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Comparison of Spray/Wall Impingement
Models with Experimental Data
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The aim of the study is the comparison of earlier published submodels for the spray impingement and the
suggestion of a modi� ed impingement model. The modi� ed model was devised to give better predictions for the
upward dispersion of droplets after impingement in diesel engines. The present paper includes two parts, one of
which is to analyze the overall structure of impinging sprays and the other to do the internal structure for which
the main parameters are the local velocities and mean diameter of droplets. The submodels were investigated to
compare the results with the modi� ed model. Numerical results using four different models were compared with
several experimental cases for the nonevaporative impinging sprays. As a result, it is found that model 3 and
model 4 are acceptable for the predictions of the droplet dispersion normal to the wall.

Nomenclature
D = droplet diameter
La = Laplace number, de� ned as q d r d Db / l 2

d
m = droplet mass
N = number of droplets in a parcel
Sv = source term for v
t = time
t ¤ = time just after which the dome disappears
V = total velocity of droplet
v = velocity vector
We = Weber number
x = position vector
b = impinging angle to the normal
q d = density of droplet
r d = surface tension of droplet
X G,(0,1) = normally distributed random number in the range 0–1
X U, (0, 1) = uniform random number between 0 and 1

Subscripts

a, b = after and before impingement, respectively
d = droplet
g = gas phase
rel = relative velocity
t , n = tangential and normal directions to the wall,

respectively
1, 2 = identity of two separated droplet parcels

I. Introduction

G ENERALLY, it is a well-known fact that the spray–wall inter-
action problem is very important because the spray impinge-

ment is often encountered in a wide variety of � eld such as spray
cooling, ink jet printing, soil erosion by rain, and the direct injec-
tion (DI) engines. During the cold starting situation of the DI diesel
engines, the fuel-richzones close to the wall surfacesbecauseof the
low gas pressure result in the incomplete combustion with conse-
quently high levels of unburned hydrocarbonsand soot particles in
the exhaustgases.1 Therefore,it is necessary to clarify the character-
istics of the spray–wall interaction to design more ef� cient engines
and to reduce the emissions.
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Actually, computational modeling offers a promising alternative
to obtain the detailed information such as the local velocities and
Sauter mean diameter (SMD) that are hard to measure in the near-
wall region. A number of the numerical submodels for the spray
impingement have been developed for describing the interaction
between droplets and the wall. Naber and Reitz2 have proposed a
model to study spray impingement using the KIVA code. The main
weakness in this model is to ignore the phenomenonof droplet shat-
tering occurring at high collision energy and the loss of momentum
and energy of the impinging droplets.Earlier publishedmodels that
complement the weaknessof the precedingmodelare the submodels
proposed by several researchers.3 ¡ 6 These models are intrinsically
based on the same experimental background as Naber and Reitz’s
model.2 In other words, these models described the transition crite-
rionbetweenreboundandwall jet regimesby using theexperimental
data from Wachters and Westerling7 on a very hot wall whose tem-
perature is above the Leidenfrost temperature of the fuel. However,
the regime criterion used in these models may not be applicable
to a wall whose temperature is below the fuel boiling temperature
because the appropriatehydrodynamicregime to a cold starting sit-
uation in DI diesel engines is the evaporative wetting regime, as
argued by several researchers.5,8,9 Therefore, it is dif� cult to de-
scribe reasonably the splash phenomenon that occurs in a typical
cold starting situation. Actually, the interaction between the liquid
� lm deposited on the wall and impinging droplets is important in
a typically cold start situation of DI engine, resulting in the splash
phenomena. Consequently, the results of these models were found
to underpredictsigni� cantly the dispersionof sprays away from the
wall because of the relatively simple modeling of the reatomiza-
tion with respect to the diameter and the velocity of the ejected
droplets. Therefore, it may be concluded that these models cannot
effectivelydescribe the splash phenomenon,which typicallyoccurs
in DI diesel enginesbecause there are basically insuf� cient physical
bases on splash mechanism in these models. As efforts to comple-
ment these weaknesses,Bai and Gosman,10 Stanton and Rutland,11

Mundo et al.,12 and Senda et al.8 have proposed the impingement
model and showed the improved results for several test cases.

The purpose of the present study is to compare the predictions
using the earlier published impingement models with several ex-
perimental data to examine the characteristicsof numerical models
and consequently to suggest a modi� ed model to give better pre-
dictions. The submodels of Watkins and Wang,3 which is referred
to as model 1, Park,6 which is referred to as model 2, and Bai and
Gosman,10 which is referred to as model 3, were investigated to
compare with the modi� ed model (model 4). Model 4 was intrinsi-
cally based on model 2 and devised to give better predictionsfor the
upward dispersion of droplets after impingement by using the rela-
tionships from the experimental results. The numerical simulations
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using four different submodels were carried out for the nonevapo-
rative impinging sprays on a wetted and cold wall, representingone
with the temperaturebelow the fuel boilingpoint.The present paper
consists of two parts, one of which is the overall structure and the
other is the internal structure. The main parameters of the overall
structure are the radius and height of wall sprays, which are de� ned
as the penetration lengths of wall sprays in the directions tangen-
tial and normal to the wall, respectively.Also, the droplet velocity,
SMDs and the gas-phase velocities at the local position are taken
for the analysis of the internal structure.

As a result, it is found that the predicted radius of wall sprays by
model 2 agrees fairly well with the experimental data, whereas the
sprayheight is signi� cantlyunderpredictedagainstthe experimental
data. Model 3 shows less penetration in the tangential direction,
although it agrees well with the experimental data for the spray
height. Meanwhile, model 4 shows the improved results relative to
model 2 for the predictions of the upward dispersion of droplets
after impingement.

II. Theoretical Models
A. ComputationalFluid Dynamics Models of the Continuous
and Dispersed Phase

The gas phase is derived in terms of the Eulerian conservation
equations.The code used in this study solves the mass and momen-
tum equations, coupled with the modi� ed k– e model proposed by
Reynolds.13 The governing equations can be written as follows by
using a Cartesian coordinate for the simpli� cation:
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where D V is the local incremental volume, q denotes the density
of the gas phase, u represents momentum, mass, turbulent kinetic
energy, and dissipationenergy, and h is the void fraction, indicating
the volume fraction occupied by the gas. The diffusion coef� cient
andsourcetermsof u are representedby C u and S u . The source terms
with subscript d come from interactions with the liquid phase.

The liquid phase is modeled in a stochastic manner as a spray of
discrete droplets that can penetrate and interact with the gas phase.
The droplet trajectoryand momentum equationsare written in terms
of the droplet positions as follows:

dx
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= vd (2)
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The drag coef� cient Cd is determined from Yuen and Chen.14 Gen-
erally, the particle-eddyinteractionmodel used in the present study
is based on the model developedby Gosman and Ioannides.15 In this
model, it is thought that a droplet in a turbulent � ow experiences a
randomly varying velocity � eld to which it responds according to
its inertia. This process is modeled by a stochastic approach,which
assumes that as a droplet traverses the turbulent � ow� eld it interacts
in a random way with a sequence of turbulent eddies. The � uctu-
ating velocity within each eddy is isotropic and obeys a Gaussian
probabilitydensity function. The interaction time is taken to be the
smaller of the eddy lifetime and the interactiontime required for the
droplet to traverse the eddy. The random perturbation is calculated
as follows:

vg = (2k /3)
1
2 sign (X X ) erfc ¡ 1(X X ) (4)

where k is the turbulence kinetic energy, X X is a normally dis-
tributed random number in the range ¡ 1 to +1, and erfc ¡ 1( ) is the
inverse complementary error function.

Table 1 Model of Watkins and Wang3—model 1

Rebound regime (Webn < 80) Breakup regime (Webn ¸ 80)

Da = Db Da = Db /4
Na = Nb Na = Nb

vat = 1 ¡ 0.95 cos2 b ¢ vbt vat = vbt

van = 1 ¡ 0.95 cos2 b ¢ vbn van = 0

Table 2 Model of Park6—model 2

Rebound regime (Webn < 80) Breakup regime (Webn ¸ 80)

Da = Db Da ,1 = Da ,2 = Db / N
1
3

eject
vat = vbt v f ,1 = ¡ v f, 2

= 0.835 ¢ (3.096 ¡ 2n ) ¢ vbn ¢ X U, (0, 1)

van = 1 ¡ j cos2 b ¢ vbn van ,1 = van ,2

= 1 ¡ j cos2 b ¢ vbn ¢ X U ,(0,1)

Na = Nb Na ,1 = Na, 2 = Nb ¢ Neject /2

Droplets may become unstable under the action of the interfacial
forces induced by their motion relative to the continuous phase.
The present study incorporatesa breakup model widely used for the
breakup of liquid droplets in a gaseous stream proposed by Reitz
and Diwakar,16 where two breakup regimes are identi� ed as the bag
and strippingbreakup.Also, the collision and coalescencemodel of
O’Rourke and Bracco17 is used in this paper.

B. Submodels for the Spray Impingement

1. Models of Watkins and Wang (1990) and Park (1994):
Model 1 and Model 2

Among the adopted models, models 1 and 2 listed in Tables 1
and 2 have been based on the hot wall data.7 In model 2, the tangen-
tial velocity v f is given by differentiationof the relationship for the
radius of the thin front of the droplets around the dome from the ex-
perimentalresults.7 It is assumed in model 2 that t at which the drop
breaks up is given as a function of the time just after the dome
disappears, i.e.,

t = n ¢ t ¤ = n (Db /vbn ) (5)

where the coef� cient n will be mainly a function of vbn . In this
model, the value was from 1.0 to 1.28 for low and high velocity,
respectively.6 In particular, it is assumed in model 2 that an incident
droplet parcel with a Weber number higher than 80 is separated into
two parcels with same diameter and velocity of droplets after im-
pingement.The coef� cient for the loss of energy j is givenby � tting
the experimental data.7 The number of droplets after impingement
Neject is determined by the experimental data.9

According to earlier studies,5,8 ¡ 10 the appropriate hydrodynamic
regime is the wetting regime for diesel engines, where the normal
in-cylinder surface temperature range from 400 to 600 K. Particu-
larly in DI diesel engines the formation of emissions of unburned
hydrocarbonsand soot particles dominantly occurs in the cold start
situation rather than in operating situation because there is incom-
plete combustion, resulting in the deposit of fuel � lm formed on
the wall surface. Therefore, models 1 and 2 are not suitable for DI
diesel engines of the surface temperature below the critical temper-
ature because both models 1 and 2 use the regime criterion based
on the experimental data on a nonwetting regime. In addition, nei-
ther of these models effectivelyaccounts for partial deposition,� lm
existing at the wall, energy dissipation of the � lm, and the splash
effect because there are no physical bases on the splash mechanism
and the transient behavior of � lm deposited on the wall.

2. Model of Bai and Gosman (1995): Model 3

Contrary to the precedingmodels, model 3 by Bai and Gosman10

was based on the conservative law and devised to describe the
splash,which is typicallyobservedin DI diesel engines.As shownin
Table 3, this model includes three representative regimes: rebound,
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Table 3 Model of Bai and Gosman10—model 3

Rebound regime Deposition regime Splash regime
(Webn < 5) (5 · Webn < Wec ) (Webn ¸ Wec )

Da = Db Da = Db Da, 1 = 3 0.5rm / (N1 Db)

Na = Nb vat = van = 0 Da, 2 = 3 0.5rm / (N2 Db)
vat = 5 ¢ vbt /7 Na = Nb Neject = 5(Webn /Wec ¡ 1)
van = ¡ e ¢ vbn

adhesion, and splash. In this model, it is assumed that the arriving
droplets are formed in a local � lm because of coalescence in the
adhesion regime. The transition criterion between adhesion and re-
bound is given as a Weber number of 5. In a rebound regime where
a Weber number of an incidentdroplet is smaller than 5, the normal
components of droplet velocities are determined by multiplying the
restitution coef� cient e used by Bai and Gosman10 as follows:

e = 0.993 ¡ 1.76h i + 1.56h 2
i ¡ 0.49h 3

i (6)

where h i represents the incident angle of impinging droplets mea-
sured from the wall surface. The regime criterion between splash
and adhesion is determined by using the relationship from the ex-
perimental data.18

Wec = 1320La ¡ 0.18 (7)

where Wec is a critical Weber number that represents the required
energy for the splash. The preceding relationship is derived on the
assumptionthat a wetted surfacebehavesas a very roughdry wall. In
the splash regime, the number of secondary droplets Neject is � rstly
givenby the experimentalresults.19 The numbers, N1 and N2, of two
separatedparcelsare determinedby the randomlyvaryingapproach.
The secondary droplet sizes are given from the mass conservation
equation. This model introduces the mass ratio, rm , to describe the
partial contribution of droplets to the liquid � lm on the wall. The
mass ratio is given as follows:

rm = 0.2 + 0.9 ¢ X U, (0, 1) (8)

The preceding relationship for a wetted wall is allowed to assume
valueshigherthanonebecausesplashingdropletsmay entrainliquid
from the wall � lm, as in experimentalobservations.20 In model 3, the
secondary velocity components of ejected droplets are determined
from the overall energy conservationequation:

0.25ma V 2
a ,1 + V 2

a, 2 + p r d N1 D2
a ,1 + N2 D2

a ,2

= 0.5mbV 2
b ¡ Wec p r d D2

b 12 (9)

Therefore, the secondary velocities of droplets are determined by
usingtheprecedingrelationshipand tangentialmomentumequation.
It was assumed that the ejection angle of droplets would randomly
be in the range from 5 to 50 deg. More details are documented in
Ref. 10.

3. Proposed Model—Modi�ed Park’s Model: Model 4

The previous work6 has shown that model 2 underpredicted the
upward penetration of wall sprays, referred to as spray height, be-
cause of the lack of dispersion normal to the wall in model 2. The
same results were consistently obtained from the several tests in
the present work. This may be because model 2 was based on the
experimental data of very hot wall whose temperature is above the
Leidenfrost one. Hence, it may be thought that the relationship for
the normal dispersionof droplets should be modi� ed in model 2 for
better predictions of the splash phenomena. Nevertheless, model 2
shows that the tangential penetration of wall sprays, referred to as
spray radius, is predicted better than the other models.

Model 4 is proposed in the present study, and can be regarded as
a modi� ed version of model 2 by Park.6 Model 4 was devised to
describe effectivelythe splashingmotion of dropletson the basis of
the previous experimental results.4,9 The main difference between

Table 4 Proposed model—model 4

Rebound regime (Webn < 80) Breakup regime (Webn ¸ 80)

Da = Db D1
a = D2

a = 0.2 ¢ X G,(0,1) ¢ Db
vat = vbt v f ,1 = 0.835 ¢ (3.096 ¡ 2n ) ¢ vbn ¢ X U, (0, 1)

van = 1 ¡ j cos2 b ¢ vbn v f ,2 = ¡ v f, 1

Na = Nb van ,1 = van,2 = ¡ 0.15 ¢ X G,(0,1) ¢ vbn

Neject = (Db / Da )3

Na,1 = Na ,2 = Nb ¢ Neject /2

the original Park model (model 2) and the modi� ed Park model
(model 4) is in the determination of the normal velocity component
of secondary droplets and the size of droplets. Model 4 is based on
the hybrid approach coupling model 2 and the relationshipfrom the
experimental results4 from which the normal velocity component
and the size of secondarydropletsafter impingementaredetermined
as shown in Table 4. The numeric constants,0.15 and 0.2, are given
by the experimental results.4

III. Computational Details
The gas phase is derived in terms of the Eulerian conservation

equations and turbulent transport is modeled by the modi� ed k– e
model.13 To couple between the gas-phasevelocity and the pressure
� eld, the implicit and noniterative PISO algorithm is used in the
present study. The gas-phase transport equations are discretized by
� nite volume method. With this process, the Euler implicit method
is used for the transient term, and a hybridupwind/centraldifference
scheme is used to approximate the convection and diffusion terms.
The droplet parcel equations of trajectory, momentum, mass, and
energy are written in Lagrangian form. The ordinary differential
Lagrangian equations for the droplets are also discretized in the
Euler implicit manner.

To demonstratethe usefulnessof four differentsubmodelsused in
the present work, we performed the numerical simulations for four
different cases as listed in Table 5. The present work includes two
parts, one of which is to analyze the overall structure of impinging
sprays and the other to do the internal structure for which the main
parameters are the local velocities and mean diameter of droplets.
The tests 1–3 seen in Table 5 were taken for the analysis of overall
structure of wall sprays and, as a � nal case, test 4 was adopted for
the analysis of internal structure.

Generally, the spray consistsof a “main jet region” and a “mixing
� ow region.” The former region lies in the inside of the spray and
the latter region extends in the fully developed spray. However, in
a small DI engine, the distance between the wall and the nozzle is
not long enough to develop the spray fully. The previous research
has showed that the model, which assumes that the liquid is already
atomized at the nozzle exit, may be inappropriate for high velocity
and high gas density.16 Hence, for the test cases 1–3, we used the
model by Reitz and Diwakar16 to describe effectively the breakup
process of liquid jets at the nozzle exit. Reitz21 applied the wave
stability atomization theory to diesel spray modeling by injecting
parcels of liquid in the form of “blobs” that have a characteristic
size equal to the nozzle hole diameter, instead of assuming an intact
liquid at the nozzle exit. The basis of this model is the concept
introduced by Reitz and Diwakar16 that atomization of the injected
liquid and the subsequentbreakup of droplets are indistinguishable
processes within a dense spray.

However, the preceding model may cause the impinging droplet
size to be exaggerated for impinging sprays with the low gas den-
sity like test 4 (Ref. 16). Hence, it is assumed in the present study
that the initial size of droplets can be determined from a Gaussian
distributionwith the mean diameterof 40 l m obtainedfrom experi-
mental results22 because there are no relevant information about the
initial droplet size distribution. The value of 40 l m is the SMD at
the centerlineof the free spray at a 30-mm distance from the nozzle
exit.

The schedules of injection velocity for the tests 1, 2, and 4 were
determined by the curve-� tted relationship from the experimental
data produced by Katsura et al.23 and Arcoumanis and Chang.22
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Table 5 Speci� cations of test cases

Internal
Overall structure structure

Test 1 Test 2 Test 3 Test 4
Test cases (Ref. 23) (Ref. 23) (Ref. 24) (Ref. 22)

Wall distance, mm 24 34 25 30
Gas pressure, bar 15 15 2 1
Gas temperature, K 293 293 293 293
Nozzle diameter, mm 0.3 0.3 0.25 0.22
Injection pressure, bar 140 140 300 260
Injection duration, ms 1.2 1.2 2.85 1.0
Fuel injected, mm3 /pulse 10.5 10.5 35 4.0

Fig. 1 Computational domain for tests 1 and 2.

However, the velocity schedule for test 3 was assumed by constant
velocity based on the experimental condition because there is no
information of the velocity schedule in the Ref. 24.

Generally, the preliminary work is required to ensure that the
numerical solutions are independent of the used grid systems and
the number of introduced droplet parcels, which may affect the
numerical solutions.As examining the independenceof the preced-
ing parameters on the solutions, the appropriate grid systems and
the number of droplets for the statistically independent solutions
were chosen for four test cases in the present work. In the case of
tests 1 and 2, for example, we performed the numerical simula-
tions using grids of 20 £ 20 £ 20, 40 £ 40 £ 40, 50 £ 50 £ 50, and
60 £ 60 £ 60 in the x , y, and z directions, respectively. The result
was that the grid of 50 £ 50 £ 50 gave almost the same solution
as the grid of 60 £ 60 £ 60. Figure 1 shows the computational grid
system for tests 1 and 2 adopted for the present work. Besides, the
numerical simulations were carried out using the total numbers of
droplets in the range of from 4800 to 30,000, and consequently it
was found that the total number of 18,000 droplet parcels produced
almost invariant solutions, compared to the solution of the number
of 30,000. In particular, the number of droplets for invariant solu-
tions was taken as 30,000 in the case of test 4 for the analysis of
internal structure. For all test cases, a time step of 10 l s was given
as the input of simulation. Computing time is about 2.4 h for test 4
using CRAYC90.

IV. Results and Discussion
A. Overall Structure of Wall Sprays (Tests 1–3)

To begin with, we analyze the overall structure of wall sprays,
i.e., radiusand height of wall spray, for the high gas density.Katsura
et al.23 conductedexperiments in which a single spray has normally
impinged on a � at plat at high pressureand room temperatureof the
ambient gas. Figure 2 shows the predicted spray patterns for test 1
at 0.6 ms after injection start. The results of models 1 and 2 show
that the secondarydropletsmainly leave tangent to the wall surface,
and only few droplets are dispersed in the upward direction. On the
other hand, model 3 predicted that the splashing droplets due to im-
pingement disperse in both upward and tangential directions after
impingement.Model4 proposedin the presentstudy showsa similar

Fig. 2 Calculated spray patterns for test 1.

Test 1 Test 2

Fig. 3 Spray radius and height.

trend to model 3. The predicted radius and height of wall sprays for
tests 1 and 2 were compared with the experimental data,23 as shown
in Fig. 3. The computed radius and heightof wall sprays are de� ned
as the penetration lengths of wall sprays in the directions tangential
and normal to the wall, respectively. There are some discrepancies
among the experimental results,model 1 and model 2. In particular,
considerabledisagreements are found near the early stage of injec-
tion start, indicating that models 1 and 2 cannot predict the upward
dispersion of splashing droplets effectively. The reason for the un-
derpredictedupwarddispersionis thatmodels1 and2 are identically
based on the experimental data of Wachters and Westerling7 for the
hot wall whose temperature is above the Leidenfrost temperature
of the fuel. According to their experimental observation, a single
droplet impinging on the hot wall moves in the tangential direc-
tion in the manner of a wall liquid jet for Weber number higher
than 80. However, as pointed out by Mundo et al.,25 the impinging
droplets with a Weber number higher than 80 may splash into some
secondarydroplets. In particular, the splash phenomena is very im-
portant for the cold start situation in which the unburned � lm is
formed on the cold wall whose temperature is below the boiling
point of the fuel. Therefore, for the case of the wetted and cold wall,
it is not consistentto use the precedingcriterioncoming from the ex-
perimental results.7 As shown in Fig. 3, the disagreement of height
is gradually reduced toward the later stage of injection. This is not
because models 1 and 2 effectively predict the upward dispersion
of secondary droplets, but because there are interactions between
the wall-jet vortex and the droplets.On the other hand, model 3 was
devised to be capable of predicting the splash phenomena by using
experimental results suitable for the cold and wetted wall. Model 4
can be regarded as a modi� ed version of model 2 by adding the
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Fig. 4 Spray radius and
height (test 3).

upward dispersion terms to the model 2. These models are in better
agreements for the height with the experimental data than models 1
and 2, indicatingthat models 3 and 4 for tests 1 and 2 are acceptable
for the prediction of the upward dispersion.

It canbeobservedthat at theearlystageafter startof impingement,
models 2 and 3 are in better agreement for spray radius with exper-
imental data than model 1. However, compared to model 2, model
3 underpredicts the spray radius at the later stage of injection. This
discrepancy is larger toward the end of the injection duration. The
reason why the radial penetrationof model 2 can be closer to experi-
mental data may be the underpredictednormal velocity, resulting in
producing smaller ejection angle. Compared with model 3, model 4
produced the improved results of spray radius and height, suggest-
ing that the model 4 is acceptable for the prediction of wall sprays.
Actually, the only difference between test 1 and test 2 is in the im-
pingement distance as listed in Table 5. From Figs. 3a and 3b, we
can see the effect of the impingement distance on the spray height
and radius. Consequently, the growth of the spray radius lessens as
the impingement distance increases, indicating that it takes longer
to reach the wall prior to impingement.

Figure 4 presents the predicted results for test 3 listed in Table 5.
As a similar trend to tests 1 and 2, considerable underprediction
of spray height was seen near the early stage of start of impinge-
ment and the disagreements are gradually reduced because of the
same reason as mentioned in tests 1 and 2 previously. Although
there are slight discrepanciesamong the experimentaldata, model 3
and model 4, these models perform well in predicting the upward
dispersion of droplets after impingement. Compared to model 2,
model 4 shows the improved results for the height, indicating that
model 4 performs better than model 2 in predictingthe splasheffect.
Generally, the best model predictionfor the radius was for model 3.
However, all models except model 3 overpredicted the radius after
0.7 ms since start of impingement. In particular, in predicting the
radius, it is seen that the result of model 4 is nearly identical to that
of model 2 despite that model 4 includes the splash effect. It may
be the limits of model 4 because this model is intrinsically based
on model 2. Hence, the more elaborated and fundamentally based
model is clearly required to give better predictions for nearly all
aspects of various situations. Nevertheless, it is thought that
model 4 is useful in predicting the droplet dispersion in the upward
direction.

B. Internal Structure of Wall Sprays (Test 4)

The phenomenonof impinging sprays on the wall can be affected
by various factors such as atomization at the nozzle exit, the behav-
ior of impinging droplets at the impingement site, and the interac-
tion between turbulent gas-phase � ow and the dispersed droplets.
These factors are recognized as one of the major parts of the two-
phase � ow. For the last 10 years, most impingement models have
been assessed by comparing the overall structure such as the radius
and height of the wall spray with experimental data. However, it is
important to analyze the internal structure, i.e., droplet velocities,
SMD, and velocitiesof the gas-phase� ow to give betterunderstand-

ing of the interaction between the gas-phase � ow and the dispersed
droplets.Arcoumanis and Chang22 have investigatedthe spatial and
temporal characteristicsof transient diesel sprays impinging on un-
heated and heated wall using a phase doppler anemometer.

Figure 5 shows the measuring locations, corresponding to rep-
resentative regions of the two-phase wall-jet: the main wall-jet re-
gion (1), the stagnation region (2), and the downstream region (3).
According to Katsura et al.,23 the main wall-jet region lies in the
inside of the impinged part, where the tangential velocity and mo-
mentum of the droplets are large. Also, in the stagnation region
that lies in the edge of the impinged part, droplets at the peripheral
region are pushed out to the upper side, and then stagnate in this
region and are overtaken by droplets near the wall. In the down-
stream region, wall-jet vortex can be observed, and turbulent mix-
ing between the droplets and surroundinggas occurs strongly. In the
present study, only the main wall-jet near the wall and stagnation
region are discussedbecause regions (1) and (2) are mainly affected
by the impingement model, whereas the region (3) may be much
more affectedby interactionbetween the turbulent� ow and droplets
than the impingement model.

Figure 6 presents the predicted tangentialvelocitiesof droplets in
the main wall-jet region (H =0.5 mm) and near the stagnation re-
gion (H = 5.0 mm). According to the experimental observations,22

the droplet tangentialvelocity in the near-wall region are not settled
to a quasi-steadystate within the whole injection duration, contrary
to those in the stagnation region. Also, the mean velocity generally
decreasesas the distancefrom the wall surface increases,suggesting
that most of the droplet tangentialmomentum remains concentrated
in the region near the wall surface. It is seen in Fig. 6 that all mod-
els are in good agreement with the experimental observations just
mentioned.

Fig. 5 Structure of impinging sprays.

Fig. 6 Comparison of the calculated tangential droplet velocities with
the experimental data.
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In the main wall-jet region, the results of model 1 are signi� cantly
deviated from the experimental data relative to those of the other
models. All models except model 1 qualitativelyagree well with the
experimentaltrendin that the tangentialvelocitystartsat a maximum
and then gradually decays to approximately zero. In particular, it
can be found that all models are generally in agreement with the
experimental data after 1 ms since start of injection. However, it is
dif� cult to conclude which model shows the best performance for
the prediction of droplet tangential velocity. Model 4 proposed in
the paper shows a similar trend, compared to the other models.

In the stagnation region, the most outstanding feature is that no
resultsusingmodels1 and2 canbe foundin Fig. 6. This indicatesthat
no secondarydroplets at a position in questionwere detectedduring
the calculation procedure by models 1 and 2 because of the lack
of dispersion in the upward direction. This result is consistent with
that obtained from the analysis of overall structure as mentioned.
In other words, it may be concluded that models 1 and 2 cannot
effectively describe the splash effect. Consequently, this problem
becomes the main motivation that leads us to modify model 2 in the
present work to describe the splash phenomenon.

Contrary to the preceding models, models 3 and 4 successfully
captured the presence of droplets in this region because these mod-
els were devised to describe the splash effect. Model 3 predicts
well the tangential velocity of the droplets near the stagnation re-
gion relative to model 4 and also captures the existence of neg-
ative tangential velocities, indicating that a wall vortex structure
exists in this region, despite the overpredicted velocities at the � rst
stage of injection. However, the actual spray reaches to a quasi-
steady state slightly earlier than that predicted by model 3. As seen
in Fig. 6 there are considerable deviations between the results of
model 4 and the experimental data at r = 6 mm and H = 5 mm.
Nevertheless,model 4 shows the improved results in the stagnation
region relative to model 2 in that the model predicts the existenceof
droplets in this region. It is thought that models 3 and 4 are gener-
ally effective to predict the droplet tangential behavior.Meanwhile,
model 3 produced the best predictions for the droplet tangential
velocity.

Figure 7 is the comparison of the SMDs in the main wall-jet and
stagnation regions.Arcoumanis and Chang22 have argued that there
are some � uctuating curves at r =10 mm and H =0.5 mm dur-
ing the whole injection period different from those upstream of the
wall-jet, caused by the outcome of the competitiveprocess between
dropletbreakupand coalescence.All models underpredictthe SMD
relative to the experimental data because of the breakup and coa-
lescence model near the wall and inappropriate size distribution of
droplets after impingement. However, in the stagnation region, the
predicted SMDs by models 3 and 4 are in fairly good agreement
except at the � rst stage of injection, compared to those of models 1
and 2. Models 1 and 2 entirely fail to predict the existenceof ejected

Fig. 7 Comparisonof the calculated SMDs with theexperimentaldata.

Fig. 8 Comparison of the calculated normal and tangential velocities
of the gas-phase with the experimental data.

droplets in the stagnation region. This is because models 1 and 2
signi� cantly underpredictthe normal velocitiesof droplets after im-
pingement, indicating that these models cannot describe the charac-
teristics of the droplet dispersion in the normal direction. Actually,
in the submodel for the impingement, the SMDs may be mainly af-
fectedby the sizesof ejecteddropletsand theejecteddropletvelocity
normal to the wall. Hence, it may be thought that more appropriate
modeling for the sizes and normal velocities of ejected droplets is
required. Model 4, proposed to overcome this weakness, predicts
the existence of droplets and shows the improved results for the
SMDs in the stagnation region.

Figure 8 compares the magnitude of normal and tangential ve-
locities of the gas-phase� ow at r = 10 and 3.0 mm (near stagnation
region). In Fig. 8, the positive direction for the normal velocity is
de� ned as the directionaway from thewall. Physically,the existence
of the regionof negativevelocitiesindicatesthat the surroundinggas
is entrained into the main wall-jet region. Hence, the time chang-
ing the velocity magnitude to a negative value is very important to
analyze the temporal behavior of wall-jet vortex near the wall. The
predicted time by model 3 is closer to the experimental data than
that of the other models. In particular, the predicted time by models
1 and 2 is faster than that measured because of the lack of the up-
ward dispersion.Hence, it may be thought that the vortex predicted
by model 3 moves slower than that predicted by models 1 and 2.
This might be because model 3 overpredicted the ejection angle,
which was randomly chosen in the range from 5 and 50 deg. After
1.2 ms, it is seen that models 3 and 4 are in better agreement with
the experimental data than models 1 and 2.

The predicted tangential velocities by all models except model 4
are approaching zero earlier than results of the experiment. This
means that models 1 and 2 overpredict the rotational speed of head
vortex at a point in question at the early stage of injection. This is
probablybecauseof lack of dispersionfurtheraway from the wall in
models1 and 2, which suggeststhat the ejectionangleafter impinge-
ment is so small that the penetration is overpredictedoutward in the
radial direction and then, near 0.8 ms at the early stage of injection,
the rotational speed is faster than that measured. Although model 3
shows a similar trend to the experimental one, this model overpre-
dicts the negative tangential velocity considerably. Also, it can be
noted that after 1.3 ms all models except model 4 fail to predict that
the tangential velocity becomes positive, indicating that during the
last injection period, the rotational speed of the actual � ow is faster
than that predicted by models 1–3. As seen in Fig. 8, model 4 per-
forms better than the othermodels in predictingtangentialvelocities
of the gas-phase � ow.
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V. Conclusions
The numerical results using the earlier publishedmodels and the

proposed model (model 4) have been compared with the experi-
mental data. Model 4 was devised to complement the weaknesses
of model 2 and to embody physically the splash mechanism by
using the relationships from the experimental results. As a result,
models 1 and 2 underpredictedthe spray height because of the lack
of the upward dispersion and, for test 4, none of these models cap-
tures the presence of the ejected droplets in the stagnation region.
Consequently, it is indicated that models 1 and 2 could not account
for the physics of the splash phenomenon. Meanwhile, model 3
produced better prediction of the spray height, although there were
some errors in predicting the spray radius. For the internal struc-
ture, model 3 is also in good agreement with the experimental data.
This is because model 3 was based on the conservation law and
devised to be capableof describingthe splash phenomena.Model 4
captured the existence of ejected droplets in the stagnation region
and showed the similar trend to model 3, indicating that it produced
the improved results for the normal dispersion of droplets after im-
pingement, relative to model 2. Additionally, models 3 and 4 have
made relatively good predictions of the mean gas-phase velocities.
Through the preceding analysis, it can be concluded that models 3
and 4 perform better than models 1 and 2 in predicting the splash
effect of impinging sprays on a wetted and cold wall. Nevertheless,
there is a clear need for more of a fundamentally based model of
nearly all aspects of droplet impingement.

Besides, some discrepancies, which appear in the present study,
may be attributed to the turbulencemodel and particle-eddyinterac-
tion model used in the calculation. Actually, the � ow of impinging
jet can be characterized as a type of � ow with the anisotropy of
turbulent intensities because of the wall-proximity effect. Never-
theless, most researchers have overlooked this effect, which affects
the particle-eddy interaction model. Hence, together with the im-
pingement modeling, it may be an important issue to investigate
the effects of turbulence models and the particle-eddy interaction
models on the impinging sprays.
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