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Studies on Droplet-Turbulence Interactions 

Y. M. Kim*, H. M. Shang** and C. P. Chen** 
(Received February 2, 1994) 

The present study focuses on numerical modeling for droplet dispersion by turbulence and 

turbulence modulation by droplets. To account for the dense spray effects, modulation models, 

a droplet collision model, and the Reitz's wave instability breakup model are incorporated 

into a state-of-the-art multiphase all-speed transient flow solution procedure. A parcel probabil-  

ity density function(PDF) approach is implemented to improve the efficiency in droplet 

dispersion calculations. The numerical results indicate that the present parcel PDF model has 

the capabili ty to realistically represent turbulent dispersion in dilute and dense sprays with 

improved efficiency over the delta function stochastic separated flow(SSF) model. Comparative 

performance of the existing turbulence modulation models are discussed in detail. 
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I. In troduct ion  

Liquid fuel sprays in turbulent flows have 

many practical applications such as gas turbine 

combustors, diesel engines, rocket engines, and 
furnaces. Despite its important applications, our 

understanding of sprays is relatively limited due 

to complex interactions between the discrete dro- 

plet phase and the continuous gas phase. Thus, 

the comprehensive predicative modelling for tur- 

bulent spray combustions requires realistic repre- 

sentation of the interphase exchange processes in 

context: with a mathematical formulation of multi- 

phase dynamics. 

Various approaches have been suggested to 

model the interphase transport phenomena. The 

methodologies for the spray combustion computa- 

tions are largely classified as the discrete droplet 

model, the statistical droplet model, and the two- 

fluid continuum model. Comparative perfor- 

mance,; of  these three approaches are well sum- 

marized in Ref.(Sirignano, 1986). Among three 

models,, the discrete droplet model has gained 
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wide acceptance due to its computational  effi- 

ciency, the flexibility in handling poly-disperse 

spray, the convenient interphase coupling, and the 

el iminat ion of  numerical  diffusion.  With 

Eulerian-Lagrangian formulations in multi-phase 

flows, the stochastic separated f low(SSF)  

approach (Faeth, 1987) categorized in the discrete 

droplet model is usually employed to account for 

the turbulence effects on the interphase transport. 

In the stochastic separated flow(SSF) approach, 

each computational parcel represents a collection 

of liquid droplets having the same droplet charac- 

teristics. A random sampling technique is entailed 

for instantaneous gas flow properties; based on a 

specified turbulence model and the resulting fluc- 

tuations are used in the droplet-phase Lagrangian 

computations for the droplet tracking. The sto- 

chastic process requires a large number of  

computational particles to produce satisfactory 

dispersion distributions even for rather dilute 

sprays. There are several research efforts 

(Litchford et al., 1991; Zhou et al., 1992 ; Kim et 

al., 1992:Shang et al., 1992) to overcome this 

deficiency by introducing a probabil i ty density 

dis t r ibut ion to each computa t iona l  parcel  re- 

presenting a group of physical particles. This type 
of approach can be named as the parcel PDF 

model or the dispersion width (group) transport 
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model. This parcel PDF model can account for 

the turbulent droplet dispersion within each 

group. Each group (width) grows due to the 

turbulent dispersion of droplets when the 

computational parcel travels in the Lagrangian 

coordinate. The mean position of each group, 

determined from a deterministic or stochastic 

Lagrangian tracking, is taken to represent the 

mean of its corresponding probability density 

function(PDF). The variance of each PDF is 

represented by a statistical mean-squared disper- 

sion which depends on prior eddy interactions. 

The present parcel PDF method has potential 

advamages to reduce the number of computa- 

tional parcels with accurate representation of the 

spray dynamics as well as to eliminate numeri- 

cally oriented noises associated with the droplet 

injection. 
Another area of spray combustion research 

which is still under-explored involves the turbu- 

lence modulation due to the presence of the 

dispersed droplets. Specifically, modification of 

the properties of turbulent interphase transport 

rates cannot be properly represented by mean 

properties in the interphase transport rate expres- 

sions. It has been found (Faeth, 1987 : Mostafa et 

al., 1988) that the presence of even low concentra- 

tion of particulates in a turbulent mixing stream 

exerts a significant influence on the turbulent 

intensity level in the carrier fluid. In spray com- 

bustion applications, the droplet-turbulence inter- 

action plays a very important role in the combus- 

tion process since it influences the level of mixed- 

ness of the oxidizer and the fuel vapor released 

from the evaporation process as well as the effi- 

ciency of the combustion process. Recently, the 

issue of turbulence modulation effect has been 

discussed extensively in Ref.(Faeth, 1987). To 

account for the dense spray effects, the present 

study employs several existing modulation models 

(Mostafa et al., 1988 ;Chen et al., 1985 ; Amsden 

et a l ,  1989) and the Reitz's wave instability 

breakup model (Reitz, 1987). 

To evaluate the prediction capability of the 

present parcel PDF model, computations were 

performed for the particle dispersion in nearly- 

homogeneous turbulence, a particle laden round 

jet in inhomogeneous turbulence, and the non- 

evaporating solid-cone dense sprays. The numeri- 

cal results indicate that the present parcel PDF 

model has the capability of realistically represent- 

ing turbulent dispersion in dilute and dense 

sprays with improved efficiency over the delta 

function stochastic separated flow(SSF) model. In 

the non-evaporating solid-cone dense spray case, 

the predictions with the turbulence modulation 

model show a good agreement with available 

experimental data in terms of gas/drop mean and 

RMS velocities. 

2. Mathemat i ca l  Formulat ions  

All the gas-phase an d liquid-phase processes 

are modeled by a system of unsteady, multi- 

dimensional equations. The gas-phase equation is 

written in an Eulerian coordinate whereas the 

liquid-phase is presented in Lagrangian coordi- 

nates. The two-way coupling belween the two 

phases is described by the interaction source 

terms. The two-equation k-e model based on an 

eddy viscosity concept is used to characterize the 

time and length scales of the gas-phase turbulence 

for modelling the droplet dispersio~ and the tur- 

bulence modulation. These equations are given 

below. 

2.1 Gas-phase equations 
In the non-evaporating multi-phase flows, the 

conservation equation of mass, mornentum, and 

turbulent transport quantities in an Eulerian 

coordinate can be written as follows : 

8 pS t + -0~ -(pt8)  : o ,  (~) 

8oU,st ~- J S  t)UiU~) 

ax~ - ~ x ; - ~ x ) -  .... s~, + s ..... (2) 

+ - me + s . ,  (3)  

8peOt +- 8~xj pUjr 

: - - ~ - . ~ -  ---@- ) + ~k e- ( C,G~-- C2e) + S~,,, 
3xj" a~ 3x~ 

(4) 
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where p is the mean density of the mixture, U, 

is the i eh component of the mean velocity, p is 

the mean pressure, Ga is the turbulence produc- 

tion term, and IL~jj is the effective viscosity. S,, 

and S~,~ represents the gas-phase source terms 

and the interphase interaction source terms due to 

the fuel spray, respectively. Extra source terms, 

Sk.p and S~,p, appearing Eqs. (3) and (4) repre- 

sent the turbulence modulation effects by dro- 

plets. These two-phase interaction source terms 

will be defined later. Empirical constants in the 

k-c model are taken as cry= 1.0, a~= 1.3, C~= I. 

44, Cz 1.92, and Cu 0.09. 

2.2 S S F  model ing  for droplet dispersion 

The spray dynamics is described by a discrete 

particle method formulated on a Lagrangian 

frame. Each computational particle represents a 

number of droplets having equal location, veloc- 

ity, size, and temperature. The droplet-phase 

momentum equation can be written as 

dr,  U , + u ;  v, + f ,  (5) 
dt  r 

Here, f, represents the body force per umt particle 

mass, t.,,, and u2 denote the particle velocity and 

the turbulent fluctuating gas-phase velocity, 

respectively. The particle relaxation time r can be 

expressed as : 

1 3 . p r -~c~cL-l(%+u~- v,I, (6) 

where CD is the drag coefficient. The particle 

trajectory for each computational parcel can be 

determined by integrating the following equation. 

dxi 
-tit = v .  (7) 

In the point delta function SSF model, the 

turbulence effects on droplet dispersion are 

simulated by a Monte Carlo method. With 

assumption of the isotropic turbulence,  each 

component of u~ randomly chosen from a Gaus- 

sian distribution with standard deviation "v: 3 k 

is added to the mean gas velocity. This fluctuat- 

ing velocity u; producing the particle turbulent 

dispersion is assumed fully correlated through an 

eddy life time. A new u; is sampled once every 

particle-eddy interaction time which is the mini- 

mum of the eddy life time and the particle resi- 

dence time in the eddy. The detailed expressions 

for the interaction time, the eddy life time, and 

the eddy length scale can be found Ref.(Chen et 

al., 1992; Fasola et al., 1990; Shuen et al., 1985). 

2.3 Parce l  P D F  method for droplet disper-  

sion ca l cu la t ions  

In this study, the spray is described by a dis- 

crete particle method formulated on a Lagrangian 

frame. To account for turbulence dispersion, we 

follow' the dispersion width transport approach 

( l i tchford and Jeng, 1991) which combines a 

normal (Gaussian) probability distribution for 

each computational particle. The location calcu- 

lated by Eqs. (5) and (7) only represents the mean 

of each particle's corresponding probability func- 

tion. The variance of each parcel pdf has to be 

calculated and the combined pdfs then represent 

the statistical distribution of particles with turbu- 

lent dispersion effects. To estimate the variance of 

the parcel pdfdue to the turbulent particle disper- 

sion, the turbulence-induced displacement and 

velocity can be splitted from Eqs. (5) and (7), 

d~,~_=_u; ~,;, (8) 
dt  re 

dv~ = ~ ,. (9) 
d t  

With the isotropic turbulence assumption, each 

component of zt;~ is randomly chosen from a 

Gaussian distribution with standard deviation 

u;,,.,,~=, ~ k. We first choose z/tk,, as the time step 

of the i th interaction within the k th eddy, which is 

smaller than the eddy lifetime, and integrate Eqs. 

(8) and (9) to update particle fluctuating loca- 

tions and velocities. 

x2,= u2,.m~/-Jtk, +( z';~, , -  zt2,,~)rk(i ) 
dtgei ) 

( 1 - c  ..... (10) 
Ate, 

L"k,=llkrms{-(U~(, 1 ) - -  / t 2  ms)(? . . . . .  " ( 1 1 )  

At i = l .  we impose the initial conditions with 

x;,0=0 and v;,0=0. The mean squared dispersion 

at the k th eddy is updated when particle begins a 

new interaction with a next eddy. 

rn 
~ = a L ~ + ( ~ x k )  e (12) 

i = l  

In Eq. (12), ok-~ is the existing variance of the 
particle pdf at the begining of the interaction 

within the k t~ eddy. Since the time step within 
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Fig. I Eddy interaction with the particles 

each turbulent eddy is fixed, the number of inter- 

action within the eddy, m, varies across the calcu- 

lation domain, the choice of time step Mlk, and 

the related issues are discussed in detail in Ref.(O" 

Rourke, 1981). This eddy interaction with the 

particles is described in Fig. I. This parcel PDF 

method is somewhat different from the method 

of Litchford and Jeng(1991) in which the calcula- 

tion of the current variance of each particle pdf is 

summed over the entire history of the effective 

time constants. The present procedure is easy to 

program and requires less computer  memory.  

For each computational particle, we just need to 

store .v;~;, u;, ..... vi, and a~. Furthermore. the 

present model includes the gas-liquid two-,aay 

coupling process and employ a two-dimensional 

pd f to  account for the particle dispersion within a 

parcel (group) of particles. Two-dimensional pdf 

was first used by Zhou and Yao(1992) for elliptic 

one-way coupling flow and only one-dimensional 

p d f i n  radial  direction ,:,as used by Litchford 

and Jeng(1991) for parabolic rio,as. The present 

stud,.,' employs the one-dimensional PDF for the 

dilute particle dispersion s~ith the mild axial 

gradients and the two-dimensional PDF for the 

densely loaded sprays with the large axial and 

radia l  gradients .  A s impl i f ied  ax i symmet r i c  

cumulative distribution function in radial-  

direction takes the form 

F ( r )  
P ( r )  = 7~( ~: ~::-~;8 ~, (13) 

where 

F ( r )  = ,' ~r~ ~{2exp(  -- 2S~) 

r (r- rp) 2 3 
- e x p t -  ff-:)~ .... t 

r ( 1" + r p )  2 3~ 
- e x p t  ......... 5-aT-- H 

K - -  Fp 
+ :r;'o[erf( ~;~7~},7 ) . . . .  e m  r+~,i~}__ ,r~ 

+ 2err( ,,r~;_)] 14) 

and 

d F(~ . . . .  co) = 2 v:2~ o ' ~ e x p ( - 2 ~ )  

I'p 
�9 ~ 2nrp erf(,.~o.~). 

The error function is defined as 

erf[ ~])-~::~ foo'~exp(- ~2)d~.: 

15) 

16) 

and a table is used in the calculation due to no 

explicit analytical expression available. In axial 

direction, a parcel PDF is also assumed to be 

Gaussian with its corresponding cumulative PDF, 

X- Xt, P(:c) =0.511 +.. erf(---~ ,J]. (17) 
q' - O ' x  

2.4 Turbulence modulation 

Fhe presence of the dispersed particle phase 

will also modulate the gas-phase turbulence struc- 

lure. The effects comes into the Iransport equa- 

tions of turbulent kinetic energy and its dissipa- 

tion rate through S~,p and .S'~.:,. 

s~,;, . , s , , :  c:,s,.~=~;:.%~ (~8) 
Within the framework of discrete particle stochas- 

tic approach using Lagrangian tracking, the 

instanlaneous properties of S'.,:, are known and 

u: follows the Gauss ian  d i s t r ibu t ion .  Thus 

u:s  can be ca lcu la ted  di rec t ly  wi thout  

modeling in Eq. (4). This approach is adopted in 

the KIVA code (Amsden et al., 1989). However, 

lhis approach requires the large number of 

computational particles at each control volume to 

minimize statistical errors. The interaction source 

term in e equation is modeled as, 

C ~" " S~,/,: .3 ~, S~,~ (19) 

with C:~= 1.5. The interphase drag force terms, 

.S'u,~ are given as 

Here, the summation is taken only for the parti- 

cles located in the grid cell, d V  is lhe cell volume, 

mr, is the particle mass, IV0 represents the particle 
number in the computational  parcel. Recently, 
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Mostafa and Mongia(1988)  as well as Chen 

and Wood(1985) have proposed  a s impl i f ied  

approach in which the interaction term Su,.p is 

linearized followed by multiplication of the fluc- 

tuation velocity u~. The turbulence modulation 

term then only involves the gas/droplet  velocity 

fluctuation correlation, u~(u~-  v;). 

1 sk,p= dV ~' mpN~[i~(u;~';)]~ (20) -g 

The  i n t e r p h a s e  c o r r e l a t i o n  te rm,  u;v; ,  is 

modeled through the gas-phase turbulent kinetic 

energy, k, the gas-phase eddy Lagrangian time 

scale, tt and the particle time scale, &. 

u ~ ( u ; -  v~)=2k f ( lz ,  ld) (21) 

Mostafa and Mongia's model for the above corre- 

lation is based on Chao's analysis(1962) of the 

linearized Lagrangian equation of motion of a 

spherical particle in a homogeneous turbulent 

flow. The function f takes the form 

f ( t ,  / d ) = l  t~ (22) 
tt + ta'  

where t~ and & are given by 

tz 0.35 ~ ,  t a=  v. (23) 

Chen et a1.(1985) and Fashola et a1.(1990) em- 

ployed the following correction function f .  

f (  tt, & ) =  1 - e x p ( t a )  (24) 
t e  ' 

where 

k t)dd~ 
t~=0.5- , t a=  18p~z' (25) 

In these two models, the constant C3 is taken 

as 1.0. In the modulation models suggested by 

Mostafa et al.(1988) and Chert et al.(1985), effects 

of different turbulent time scales with respect to 

particle relaxation times are incorporated in the 

modulation terms. Furthermore, these models 

s i m p l i f y  the  e v a l u a t i o n  p r o c e d u r e  o f  the  

dispersed-phase source terms in two-phase flows. 
2.4 Droplet breakup and collision 
To account for the dense spray effects, the 

present study employs the Reitz's wave instabil- 

ity breakup model (Reitz, 1987) and an existing 
drop collision and coalescence model (O'Rourke, 

1981). In Reitz's wave instability model, the 

primary and secondary breakup is modeled using 
a linear stability analysis for liquid jets. This 

breakup model (Reitz, 1987) is capable of predict- 

ing the intact core length as well as various 

regimes of breakup due to the action of different 

combinations of liquid inertia, surface tension, 

and aerodynamic forces on the jet. Comparative 

performance of the existing breakup models can 

be found in our previous study (Kim et al., 

1994b). 

The drop collision model suggested by O'Rour-  

ke(1981) is employed to calculate collision and 

coalescence among the dispersed liquid phase. 

The collision routine is operated for the pair of 

particles if, and only if, they are in the same 

computational cell. In this collision model,[9] the 

collision probabili ty is assumed to follow a Pois- 

son distribution based on a collision frequency 

and the computational time step. Using the proba- 

bility information, the collision impact parame- 

ters are stochastically calculated. The detailed 

description and implementation of these dense 

spray models can be found in Ref.(O'Rourke, 

1981: Reitz, 1987;Shang et al., 1992). 

3. S o l u t i o n  P r o c e d u r e  

The gas-phase governing equations are discret- 

ized by the finite volume method. The present 

formulat ion is based on a curvil inear general 

coordinate with a non-staggered grid. A central 

differencing scheme is used for diffusion terms 

and a second-order upwind scheme is used for 

convection terms. The pressure and veloci ty 

coupling is handled by the improved PISO algor- 

ithm (Chen et al., 1992; Kim et al., 1994a). The 

strong coupling terms between particle and gas 

are evaluated by the same time splitting tech- 

nique. Implicit coupling procedures are used to 

treat momentum exchanges to avoid the small 

timesteps. The discretized equations are solved 

by the conjugate gradient squared(CGS) method. 

This unsteady solution procedure for the two- 

phase flow calcula t ions  is different  from the 
conventional PSIC (particle source in cell) proce- 

dure (Crowe et al., 1977) in which global itera- 

tions are required between two phases. The 
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method used here is time-accurate and non- 

iterative. 

For droplet/turbulence interaction calcula- 

tions, integration time step is compared to the 

turbulent eddy life time. If the time step is smaller 

than the eddy time, a fluctuating component is 

added to the local mean gas velocity when calcu- 

lating each particles mass, momentum, and energy 

exchange with the gas. If the time step exceeds the 

eddy time. turbulent changes in droplet position 

and velocity are chosen randomly from probabil- 

ity distributions for these changes as described by 

O'Rourke(1989). When the parcel PDF model is 

used, the interphase interaction source terms are 

redistributed according to their probability at the 

control volume. 

4. Results  and Discuss ions  

To evaluate the present dispersion width trans- 

port model and to calibrate the stochastic simu- 

lation of particle-turbulence interactions, the com- 

putations were peril)treed for the solid particle 

dispersion in a nearly-homogeneous turbulence 

and a particle laden round jet in inhomoge- 

neous turbulence. The validation case for the 

dense spray models includes a non-evaporating 

solid-cone spray. 

4.1 Nearly-homogeneous and inhomogeneous 
turbulent dispersion 

The experimental setup (Snyder and Lumley, 

1971) for particle dispersion in a grid-generated 

turbulent flow was used for evaluating the present 

parcel PDF model. Particle densities and sizes 

are chosen to examine the phenomena in which 

the eddy lifetime controls interaction times (46.5 

am diameter hollowgrass) , the transit time con- 

trols interaction times (87.0 am solid glass), or 

the controlling-interaction times undergo transi- 

tion from eddy life time to transit time {87.0 IZ 

m corn pollen). In this experiment, fluid turbu- 

lence intensities and length scale information 

were measured. The particle calculations were 

started at the experimental particle injection point 

of x / m =  2 0 ( m  is a 2,54-cm-square mesh). 

The particle velocity was assumed equal to the 

mean fluid velocity of 6.55 m/sec. 
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For the delta function SSF computations, 5, 

000 computational particles were sampled to 

calculate the resulting mean squared dispersion 

',~ith respect to time. For the parcel PDF compu- 

tations, a single parcel in a deterministic trajec- 

tory along tile centerline was sampled to evaluate 

the mean squared dispersion representing the 

variance of the parcel PDF by using the related 

parameters for each eddy interaction. Figure 2 

shows comparison of the predicted and measured 

particle dispersion with respect to time. The PDF 

results show good agreement with the SSF results 

for light, medium, and heavy particles. Both 

models also show favourable agreement with the 

experimental data. These numerical results indi- 

cate that the parcel PDF model with a single 

computational parcel fbllowing the deterministic 

trajectory has the efficiency, the accuracy, and the 

overall prediction capability for this nearly- 

homogeneous turbulent floyd. 

The next example problem is a particle laden 

round jet (Yuu et al., 1978) in which the turbu- 

lence is inherently inhomogeneous. The turbulent 

gas-phase transport properties are provided by 

using the k-r model. Figure 3 show,; the particle 

concentration profiles of the delta function SSF 

model and the parcel PDF model for 200 

computational parcels at several axial locations. 

10,000 particles are sampled for the delta func- 

tion SSF computations. Even with the 10,000 

particles in the SSF model, there is still evidence 

of slightly insufficient sampling. However the 
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distribution is relatively smooth and is taken here 

as a good approximation in comparison with the 

parcel PDF results. In Fig. 3 the PDF results with 

200 parcels show favourable agreement with the 

delta funct ion SSF results with 10,000 

computational particles. In terms of the CRAY 

X/MP CPU time, the PDF solutions with 200 

parcels requires about 36 seconds while the SSF 

solutions with 10,000 parcels need about 1375 

seconds. These numerical results clearly indicate 

that the parcel PDF model has the capability of 

accurately representing dispersion in in- 

homogeneous turbulent flows with improved 

computational efficiency over the delta function 

SSF model. 

4.2  N o n - e v a p o r a t i n g  s o l i d - c o n e  d e n s e  s p r a y  

The measurements of Wu et a1.(1984) are 

selected as the validation cases to study turbu- 

lence modulations by droplets as well as to check 

the applicability of the present parcel PDF trans- 

port model in the dense sprays. Axial and radial 

components of droplet velocity were measured by 
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laser doppler velocimeler(LDV) within liquid 

n-hexane sprays injecting into high-pressure nitro- 

gen from single-hole cylindrical nozzle at room 

temperature. The turbulent round jet was devel- 

oped by the injection of liquid fuel and its atom~ 

ization, Two-phase flow was fully coupled with 

the gas-droplet momentum exchange especially in 

the immediate vicinity of the nozzle exit, Experi- 

mental conditions are described in Table 1, The 

dense spray effects are represented by the Reitz's 

waw." instability breakup model (Reitz, 1987:) and 

the collision model (O'Rourke. 1981). In the 

present study, the effects of drops on the turbu- 

lence are studied with the several existing modula- 

tion models. In the following figures, Model I 

corresponds to the model suggested by Mostata el 

al.(1988):Model 2 by Amsden et a1.(1989): 

Model 3 by Chen et a1,(1985). F:igure 4 shows the 

predicted gas-phase centerline velocity with and 

without modulation terms. Close to the nozzle, 

the gas-phase centerline velocity increases rapidly 

due to the abrupt  increase of the interphase 

momentum transfer which results from the large 

relative velocities between two phases. All models 

predicts the peak velocity at the nearly same axial 

location. However, there exists differences of the 

centerline velocity distribution near the nozzle 

exit. At downstream of the peak point, the no- 

modulation model (standard Je-e model) pre- 

dicts the fastest decay of the centerline velocity 

followed by Model 2, Model 1, and Model 3. In 

the I'ar downstream, all models predict similar 

slopes due to the relatively small effects of the 

turbulence modulation. Therefore, the turbulence 

modulation is important in the jet developing 

region. Model I and Model 3 show the l:avorable 

agreement with the far-field measured velochies 

Table 1 Test Conditions for the measurement of wu 

et al. 
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(Case C). Figure 5 shows the centerline turbulent 

kinetic energy with four models. Around the peak 

point, Model I predicts the lowest turbulence 

level followed by Model 3, Model 2, and no- 

modulation model. In the  far field. Model I and 

Model 3 have almost the same turbulence level. 

Figure 6 shows the comparison of predicted and 

measured centerline velocity for three test condi- 

tions of Wu et a1.(1984). Predictions based on 

Model I have a good agreement with measure- 

ments for three test cases. Because of the better 

performance of Model 1 suggested by Mostafa et 

a1.(1988), this model is used for the rest of valida- 

tion studies. 

Figure 7 shows the radial profiles of gas and 

drop axial mean velocity and RMS velocity at 

axial location of 63.5 mm (500 nozzle diameters, 

Case B) from the injector. The predicted mean 

drop velocities weighted by the drop number are 

obtained by averaging the instantaneous values 

over 6ms period. The computed mean and RMS 

velocities are favorably agreed with experimen- 

tal data. The slight oscillations in the predicted 

drop velocity profile are due to insufficient sampl- 

ing of computational parcels. As would be expect- 

ed, the predictions for gas and drop velocities are 

in almost equilibrium at this downstream loca- 

tion. Figure 8 shows the radial profiles of the 

mean gas and drop velocities, and the instantane- 

ous drop velocities using the SSF model and the 

parcel PDF model for case B. The number of 

computational parcels for the SSF model and the 

parcel PDF model is about 3600 in the whole 

flow field. Compared to the parcel PDF results, 

the computed profile of the SSF model is very 

irregular and oscillatory due to insufficient sampl- 

ing. The parcel PDF model provides the realistic 

distributions with the mean drop profiles. Due to 

slightly insufficient sampling, the certain level of 

irregularities exists in the distributions of mean 

drop velocities and instantaneous droplet veloc- 

ities using the parcel PDF model. Compared to 

the SSF calculations with the same number of 

computational parcels, the CPU time with the 

parcel PDF model is increased about 10%. 

However, to reach the same level of the realistic 

distributions as the parcel PDF model, the SSF 

Fig. 7 
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model needs the number of computational parcels 

at least several times larger which result in the 

drastic increase in CPU time and the memory 

storage requirement. Furthermore, the present 

parcel PDF method has potential advantages to 

eliminate numerically oriented noises associated 

with the irregular drop/gas distributions due to 

the insufficient sampling of computational parcels 

as well as to reduce the number of computational 

parcels with accurate representation of spray 

dynamics. The results indicated that the present 

parcel PDF model has the capability of realisti- 

cally representing droplet dispersion in dense 

sprays with manageable number of computational 

parcels. 
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5. Conclusions 

The numerical results indicate that the present 

parcel PDF model has the capabili ty of realisti- 

cally representing turbulent dispersion in dilute 

and dense sprays with improved efficiency over 

the delta function stochastic separated flow(SSF) 

model. In the non-evaporating solid-cone dense 

spray case, the predictions with the turbulence 

modulation model show a good agreement with 

avai lable  experimental  da ta  in terms of  gas /  

drop mean and RMS velocities. To improve the 

prediction capabilities and efficiencies of the 

numerical and physical models, future works 

include the refinement of the parcel PDF model 

in dense sprays and the irnplementation of a 

volume-of-f luid(VOF) method to account  for 

the effects of the volume occupied by the disperse 

phase' in the computational cell. 
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