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The present article aims to perform numerical calculations for inter-spray impingement of two

diesel sprays under a high injection pressure and to propose a new hybrid model for droplet

collision on the basis of literature findings. The hybrid model is compared with the original 0'

Rourke's model, which has been widely used for spray calculations. The main difference

between the hybrid model and the O'Rourke's model is mainly in determination of the collision
threshold condition, in which the preferred directional effect of droplets and a critical collision

radius are included. The Wave model involving the cavitation effect inside a nozzle is used for

predictions of atomization processes. Numerical results are reported for different impingement

angles of 60° and 90° in order to show the influence of the impinging angle on spray

characteristics and also compared with experimental data. It is found that the hybrid model
shows slightly better agreement with experimental data than the O'Rourke's model.
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Nomenclature----------
Eboun : Probability of bouncing collision
E eoal : Probability of coalescence collision

D : Droplet diameter

D t•2 : Distance between two parcels

L tip : Spray tip penetration length
N : Number of collisions per time step

Ne,bO'tn : Cumulative number of bouncing
collisions during a total time duration

Ne,eoal : Cumulative number of coalescence

collisions during a total time duration

Ne.sep : Cumulative number of separation
collisions during a total time duration
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: Cumulative number of collisions (=
Ne,boun+ Ne.eoal+ N e•sep) during a total
time duration

: Number of drops in a parcel

: Probability of no collision

: Poisson distribution
: Radius of drops

: Ratio of a total number of cumulative

collisions to a total number of injected

parcels
: Critical radius of collision

: Distance from the nozzle tip to the

impingement point

: Time
: Velocity of drops

: Weber number

: Location of droplet parcel

: Random number

: Distance from the impingement point to
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the spray tip

r : Ratio of collector drop diameter to

colliding drop diameter

l/ : Collision frequency

\:7' : Volume of computational cell

Subscripts
I : Collector drop

2 : Colliding drop

boun : Grazing bounce regime

coal : Coalescence regime

sep : Separation regime

1. Introduction

It is well known that inter-spray impingement

may be effective to enhance liquid atomization in

many industrial applications such as furnace

combustion and internal combustion engines and

also can make clear the physics of coalescence

and separation of colliding droplets in actual
sprays. In particular, it may be applied to control

the spatial distributions of a fuel spray in a direct

injection (DO engine for reduction of emissions.

For understanding of the fundamental behavior

of droplet collision, Orme (1997) reviewed

droplet collisions, bounce, coalescence, and dis

ruption to explain the difference in behavior be

tween water droplet collisions and fuel droplet
collisions and to present a unified explanation of

the collision outcomes. Brenn et al. (1997) stu

died the effects of impact velocity, droplet size

and collision parameter on collision phenomena

of two equal propanol droplets. They showed that

new drops may be produced either by merging of
two colliding drops or by the breakup of liquid

bridges formed between drops after non-central

collisions. Meanwhile, some researchers have
performed experimental works for spray-to-spray

impingement from a practical point of view.
Yuteri et al. (1993) investigated spray

impingement using solid-cone atomizers and

showed the influence of the intersection angle and

air pressure on the droplets size. In addition, Arai
and Saito (1999) and Chiba et al. (2000)

performed the experiments using inter-spray

impingement applied to the mixture formation

process of a DI diesel engine as the first step

towards controlling a diesel spray. Nevertheless,

majority of previous works focused on the funda

mental phenomena of droplet collisions and there

have been still lacking in understanding of the

atomization characteristics in spray impingement.

In particular, numerical works for the present

topic have been rarely carried out in spite of an

outstanding advance of computer performance.

As a matter of fact, it is clear that there have

been few efforts such as numerical modeling or

calculations for better prediction of droplet

collisions. As a pioneering work of numerical

modeling, O'Rourke (198 I) modeled the droplet

collision between two droplet parcels using a

statistical method. His model has been widely
used in many commercial or in-house codes even

to date. O'Rourke's model may be suitable for

homogeneous two phase flows, where the void

fraction is relatively constant and a large number

of particles because this model uses the concept

that the probability of two parcels colliding is a

function of their swept volume relative to the cell
volume. However, as referred by Nordin (2000),

this approach is not suitable for the type of sprays

where the variation in the void fraction is large

even inside one cell, leading to a grid sensitive

problem for predicting spray behaviors.

Moreover, the O'Rourke model inherently fails to

describe the spray behaviors effectively, in such

case as a spray-to-spray impingement system

where impinging droplets have a strong preferred

direction. This may be due to the fact that there is

no collision criterion for the directions of droplets
in the O'Rourke model. As a revision of the 0'

Rourke's model for this problem, Gavaises

(1997) has suggested a new critical collision dis

tance, inside which the collision between droplets

occurs in order to resolve grid dependency on the

solutions. Meanwhile, Nordin (2000) proposed a

new condition of the collision threshold in terms

of the relative direction and velocity vector of

colliding droplets and also made a new relations
hip for the collision probability in separated

spatial and time spaces in different way from that

of the O'Rourke's model. Actually, numerical

studies for inter spray impingement phenomena
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(4)

are rare in spite of the applications to a variety of

industrial fields. It is also difficult to find relevant

experimental data for comparison with the rele

vant numerical models in literature. Hence, more

elaborate experimental studies as well as

developing a numerical model are important for

better understanding of the atomization

characteristics of colliding sprays. It is an aim of

this study to perform numerical calculations for
spray-to-spray impingement of two diesel sprays

under a high injection pressure and also to sug

gest a new hybrid model for droplet collisions.

The hybrid model for drop collision is devised on
the basis of literature findings as a modification

of the O'Rourke's model. Different angles of 60°
and 90° between two impinging sprays axis are

adopted for the present simulations and the
predicted results are compared with the

experimental data of Chiba et al. (2000).

2. Theoretical Models of Droplet
Collision

2.1 O'Rourke model
In the O'Rourke model, binary collision of two

droplet parcels is defined as a process in which all

the droplets in the parcel with a larger diameter,

called 'collector', undergo collisions with smaller

droplets, called 'droplets', in the other parcel,

satisfying the condition that the number of parcels
after collision either remains the same or is

reduced by one if the droplets are all absorbed by

the collectors. This model is based on the follow
ing assumptions. First, a given parcel may collide

with another parcel only if these two parcels lie in

the same computational cell. Second, it is as

sumed that the droplets in each parcel are
uniformly distributed throughout the

computational cell in which they are located.

Third, the binary collision dynamics of two

parcels is not affected by the presence of the other
parcels in the same computational cell. Under

above assumptions, the collision frequency E12
has been introduced to account for the fact that
the drops do not follow straight-line trajectories,

but instead are deflected due to their interaction
with the surrounding gas flow. The collision fre-

quency of a collector drop with all droplets in the

other parcel is given by:

1/=n (rl + r2) 21 U1- U21 E 12N2/ \1;,Oll (1)

To facilitate the description, subscripts 1 and 2

refer to the properties of collectors and droplets,

respectively. The probability that a collector

undergoes n collision with droplets during a time

interval is assumed to follow a Poission distribu

tion:

(2)

with mean value: fi= vat and the probability of

no collision is Po=e- n. To determine whether

collision take place between collectors and

droplets, a random number XX is chosen in the

range of from 0 to I. If XX<Po, then no collision
occurs. Consequently, the collision occurs if two

conditions are satisfied simultaneously. One of

which is the condition that two parcels lie in the

same computational cell, and the other is that
collision probability is greater than the probabil

ity of no collision. If collision occurs, five differ

ent types of collision regimes will be possible as
referred in Bai (1996), but in the O'Rourke

model, only three of them are accounted for. They

are separation, permanent coalescence, and
grazing bounce. The transition criterion from

permanent coalescence to separation has been

established by Brazier-Smith et al. (1972) as

follows.

E - . [I 2.4!(r) ] (3)coal-mm, Wes

where !(r)=y-2.4y+2.7r and y=DIiD2' If

XX<Ecoal, coalescence occurs, and separation
occurs otherwise. Meanwhile, Brazier-Smith et al.
(1972) observed 'grazing bouncing when equally

-sized water drops collide at low relative velocity.

They suggested a critical Weber number Wesc(=
2.12) below which grazing is only possible and a

critical collision parameter E bounce, above which

grazing bouncing is only possible. In O'Rourke

model, Ebounce is determined as follows.

. [ ( Wes )1/3JEbOUnCe=mm 1, 2.4!(r)

Thus grazing bounce collision occurs if Wesc<
2.12 and XX>E bOunce. For more details, good
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summary for each regime are well documented in

Bai (1996).

2.2 A hybrid model

According to Gavaises (1997), the first as

sumption of the O'Rourke's model referred above

is a bit dubious because collision between two

spatially very close parcels which reside in differ

ent computational cells is a priori excluded, in

contrast to a pair of possibly far distant parcels in

the same computational cell. Under this assump

tion, the collision model is strongly dependent on

the computational mesh used. From another point
of view, Nordin (2000) indicated that the 0'

Rourke's approach is not suitable for sprays,

where the variation in void fraction is large, even

inside a single cell, and the parcels have a

'preferred direction'. Consequently, as well as the

grid dependency problem, an inherent problem

that the model can not describe a preferred

directional effect of sprays may occur, especially
for the spray-to-spray impingement system in the

present study. To resolve grid dependency prob
lem, Gavaises (1997) assumed that two parcels

may collide if their distance is smaller than a

critical value in terms of the number of droplets in

both parcels and determined this value simply as

an algebraic sum for two parcels. In addition,
Nordin (2000) suggested a new model for drop

collisions by considering the directional effect of

droplets.
On the basis of the previous literature findings,

a new hybrid model for droplet collision is

introduced in the present work by modifying the

original O'Rourke's model for better prediction of

the inter-spray impingement phenomena. The

critical radius, Rcrit, instead of the first assump
tion of the O'Rourke model referred above, is

newly proposed to determine whether collisions

occur or not. In the hybrid model, it is assumed

that the collision occurs only when the distance

between two parcels is smaller than a critical
radius.

(7)u: 0:) X2-X1
U12= U1- 2 IXi-X I

The following third condition indicates that the

parcels' relative displacement must be larger than

the distance between them.

Fig. 1 Two parcels traveling towards each other

Therefore, if the three conditions in the above

are satisfied simultaneously, a collision occurs.

Our main concern in the hybrid model is mainly

focused on proposition of more appropriate

conditions for the collision threshold. In other

words, the only difference between the O'Rourke's

model and the present model is in determination

of the collision criteria. Thus, the hybrid model is

basically of three different regimes, which are

identical to those of the O'Rourke's model. In

addition, several transition criteria among these

regimes as well as post-collision properties i.e.

drop mass, momentum and energy are determined

through the same ways as the O'Rourke's model.

D1.2= J (X1-X2) 2+(Y1- Y2) 2+(Z1- Z2) 2 (6)

As indicated previously, the droplet parcels

may be of such a preferred direction, especially in

a spray-to-spray impingement system. Once the

above conditions are met, the directional effect of

two parcels should be considered because two

directions of the parcels may affect the collision

probability. From Fig. I, the second condition

can be deduced, in order for two parcels to

collide, they have to travel towards each other, or

U12>0, where

(5)
2 (rl1~+ r-zM)

N1M
Dl.2~Rcrit
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Table 1 Test cases for the preliminary test

3. Numerical Method TEST I Atomization

CASE I Model
Reference

Reitz (1987)

Reitz (1987), Sane

et al. (1999)

Reitz and Diwakar (1986)
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(a) Tip penetration

pressure Pg of 1.7 MPa. As seen in Table I, there

are three different test cases to choose the most

appropriate model among earlier published

models, i.e. Reitz and Diwakar's model, the Wave

model of Reitz (1987) and finally the combined

model. The third model is based on the original

Wave model, but devised to mimic cavitation

phenomena occurring inside the nozzle. In

addition, the combined model describes the cavi

tation phenomena with several algebraic

relationships suggested by Sarre et al. (1999).

Figure 2 shows the calculated tip penetration and

0.4 0.6 0.8

Time [ms]

(b) SMD at 20 mm downstream from nozzle exit

Fig. 2 Comparisons of the predicted tip penetration
and SMD with experimental data (Allocca et
al., 1992) for single free spray

4. Results and Discussions

4.1 The non-evaporating free spray simul

ation
Before performing main simulation for the inter

spray impingement system, it is necessary to carry

out a preliminary test to validate the present code

and also to select an appropriate atomization

model among earlier published models. Thus,

non-evaporative free sprays through a single

nozzle are simulated and the results are compared

with the experiment data of Allocca et al. (1992)

for tip penetration length and Sauter mean diam

eter (SMD). The fuel is tetradecane which is

injected with the maximum injection pressure of

98MPa from the nozzle with the orifice diameter,

d"ozzle, of 0.2 mm into a constant-volume

chamber filled with nitrogen at 300 K and

The gas phase equations are derived in terms of

Eulerian conservation equations, and turbulent

transport is modeled by the modified k-s model

of Reynolds (1980). To couple gas-phase velocity

and pressure field, the implicit and non-iterative

PISO algorithm is used in the present study. The

gas-phase transpon equations are discretized by a

finite volume method. With this process, the Euler

implicit method is used for the transient term, and

a hybrid upwind/central difference scheme is used

to approximate the convection and diffusion

terms. The droplet parcel equations of trajectory,

momentum, mass and energy are written in the

Lagrangian form. Ordinary differential

Lagrangian equations for droplets are also

discretized in the Euler implicit manner. Particle

-eddy interactions are considered in this work

using the model from Gosman and Ioannides

(1983). Liquid atomization and droplet breakup

processes are simulated by the Wave model

(Reitz, 1987), with the breakup time constant B ,
of 10. The model of Sarre et al. (1999) was used

for cavitation in the nozzle. For more details of

the computational methods, see Lee and Ryou

(2000) .
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SMD distributions at 20 mm downstream from

the nozzle exit. In the case 3, good agreement is

shown between the calculated results and the

experimental data for the tip penetration length at

an early stage of injection, but slightly

overpredicted after t=0.6 ms. However, cases I

and 2 show underestimated tip penetrations

during injection. For SMD distributions, both

cases 2 and 3 are in better agreement with

experimental data than case I. When the cavi

tation effect is considered, it can be seen that the

tip penetration length increases and consequently

the SMD decreases, compared with the results of

case 2. This is because the cavitation model
effectively considers the increasing injection ve

locity and the corresponding decrease of the
effective nozzle diameter, resulting from cavi

tation effects inside the nozzle for high-pressure

injection. As a result, it is concluded that case 3

with the combined model yields the best

predictions among the three models in the present

work. Thus, only the combined model is used to

calculate liquid atomization and secondary drop
breakup processes for spray-to-spray

impingement, as will be discussed in the follow

ing.

4.2 Spray-to-spray impingement simulation
Numerical simulations for the spray-to-spray

impingement are performed using the new droplet

collision -model. Test cases are selected from the
Chiba et al. (2000)'s experiment. Light oil is used

as a fuel. The fuel is injected from two single-hole

nozzles into the high-pressure vessel filled with

nitrogen gas. The diameter of the nozzles is 0.25

mm and the pressure in the vessel is kept constant

at 1.0 MPa. The injection pressure of fuel spray is
19.6 MPa. Impingement angles of 90· and 60· are

achieved by the impingement of these sprays. As
shown in Fig. 3, the computation domain for all

cases consists of 52 X 52 X 52 (x, y and z respec

tively) grids, determined from the grid

independent test. A time step 20 jJ.S is adopted and

a total of 3000 droplet parcels is introduced
through injection duration time. The predicted

results using the new collision model are

compared with experimental data and the com-

Fig. 3 Computational grid system

putational results using the original O'Rourke

(1981) model. The main parameters such as spray

shape, tip penetration length and SMD are

analyzed.
Figure 4 compares the spray patterns for the

case of impingement angle of 90· at t=2.0 ms

after injection start. As seen in the figure, the new

swelled spray is formed by the impingement and

the atomization of spray is increased at down

stream of the impingement point. The new model

shows the good agreement compared with the

experimental photograph for the overall spray

shape. In particular, the increase of spray width
after the impingement point is well predicted,

suggesting that the new model can predict the

droplets collision effectively. On the other hand

the O'Rourke (1981) model significantl;

underpredicts the spray width. These may be due

to the difference of collision frequencies between

two collision models, as will be discussed below.

Figure 5 shows the spray patterns for the case of

impingement angle of 60· at t=2.0 ms after in
jection start. Contrary to the case of 90·, the two

sprays merge with each other smoothly and also

the spray width does not become wider after

impingement. According to Chiba et al. (2000),

possible explanations are as follows. The intense

turbulence near the impingement position may

result in the generation of larger volume of
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Rc.seP

(a) Experiment

Separation

(b) New model

1=2,0 ms
New Model

of three different collision ratios, i.e., Rc.coal,

Rc.boun and Rc.sep, in coalescence, bounce and

separation regimes respectively, with time since

injection starts for both models in the case of 90

0. The collision ratios of O'Rourke's model are

(c) O'Rourke model

Fig.5 Comparison of the predicted spray shape with
the experiment (Chiba et al., 2000) for the
case of impingement angle of 60°

Collision Regime Collision Ratio Definition

Bounce RC.boun Nc.bounl Ntota,

Coalescence Rc.coal Nc.coall Ntotal

Table 2 Definitions of the collision numbers for
three different collision regimes

(b) New model

1~2.0 ms
New Model

1~20 ms
O'Rourke Model

(a) Experiment

(c) O'Rourke model Figure

Fig. 4 Comparison of the predicted spray shape with
the experiment (Chiba et aI., 2000) for the
case of impingement angle of 90°

N c Nc.coal +lVc.boun +N c•sep

Ntotal lVtotal

= Rc.coal+Rc.boun+ R c•sep

So called the collision ratio means the ratio of

the cumulative collision number for a collision

regime to the total number of introduced parcel

from injectors Ntotal. Figure 6 shows the variation

sprays. As impingement angle increases, high tur

bulence intensity and larger eddy structures may

occur and consequently give rise to a large

amount of air entrainment. Therefore, it can be

seen that the behaviors of the impingement spray

are highly affected by the impingement angles.

Meanwhile, some parameters are newly

introduced in the present work for better analysis

of inter-spray impingement system. Since both

new model and O'Rourke's model consider three

different collision regimes, i.e. , coalescence,

bounce and separation, we should define three

different collision ratios for each regime as listed

in Table 2. A total collision ratio is also a sum of

three collision ratios as follows.
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impingement point and Z, is the distance from the

impingement point to the spray tip. The sum of

3

2
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Fig. 7 The ratio of the cumulative collision number
to the total number of injected parcels

0.5 1 1.5

Time [ms)

(b) New model

Fig. 6 Comparison of three different collision ratios
for O'Rourke and new models in the case of
90·

much larger than those of the new model,

suggesting much higher frequency of collisions.

This occurs due to the fact that there is an equal

probability for collision in O'Rourke's model,

regardless of whether the parcels are moving to

wards or away from each other. In particular, 0'

Rourke's model predictions show that the

coalescence brings out more frequently than do

other regimes. It can be expected from these

results that much larger droplet size can be pro

duced by coalescence process. Unlike the 0'

Rourke model, it is found from Fig. 6 (b) that the

separation collision is the most dominant process

among three collision regimes in the new model.

In fact, it is well-known fact that the separation is

very important and dominant process in the spray

-to-spray impinging phenomena under the con

dition of high injection pressure, as referred by

Arai and Saito (1999). As injection pressure

increases, injected droplets being of high

momentum collide each other more strongly and

thus the probability for separation collision be

tween two droplets is higher than that of
coalescence or grazing bounce. A total collision

ratio Rc defined above is shown in Fig. 7 where

there is much smaller collision frequency in the

new model than that of the O'Rourke model as

discussed previously. Decreasing frequency of

collision results from the directional effect of

droplets considering in the new model and thus

indicates the decrease of momentum loss corre

sponding to the increase of the droplet breakup

process. These are why the new model shows the

wider spray shape than the O'Rourke model as

seen in Fig. 4. From these results, it may be

concluded that the O'Rourke model over-predicts

the occurrence of the droplet collision and it
cannot predict spray-to-spray impingement sys

tem effectively where the droplet parcels are of

such a preferred direction. As seen in Fig. 7, there

are little differences between two different angles

of 60° and 90° suggesting that there is little

dependence of impingement angles on the droplet

collision frequencies.

Definitions of the spray tip penetration for the

inter-spray impingement is shown Fig. 8. 5" is

the distance from the nozzle tip to the
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Fig. 10 Comparison of the predicted tip penetration
length with experimental data (Chiba et al.,
2000) for the case of impingement angle of
60°

Nozzle 1

)

Fig. 8 Schematic diagram of impingement spray
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(b) After impingement at 40 mm downstream from
nozzle exit

Tim1[ms]

(a) Before impingement at 20 mm downstream from
nozzle exit

location of droplets impinged at the earliest stage.

Figures 11 and 12 present the local SMD

distributions for the cases of impingement angles

Fig. 11 Comparison of the predicted local SMD be
tween the new model and O'Rourke model
for the case of impingement angle of 90°

21.50.5

o
o

o Experiment
New Model

- - - - - O'Rourke Model

140

E120
E
'C"100
o
.~ 80

~ 60
(])
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these two scalars Sz+ Z; is defined as the spray

tip penetration length L tiP of the impingement

spray. Figures 9 and 10 show the comparison

between the predicted tip penetrations and

experimental data for the cases of impingement

angles of 90° and 60°, respectively. As seen in

these figures, the tip penetration of the case of

90° is smaller than the case of 60°. This is because

the momentum loss due to the impingement

increases with increasing impingement angles.

Both the new model and the O'Rourke model

show good agreements with experimental data,

although the calculated tip penetration by the 0'

Rourke model slightly over-predicts the tip

penetration length at the later stage of duration

time. This is attributed to the fact that the tip

penetration rarely depends on frequencies of col

lision occurrence because it is determined by the

Tim~[mS]

Fig. 9 Comparison of the predicted tip penetration
length with experimental data (Chiba et al.,
2000) for the case of impingement angle of 90°
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(b) After impingement at 80 mm downstream from
nozzle exit

Fig. 12 Comparison of the predicted local SMD be
tween the new model and O'Rourke model
for the case of impingement angle of 60°

(a) Before impingement at 40 mm downstream from
nozzle exit

50 • New Model
0 O'Rourke Model 0

40 0

E \w'630
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°20
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(j) .....-10

00 0.5 1 r 1'1 ] 2 2.5 3
irne ms Numerical simulations for spray-to-spray

impingement of two diesel sprays under high
injection pressures are performed for two different

impinging angles of 60· and 90·. A new hybrid

model for droplet collision is suggested on the

basis of literature findings as a modification of
the O'Rourke model.

In case of 90·, it is seen that two impinging

sprays form a new swelled spray and atomization

increases downstream from the impingement
point. In case of 60·, the two sprays merge

smoothly and the spray width does not increase

after impingement. The predicted results by the

new model show better agreement with

experimental data than those of the O'Rourke

model for both overall spray shape and tip
penetration length. This may be because the new

model predicts a much lower collision frequency
than the O'Rourke's model. This difference of the

collision frequency also seems to significantly

affect the predictions of local SMDs. It is

concluded from these results that the new hybrid

model for drop collision is better for simulation

of spray-to-spray impingement than the 0'
Rourke's model. It should be noted, however, that

more elaborate studies for validation and

5. Conclusions

also increases gradually. Meanwhile, another fact

we should note is as follows. The main purpose of

inter-spray impingement method is to yield better

atomization which consequently produces the de

crease of SMD due to impingement. However, it

can be seen from Fig. 12(b) that the predicted

SMDs significantly increase in case of the 0'

Rouke's model, especially near t=2.0 ms,

because O'Rourke' model overpredicts the

coalescence process, followed by the fact that

increasing droplet size after impingement. This

result is somewhat odd and incompatible with the

practical aim of inter-spray impingement system.

Unlike this, the present model shows better
atomization relative to O'Rourke's model, show

ing the collision model can play an important role

in predicting droplet sizes in the present type of

spray system.

32.5
1 Timk1ms] 2
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O'Rourke Model
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of 90° and 60·, respectively. Only the predicted

results are presented because unfortunately rele

vant experimental data cannot be found in the
reference of Chiba et al. (2000). Compared with

the tip penetration results, it is seen that there are

considerable differences in SMD predictions be

tween the new hybrid model and the O'Rourke

model. This indicates that it is very important to

determine an appropriate collision model for bet
ter predictions of SMD rather than tip penetration

length. These differences already occur before

impingement of two sprays and become larger

after impingement. These differences are

associated with different collision frequencies be
tween two collision models as previously

mentioned in Figs. 6 and 7. That is, the increase

of the .collision frequency promotes the droplet

coalescence and consequently the sizes of droplets



A Numerical Study on the Spray-to-Spray Impingement System 245

modification of the new model are required 10

order to obtain more accurate predictions.
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