj 

3 2 - i d~Jt.zn,nj)fk -- C2 (Po - ]G6o) + S~L,,~ (6) 

where the production G = Pkk/2; n~ stands for the 
unit vector in the /-component normal to the wall; 
subscript k takes the same value as 1 but without 
summation; Po and fk are given by 

f __au, au?~ 
Pc= --tPUjUk~xk+PU~Uk~xk) (7) 

k 3 / 2  

fk = 2.5X~we (8) 

where Xkw is the normal distance from the wall. The 
heat-flux vector transport equations can be written as 
follows : 

~ (Uju,-~) = / _ _  OH __ O U,\ 
- Pl  U,UJ ~xj+ Ujh~xj ) 

o F/# k _ _ \  O~,hq 
-c,;u, uq l 

- -  _ _ O U  i 
- -  C h l  p ~ Uih + C h 2 p U j h  - ~ x  j . (9) 

Finally, the equation governing the dissipation rate of 
the turbulent kinetic energy is modeled by 

d 

g 
+(C~iG-C~2pe)~ +C,3S~'~. (10) 

The RST model constants are given in Table 1. The 
determination of t:he droplet sources in the gas-phase 
equations is detailed elsewhere in Chen [21]. 

DESCRIBING EOUATIONS FOR THE DROPLET 
PHASE 

Having analysed the order of magnitude, Faeth [3] 
concluded that all t'orces, except the drag force, acting 
on the droplet will be negligible when the ratio of 
the gas to droplet density is very small. Under this 

assumption, the equations of the motion for each of 
the droplet parcels can be written as 

d (.Tpi (_~i--Vpi..[_Fp i (11) 
dt Zp 

where tTi = Ui+u~ is the instantaneous gas velocity, 
and Fp~ are the external forces, i.e. gravity, centrifugal 
and Corioris forces in the cylindrical coordinates. The 
relaxation time of droplets, Zp, is defined as 

ppD2p (12) 
Zp = 18#mfp 

where the drag correction coefficientfp depends on the 
relative Reynolds number between the gas and droplet 
phases, i.e., 

fp = 1 +0.15Rep °687 (0 < Rep < 1000), 

p4(0.,- o,)2n. Rep = (13) 
Pm 

The droplet trajectories are computed by 

dxpi Vpi. (14) 
dt 

Note that in the above calculation the viscosity/~m is 
evaluated using the 1/3-rule for averaging of the gas-  
film condition. But the density is still based on the free 
stream value. This treatment is justified and rec- 
ommended by Yuen and Chen [22] through their 
experiment, and is also numerically proved by Hub- 
bard et al. [23]. 

STOCHASTIC DROPLET DISPERSION MODELS 

As is known, the main difficulty in Lagrangian com- 
putations is the unknown instantaneous gas held. The 
time-averaged Eulerian equations can only provide 
the gas mean properties. Therefore, the stochastic 
models have to be employed to account for the gas- 
phase turbulence on droplet dispersion. Currently, the 
most popular and simple dispersion model should be 
that due to Gosman and Ioannides [18]. This model 
is, however, in essence an isotropic dispersion model. 
It treats the droplet dispersion by employing the 
instantaneous gas velocity through the concept of 
droplet-eddy interactions. The droplets are assumed 
to interact with a sequence of randomly sampled tur- 
bulent eddies. The droplet-eddy interaction time is 
determined by minimizing two time scales : the eddy- 
life time and eddy-transit time. The fluctuating vel- 
ocity is obtained by randomly sampling a Gaussian 

Table 1. RST model constants 

C s C 1 C 2 C I I C t 2 Ce i Ce2 Ce3 Ch Ch i Ch2 

0.22 1.8 0.6 0.5 0.3 1.45 1.90 1.10 0.3 3.2 0.5 
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PDF with a standard deviation of x/(2k/3). This 
model accounts for no temporal and directional cor- 
relations of velocity fluctuations, and can not take 
into account the anisotropic effect of gas turbulence 
on droplet dispersion. To overcome this model 
deficiency, Zhou and Leschziner [19] proposed a time- 
correlated model which accounts for temporal and 
directional correlations of velocity fluctuations 
between two successive time steps by 

ui(t) = f l~uj ( t -  At) + d, (15) 

where flij is a coefficient matrix accounting for the 
effect from the previous time level and di accounts 
for the effect due to the randomness during the time 
interval At. The determination of these coefficients 
and some improvements can be found elsewhere in 
Zhou and Leschziner [18] as well as Chen and Pereira 
[17], respectively. 

The comparative study [17] of these two dispersion 
models shows that the time-correlated dispersion 
model can adequately account for the anisotropy of 
turbulence, thus giving better prediction of droplet 
r.m.s, velocities than the isotropic dispersion model ; 
however, the prediction of droplet mass fluxes tends 
to accumulate unrealistically near the centreline far 
downstream in both droplet dispersion models. Actu- 
ally, this kind of phenomenon has already been 
observed by Adeniji-Fashola and Chen [24] in their 
Eulerian-Lagrangian computations. Therefore, it is 
necessary to develop an approach capable of eli- 
minating this aphysical mass-flux accumulation. To 
this end, we modify the conventional SSF models to 
account for the anisotropic effect of gas turbulence on 
droplet dispersion as follows : 

ui = ai~j60. (16) 

where ~j is a Gaussian random variable having zero 
mean and unity deviation, ai the standard deviation 
of fluctuating velocity, given presently by 

ai = x/(u2). (17) 

Instead of using x/(2k/3) as done b y G o s m a n  and 
Ioannides [18], the normal stresses, u~, are used in 
equation (17), which are obtained with the RST model 
predictions. To improve the mass-flux prediction, a 
new approach is developed in this work which modi- 
fies the way to sample the transverse component of 
the fluctuating velocity in equation (16). Rather than 
using the simple Gaussian variable for the transverse 
component, we use the following approach to obtain 
the random variable (details can be found in the 
Appendix) 

~v 4" ,r~ (18) 
= -[- YP "Cp~p 

where iv is the Gaussian variable having zero mean 
and unity deviation, ~p a controlling parameter, being 
either zero or unity, to switch on or off this modi- 
fication, depending on the local radial gas mean 
velocity, i.e. 

1 fJV+0.0151V+0.O15 ) ~p = ~ \  +1 (19) 

where V is the radial mean velocity of the gas phase. 
The idea behind equation (19) is that the modification 
is switched off at V < -0 .015 m s -~, which cor- 
responds to the flow recirculating region. This is 
because droplets may physically accumulate in the 
recirculating region due to flow entrainment. Numeri- 
cal experiments also prove the correctness of this 
reasoning. If  we do not switch off the modification in 
this region, the droplets will be depleted from the 
centreline close to the inlet, which is against the exper- 
imental observation. 

Using the time-correlated dispersion model, Mac- 
Innes and Bracco [20] proposed another method to 
overcome the mass-flux accumulation under the prem- 
ise that the velocity fluctuation increment at time At 
should be compatible with the average fluctuating 
acceleration, i.e. 

= Ou,.~. At (20) axj 
which is added to the right-hand side of equation (15) 
as a drift correction. 

DROPLET EVAPORATION MODELS 

In the spray considered here, the droplet evap- 
oration, with an initial temperature of 313 K, occurs 
in a low temperature environment. The maximum 
inlet gas temperature is 373 K, while the droplet boil- 
ing temperature at atmospheric pressure is 355 K. 
The evaporation is mainly mass transfer controlled. 
Therefore, it is adequate to consider the droplet pre- 
heating process during its evaporation; see Som- 
merfeld et al. [16]. Berlemont et al. [25] reported that 
no substantial difference can be found between the 
results with the infinite-conduction model and the 
results with the conduction-limit model for their case 
studied. At present, two fashions of infinite-con- 
duction evaporation model are considered for present 
spray evaporation, aiming at investigating the sen- 
sitivity of droplet properties to the two evaporation 
models. 

Model  1 
The heat balance equation for the droplet is written 

a s  

dTp n O p N u k r ~ ( T -  Tp) - -mpL .  (21) mpCpl d-~-= 

The classical d2-1aw by Spalding [26] is used for mass 
evaporation rate, i.e. 

rhp = nDppmDvSh In (1 +BM) (22) 

where BM is the Spalding mass transfer number, Dr, 
the binary diffusivity. The vapour mass fraction at 
the droplet surface is determined by the Clausius- 
Clapeyron's equilibrium vapour pressure equation; 
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see Chen and Pereira [27] for more details. To take 
into account the gas-phase convective effect on droplet 
evaporation, the fallowing correlations are used to 
modify the Nusselt and Sherwood numbers : 

Nu = (2 +0.55Relp/2 prl/3)(1 + 1.232Rep l pr-4/3)-i/2 

Sh = (2 +0.55Re~p/2Sc~/3)(1 + 1.232Repa Sc 4/3)-~/2 

(23) 

Model 2 
Considering the blowing effect on droplet evap- 

oration, Abramzon and Sirignano [28] suggested that 
the droplet surface temperature be computed by 

dT r, . [-Cpv(T- Tp) ] 
mpCp' -dT = K - L .  (24) 

where the Spalding: heat transfer constant is given by 

BT = (I+BM) * q~ Cpv Sh* 1 (25) 
Cpm Nu* Le" 

The modified Nu,;selt and Sherwood numbers are 
given by 

N u - 2  (1 +BT) °'7 
Nu* = 2-t- - - -  FT In (1 +B+) 

FT BT 

Sh -- 2 
S h * = 2 + ~ -  M - Fra 

(1-1- BM) 0"7 
In (1 + BM). 

BM 

(26) 

The mass evaporation rate, rnp, is determined similarly 
using equation (22) except that Sh is replaced by Sh*. 
Note that B+ should be obtained iteratively with a 
given temperature. Details on finding BT can be found 
in Abramzon and Sirignano [28]. 

COMPUTATION OF DROPLET PROPERTIES 

Droplet properties are generally determined in 
terms of the number-averaged values, except mass flux 
and volume concentration which are obtained using 
the absolute numbe, r of droplets in the control volume 
considered. The general number-averaged property in 
a control volume (i,j) can be determined by 

M 

E @p, k/~-k Atk 
k = l  

~p,,J - u (27) 

E N, Atk 
k = l  

where subscript k represents the kth droplet parcel 
crossing the control volume, AVe, M the total number 
of all droplet trajectories crossing the control volume. 
However, the droplet mass flux or volume con- 
centration is computed differently. Taking the mass 
flux for example, we have 

M 7~ Fpq _ l - i  = 3 ~ " , -- A~o k~,gppDpUp'kN~Atk" (28) 

Bearing these caveats in mind, we are going to explain 
why the accumulation phenomenon occurs only in the 
prediction of mass fluxes rather than in the other 
droplet properties. 

NUMERICAL SOLUTION PROCEDURE 

The finite-volume method is employed to solve the 
Eulerian equations together with a staggered mesh 
arrangement. The solution procedure for the gas 
phase follows the SIMPLE algorithm. The third-order 
discretization of the QUICK [29] algorithm was used 
for convection discretization. In solving the Reynolds- 
stress and heat flux equations, the apparent viscosities 
suggested by Huang and Leschziner [30] were used to 
obtain the explicitly diffusive terms in the momentum 
and enthalpy equations. The droplet-phase field is 
calculated by tracking the droplet parcels throughout 
the computational domain. The droplet equation of 
motion is presently solved in terms of  cartesian coor- 
dinates to avoid the singularity that droplet radial 
position may approach zero in the application of the 
axisymmetric cylindrical coordinates. The droplet sur- 
face temperature and diameter are determined in an 
iterative way to enhance the strict conservation of 
mass and energy across the liquid interface. The drop- 
let diameter change within an intergral time step, At, 
is determined by 

Dp(t) = ~/[D~(t-At)-42At/pp] (29) 

where 

~pm DvSh In (1 + BM) Model 1 

)" = (pmDvSh* In (1 + BM) Model 2. 
(30) 

The fully-implicit temporal discretization is used to 
compute the change of the droplet surface tem- 
perature under the assumption that gas temperature 
is constant within the integral time step, yielding 

62At 
Tp(t) -- Tp(t-- At) - - -  {f~[T- Tp(t)] - L} 

c~,p~ 
(31) 

where f~ depends on the evaporation model, i.e. 

n = (32) 
cpv 

L BT Model 2. 

The mean diameter used in equation (31) is deter- 
mined by averaging the values between the two time 
steps, i.e. 

= i[Dp(t )+D~(t-At)] .  (33) 

Equation (31) can be solved efficiently using the New- 
ton-Raphason iterative method, during which the 
droplet diameter can also be obtained. Note that the 
1/3-rule averaging is used to compute all the variable 
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gas-film thermophysical properties in these equa- 
tions ; see Chen [21] for details. In addition, particular 
attention has to be paid to computing the droplet 
surface temperature due to the intrinsical "stiffness" 
in the droplet-temperature equation, as explained by 
Crowe [31]. This requires using small timesteps to 
advance the droplet ordinary-differential equations, 
especially when droplet diameters become very small 
due to spray evaporation. 

THE SPRAY CONFIGURATION 

The experimental configuration for the hollow-cone 
spray used by Sommerfeld et al. [16] is shown in Fig. 
1. The isopropyl-alcohol liquid was injected from the 
central nozzle with a diameter of 20 mm. A coflowing 
air stream was blown downwards through an annulus 
with an outer diameter of 64 mm. The detailed exper- 
imental measurements of radial profiles were per- 
formed radially at X = 3, 25, 50, 100, 200, 300 and 
400 mm. The first radial profile at X = 3 mm was used 
as the initial conditions for the numerical compu- 
tations. The remaining profiles were used as the vali- 
dation of the numerical results. The first profile of 
measurements provides such detailed droplet proper- 
ties as droplet sizes and their corresponding PDF dis- 
tributions, mean and r.m.s, velocities for each of the 
droplet sizes, mass fluxes, and droplet mean diameters 
at each measured point. The geometry shown in Fig. 
1 indicates that the test section had an inner diameter 
of 194 mm. The average temperatures of air and iso- 
propyl-alcohol liquid at the inlet were 373 K and 313 
K, respectively. The room temperature is about 303.4 
K. The distribution of gas temperature along the wall 
was measured and will be used as the near-wall bound- 
ary condition for the enthalpy equation. The 

8 

IIII1 11@ .o.E coM. 
 ozzE 

:)//~'i,i: / TEST SECTION 

¢ 64 

¢ 194 

Fig. 1. Experimental flow configuration of Sommerfeld et aL 
(1993). 

maximum air velocity at the inlet was 18 m s -~. The 
inlet air mass flowrate was 28.3 g s -~, and the inlet 
isopropyl-alcohol liquid mass flowrate was 0.443 g 
s-~ ; therefore, the spray was very dilute. 

RESULTS AND DISCUSSION 

Experimental measurements indicate that the spray 
is approximately axisymmetric. To save computer 
CPU time and have more refined grids, only half of 
the flow domain was considered in the numerical cal- 
culations. The dimension of the computational 
domain was 1.3 m axially by 0.097 m radially. The 
following computations were performed using a grid 
of 60 × 53 in the axial and radial directions, respec- 
tively, which was determined by numerical exper- 
iments. This grid distribution yields similar results to 
those obtained using 85 x 70 control volumes. To well 
resolve the flow near the nozzle, refined grids were 
distributed near the recirculating region close to the 
inlet centreline. The following numerical runs, 
described in Table 2, have been performed for the 
present sensitivity study. Note that the number of 
trajectories here refers to the number of droplet par- 
cels multiplied by the random walks. The selection of 
droplet parcels was based on the measured droplet 
PDF distributions at the inlet. The initial droplet-size 
distribution of the spray is selected according to the 
given experimental PDF to obtain an adequate num- 
ber of discrete parcels, each of which represents a set 
of droplets having the same size and initial conditions. 

In the following paragraphs, numerical results are 
compared and discussed according to the exper- 
imentally measured radial profiles at X = 25, 50, 100, 
200, 300 and 400 mm. Even though a lot of numerical 
results are available, only a few representative ones are 
described. The main droplet properties investigated 
below are the droplet axial mean velocity, Sauter mean 
diameters, mass fluxes, and fluctuating velocities. 

Figures 2 and 3 show the results of Run 1 and Run 
2 using two different numbers of droplet trajectories 
with an aim to study the effect of the number of 
droplet trajectories on the droplet properties. Figures 
2(a)-(c) compare the measured and predicted radial 
profiles of the droplet axial mean velocity, Sauter 
mean diameters and mass fluxes, respectively. It is 
shown that the axial mean velocity in Fig. 2(a) is not 
sensitive to the number of trajectories, and that the 
droplet Sauter mean diameters and mass fluxes in 
Figs. 2(b) and (c) are only marginally sensitive to the 
number of trajectories. 

The effect of the number of droplet trajectories on 
the droplet turbulent properties is shown in Figs. 3(a) 
and (b) for the axial and radial r.m.s, velocities, 
respectively. It is clearly evident that the droplet r.m.s. 
velocities downstream of X = 300 mm are discernibly 
influenced by the number of trajectories at the inlet. 
This is due to the fact that far downstream droplet 
diameters become small due to spray evaporation. It 
is well known that small droplets, due to their small 
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Number  Number  Evaporation Drift correction Stochastic 
of runs of trajectories models approaches models 

1 3500 Model 1 equation (18) equation (16) 
2 10 000 Model 1 equation (18) equation (16) 
3 40 000 Model 1 equation (18) equation (16) 
4 10 000 Model 1 None equation (16) 
5 10 000 Model 1 None equation (15) 
6 10 000 Model 1 equation (20) equation (15) 
7 10 000 Model 2 equation (18) equation (16) 
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Fig. 2. Effect of the number  of trajectories on droplet mean properties : (a) axial mean velocity ; (b) Sauter 
mean diameter,  and (c) mass flux. 
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Fig. 3. Effect of the number of trajectories on droplet turbulent properties : (a) axial r.m.s, velocity and 
(b) radial r.m.s, velocity. 

retaxation time constant, are very responsive to the 
change in gas turbulence; as a result, they are much 
influenced by the gas turbulence. Moreover, the total 
number of trajectories far downstream is relatively 
proportional to the total number of droplet tra- 
jectories at the inlet. Therefore, a larger number of 
droplet trajectories at the inlet results in a larger num- 
ber of droplet trajectories downstream, thus yielding 
more reliable stochastic statistics far downstream. 
Consequently, the results obtained with a larger num- 
ber of 10000 trajectories are smoother and more 
agreeable with the measurements downstream. To see 
further whether the results with the 10000 droplet 
trajectories are relatively independent of the number 
of trajectories, Figs. 4(a) and (b) compare, respec- 
tively, the droplet axial and radial r.m.s, velocities of 
Run 2 and Run 3 which are obtained with a total of 
40 000 trajectories at the inlet. The other droplet pro- 
perties are not shown here due to the very slight dis- 
crepancy between these two runs. The comparison 
demonstrates that almost no discrepancy can be dis- 
tinguished ; therefore, it can be deemed that the results 
with a total number of 10 000 trajectories at the inlet 
are invariant. As a consequence, all the following 
results are obtained with this number of trajectories. 

The comparison of the mass-flux predictions with 
and without drift correction is shown in Figs. 5(a) and 
(b) in association with two droplet dispersion models. 
Figure 5(a) examines the effect of the new drift cor- 
rection approach on the mass-flux predictions (Run 2 

and Run 4) associated with a modified dispersion 
model. It clearly indicates that the mass-flux pre- 
dictions tend to accumulate strongly downstream of 
X = 200 mm (dashed line), whereas with the new drift 
correction of equation (18) the mass-flux prediction 
is substantially improved. Figure 5(b) examines the 
effect of the drift correction method due to Maclnnes 
and Bracco [20] on the mass-flux predictions (Run 5 
and Run 6). This drift correction method is associated 
with the time-correlated dispersion model of Zhou 
and Leschziner [19], which has been studied by Chen 
and Pereira [17] in comparison with the isotropic dis- 
persion model of Gosman and Ioannides [18]. It can 
be seen that the incorporation of the drift correction 
term of equation (20) does improve the mass-flux pre- 
dictions downstream of X =  300; however, the 
accumulation of mass fluxes downstream is in essence 
still present. Therefore, the drift correction approach 
suggested by Maclnnes and Bracco [20] does not work 
well for the evaporating spray investigated here, as far 
as the damping of mass-flux accumulation is 
concerned. To see further the improvement obtained 
with the present modified dispersion model, Fig. 5(c) 
compares the two mass-flux predictions obtained with 
the standard dispersion model of Gosman and Ioan- 
nides and with the modified SSF model. It is clearly 
evident that the present modified model substantially 
ameliorates these mass-flux predictions. It may be 
puzzling that the mass fluxes are strongly over- 
predicted far downstream whereas the other droplet 
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Fig. 4. Sensitivity of the droplet r.m.s, velocities to the number of trajectories : (a) axial r.m.s, velocity and 
(b) radial r.m.s, velocity. 

(b) 

properties can be :satisfactorily predicted. The answer 
to this question is quite simple, if we examine the way 
to compute the droplet mass flux by equation (27) and 
the other properties by equation (28). The substantial 
difference between these two computations lies in the 
fact that the absolute number of droplets is used for 
the mass-flux calculation while the number-weighted 
averaging is used. for the calculation of the other 
properties. Theretbre, the droplet accumulation near 
the centreline results in only an overprediction of mass 
fluxes, but has no effect on the other number-weighted 
droplet properties. 

Figures 6(a)-(c) compare the droplet fluctuating 
properties obtained with the present modified model 
and the standard model of Gosman and Ioannides. It 
can be seen that the modified model better predicts 
these droplet fluctuating properties, especially the 
droplet r.m.s, velocities, as compared to the standard 
Gosman and Ioannides model due to the account of 
anisotropicity of turbulence in the modified model. 

Figures 7(a)-(c) compare the results of Run 2 and 
Run 7 with the two fashions of infinite-conduction 
model. Figure 7(a) shows that the droplet axial mean 
velocity is not sensitive to the evaporation model 
whereas Fig. 7(b) shows that the droplet Sauter mean 
diameters are influenced by the evaporation models, 
especially downstream of X = 200 mm. Figure 7(c) 
clearly demonstrates that the mass fluxes are sensitive 

to the evaporation models. The results with evap- 
oration model 2 accounting for the blowing effect 
slightly underpredict the Sauter mean diameters and 
mass fluxes in contrast to evaporation model 1. The 
two evaporation models behave in an opposite way in 
the prediction of mass fluxes between X = 200 and 
300 mm ; see Fig. 7(c). The prediction of the Sauter 
mean diameters in Fig. 7(b) indicates that the evap- 
oration model of Abramzon and Sirignano [28] is 
slightly better than evaporation model 1. 

The effect of the two evaporation models on droplet 
turbulent properties is examined in Figs. 8(a) and (b) 
for the axial and radial r.m.s, velocities, respectively. It 
is evident that the two infinite-conduction evaporation 
models with and without the blowing effect have neg- 
ligible influence on the droplet r.m.s, velocities. 
Finally, Fig. 9 shows the effect of the evaporation 
models on the droplet mass flowrate, which has been 
normalized by the value at the inlet. The mass flowrate 
M is obtained by integrating the droplet mass flux 
over the cross-sectional area. It can be seen that the 
predictions with the two evaporation models agree 
satisfactorily with the measurements, especially far 
downstream. The discrepancy between the two models 
is small upstream of X = 25 mm and downstream of 
X = 400 mm, while relatively large discrepancy exists 
in between. This is consistent with the conclusion 
drawn by Aggarwal and Chitre [14], who found that 
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mean diameter ; and (c) mass flux. 

the vaporization models have relatively small effect 
on long time evaporation. 

CONCLUSIONS 

A sensitivity study of droplet properties to various 
factors in the modeling of dilute evaporating sprays 
was conducted using the Eulerian-Lagrangian SSF 
models with the well-specified experimental measure- 
ments. The Eulerian formulation of the gas-phase 
flowfield was based on the second-order momentum 
turbulence closure with a high-order QUICK alga- 

rithm used for convection discretization. The rela- 
tively reliable prediction of gas-phase normal stresses 
with the RST model makes it possible to successfully 
modify the conventional SSF models, where the drop- 
let-encountered eddy turbulent properties are only 
based on the local turbulent kinetic energy, to account 
for the anisotropic effect of gas turbulence on droplet 
dispersion. Moreover, several problems associated 
with the modeling of dilute evaporating sprays have 
also been addressed in this work with particular 
emphasis attached to the sensitivity study of droplet 
properties. An overall satisfactory agreement has been 
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achieved between the numerical predictions and the 
experimental measurements, showing that the Eul- 
erian-Lagrangian model  can be reliably used for the 
modeling of  dilute evaporating sprays. The following 
conclusions can be drawn from the present sensitivity 
study : 

(1) Droplet  r.m.s, velocities far downstream are 
very sensitive to the number of  droplet trajectories, 
and a total number of  10 4 droplet trajectories at the 
inlet should be considered. 

(2) Droplet  mean diameters were not  much sen- 
sitive to the evaporat ion models selected ; however, it 
was found that the predicted Sauter mean diameters 
using the evaporat ion model  accounting for the blow- 

ing effect are in better agreement with the measure- 
ments. 

(3) A drift correction is required in axisymmetric 
flow configurations to avoid the artificial accumu- 
lation in mass-flux predictions at the centreline, and 
the present proposed approach can substantially 
improve the mass-flux prediction. 

(4) Droplet  mass fluxes are particularly sensitive to 
the evaporat ion models ; the evaporat ion model  with 
blowing effect tends to slightly underpredict the mass 
fluxes downstream whereas the evaporat ion model  
without blowing effect tends to overpredict the mass 
fluxes downstream. 
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APPENDIX A 

In the axisymmetric cylindrical coordinates, the radial- 
momentum equation of a droplet parcel can be written as 

dlTp = l 7 -  17p + I ~  (A1) 
dt zp yp 

where the second term on the r.h.s, denotes the centrifugal 
force, and is usually important only when the droplet is 
moving close to the symmetric axis for axisymmetric flows. 
Moreover, the mean gas tangential velocity is zero in axi- 
symmetric flows. We may assume that ff'~ ~ tr 2, with aw 
being the standard deviation of the gas tangential fluctuating 
velocity. Note that the radial gas instantaneous velocity is 
given by 

17 = V+~'vav (A2) 

where ~ is a Gaussian random variable. Incorporating these 
into equation (A1), we have 

dlYp V+~;a,~+ ~ z p  --Vp 
- ( A 3 )  

dt Zp 

Taking ~,av + aZ~/yprp as an apparent radial gas fluctuating 
velocity, v, we can write 

v = ~,av + - - rp .  (A4) 
Yp 

If we further assume that av = aw, then we finally obtain 

v = ¢~,+--Zp av = ~vav. (A5) 
Yp 

To correct the errors arising from the above assumptions 
used to derive equation (A5), another parameter, ap, has 
been used in equation (18), and is determined depending on 
the flow configuration. 


