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A Study on the Behavior and Heat Transfer Characteristics of
Impinging Sprays

Hei Cheon, Yang*', Sang Kyoo, Park
Division of Mechanical and Automotive Engineering, Yosu National University

The spray/wall interaction is considered as an important phenomenon influencing air-fuel
mixing in the internal combustion engines. In order to adequately represent the spray/wall
interaction. process, impingement regimes and post-impingement behavior have been modeled
using experimental data and conservation constraints. The modeled regimes were stick, rebound,
spread and splash. The tangential velocities of splashing droplets were obtained using a
theoretical relationship. The continuous phase was modeled using the Eulerian conservation
equations, and the dispersed phase was calculated using a discrete droplet model. The numerical
simulations were compared to experimental results for spray impingement normal to the wall.
The predictions for the secondary droplet velocities and droplet sizes were in good agreement

with the experimental data.
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Nomenclature

D : Droplet diameter

f . Frequency of the impinging droplet
% : Height of splashing lamella

K : Non-dimensional parameter (= OF-Re.Z)
m . Droplet mass

N : Number of droplets in a parcel
"Oh . Ohnesorge number (= 0,Dsvsn/ tta)
Re : Reynolds number(=y,/p404D,)

7. . Radius of splashing lamella

7m . Splashing mass ratio

v : Velocity of droplet

We. . Critical Weber number based on the inci-
dent droplet velocity

&, : Incident angle of impinging droplets mea-
sured from the wall

8, : Splashing angle of droplets measured from
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the wall
¢ . Surface tension of the droplet
@ . Time fraction at which the splash occurs
v Kinematic viscosity of the impinging dro-
plet
Subscripts

a, b © After and before impingement, respectively
n, ¢ . Normal and tangential, respectively
d, s : Droplet and splashing, respectively

1. Introduction

The characteristics of droplet impingement on a
surface are of importance in many applications.
Especially, fuel spray/wall interaction is consid-
ered as an important phenomenon influencing
air-fuel mixing in the internal combustion
engines. The interaction processes are fully cou-
pled and strongly influence engine performance
and emissions in both compression ignition and
spark ignition engines. Therefore, it is very signif-
icant to understand the characteristics of spray/
wall interaction to design more effective engines
and to reduce air pollution.
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Detailed information about the droplet
dynamics in the vicinity of a wall is required to
characterize spray/wall interaction and its effect
on secondary breakup and fuel/air mixing as well
as the structure of developing wall-jet. However
it is extremely difficult to obtain detailed informa-
tion of impinging spray through experiment in
engines. Recently Arcoumanis and Chang (1993,
1994) investigated a transient behavior of the
two-phase wall-jet and the effect of wall tempera-
ture on the wall-jet dynamics using a phase
Doppler anemometer to obtain simultaneous
measurements of spray droplet sizes and velocities
in the proximity of the wall. Also an investigation
of the transient DI diesel spray impinging on a
flat wall was performed using a phase Doppler
velocimeter by Schunemann et al. (1998).

Computational modeling, however, offers a
promising alternative for the purpose of obtaining
detailed information on impinging spray charac-
teristics. The first attempt was that of Naber and
Reitz (1988), who developed a model to study
spray impirgement using the KIVA code. As an
improvement in spray-wall interaction process, a
wall heat transfer model was developed by Eck-
hause and Reitz (1995).

Watkins and Wang(1990) proposed a model
which differed with that of Naber and Reitz
(1988). Their model was initially found to signifi-
cantly underpredict wall spray dispersion
compared to experimental data. Park (1994), Park
and Watkins(1996) developed a different
impingement model. It was based on Wachters
and Westerling’s data(1966) of spreading of the
liquid film about the central dome as a droplet
deformed after impact on a hot solid or liquid
surface.

In the model of Senda et al. (1994), correla-
tions were proposed for impingement on unheat-
ed or heated surface. The fuel film formation and
its breakup due to the impinging droplets were
taken into account. Nagaoka et al. (1994) publi-
shed a paper for spray impingement on hot sur-
faces applied to the port injection gasoline
engines. Senda et al. (1996) considered the super-
heating degree of a surface for the liquid satura-
tion temperature and proposed a new spray

impingement model considering droplet-droplet
interaction near the wall and fuel film formation
process on the wall.

Bai and Gosman(1995) proposed a spray
impingement model which was formulated on the
basis of literature findings and mass, momentum
and energy conservation constraints. The model
involved an analysis of the relevant impingement
regimes and the associated post-impingement
characteristics. Bai and Gosman (1996), Ahmadi-
Befrui et al. (1996) proposed a mathematical
model of formation and transport of liquid films
incorporating a droplet-wall impingement model
and exchange mechanisms with the gas-phase.

Stanton and Rutland (1996, 1998) developed
the models considering wall film formation, its
dynamics, multi-component vaporization and the
modified wall functions. The major physical
effects considered in the models included mass
and momentum contributions to the film due to
spray impingement, splashing effects, various
shear forces, piston acceleration, and dynamic
pressure effects. In order to adequately represent
the droplet interaction process, impingement
regimes and post-impingement behavior was
modeled using the experimental data and mass,
momentum and energy conservation constraints.
Their models were based on the experimental
works by Yarin and Weiss(1995) and Mundo et
al. (1995a).

Mundo et al. (1995b, 1998) proposed and
validated a new droplet-wall impingement model
based on detailed experimental investigations to
calculate near-wall polydispersed spray flows.
The model was based on the definition of the
value X, which incorporated both the kinematic
parameters of the impinging droplet relative to
the wall and the fluid properties.

Since the previous results about the effects of
spray impingement in IC engines were inconsist-
ent, it was more apparent how complicated the
processes of injection, atomization, impingement
and combustion were in the engine. Therefore, to
better understand how the variables in these indi-
vidual processes influenced the overall engine
performance and emissions, it was often necessary
to concentrate on a single process occurring in the
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engine. The goal of this research was to investi-
gate the characteristics of impinging spray and
their post-impingement processes as related to IC
engines. So, we described a different model for the
simulation of spray/wall interaction within the
framework of the Lagrangian approach. The
model was formulated on the basis of literature
findings on the processes of splashing droplets
and the conservation constraints. In the next
section the theoretical model was described foll-
owed by discussion of the results and conclusions.

2. Theoretical Model

2.1 Governing equations and numerical
method

The continuous phase(surrounding gas) was
modeled using the Eulerian conservation equa-
tions of mass, momentum, energy and turbulent
transport was modeled using the modified k-¢
turbulence model proposed by Reynolds(1980).
The dispersed phase (droplet parcel) equations of
trajectory, momentum, mass and energy were in a
Lagrangian form. Each droplet parcel contained a
large number of identical and non-interacting
droplets. Following the start of injection, various
spray sub-models; the liquid core atomization
model of Reitz(1987), the secondary break-up
model of Reitz and Diwaker(1987), the droplet
collision and coalescence model of O’Rouke
(1981) and the droplet evaporation model of
Borman and Johnson (1962), were used to simu-
late the behavior of free spray. The effects of
dispersed phase on the continuous phase were
given as sources or sinks in the continuous phase
equations. Thus, two phases were fully coupled,
including evaporation of liquid fuel. The
approach used here for the solution of these
equations was resembled with the one developed
by Watkins(1989). The discretisation was based
on the finite volume method. The spatial di-
scretisation scheme was a hybrid upwind/central
difference scheme and the Euler implicit method
was used for transient term. The discretised equa-
tions were solved subject to the appropriate initial
and boundary conditions using a time-marching
implicit numerical method.

22 Spray/wall impingement model

In general, the impingement regimes are deter-
mined by the parameters describing the pre-
impingement droplets, the wall surface conditions
and the surrounding gas characteristics in a near-
wall region. Of particular interest in identifying
impingement regimes is the wall temperature as
stated by Bai and Gosman (1995). In this study,
the regimes modelled for spray/wall interaction
are stick, rebound, spread and splash for the wall
temperature below the liquid boiling temperature.

The stick regime occurs when the impingement
energy is extremely low, and the wall temperature
is below the pure adhesion temperature. A dro-
plet in this regime is assumed to coalesce com-
pletely with local film. The transition criterion for
this regime is We,<5. The rebound regime
occurs when the impingement energy is low. In
this regime, the rebound droplet velocity magni-
tude and direction need to be determined. In this
study, Bai and Gosman’s method (1995) is used.
The transition criterion for this regime is 5< We,
<10. The criteria of the stick and rebound
regimes are based on the experimental results of
Rodrigues and Mesler (1985). The critical Weber
number We, is calculated using the normal veloc-
ity of incident droplet. The spreading regime is
similar to the stick regime but occurs at higher
We.. In this regime, the droplet merges with the
liquid film after impingement. The transition
criterion for spreading is 10 < We.< 182

172
Dz{‘g.i] vM*f¥*. The criterion is based on the
d

experimental results of Yarin and Weiss (1995).
The final regime is splashing and occurs at high
impingement energy. The transition criterion for
spreading is We.> ISZDO[—%]mu“‘F“. New
d
splash regime is proposed using the theoretical
and experimental data of Yarin and Weiss (1995)
and Mundo et al. (1995). [n this regime, many
quantities need to be calculated in order to
describe the splashing process. These quantities
include the proportion of incident droplet mass
deposited as part of the liquid film and the sizes,
velocities and splashing angles of secondary dro-
plets and those are based on their experimental
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results.

The tangential velocity of splashing droplet y,,
is determined using the theoretical equation of the
crown radius of splashing lamella of Yarin and
Weiss (1995). Equations (1) and (2) present the
height and the radius of splashing lamella.

h= /)=t (1)
2 1/4 1;2
Differentiating Eq. (2) and considering the time
that the splash occurs and the splashing dome
disappears, the velocity y,, yields

Vo =0.452 « Rel8 - %— (3)

This procedure is similar to Lee’s one(1998,
2000). '

Using Mundo et al. 's(1995) droplet size distri-
bution after impingement, the splashing droplet
diameter D, can be given as follows.

%::3.932 5 102 K141 4)

Where K is a non-dimensional parameter. For
the splashing droplet number N,, the following
equation is obtained.
3
No=ruDt ()
Where the splashing mass ratio 7, is given
using Yarin and Weiss’s result(1995).

P =08 = _27.2+3.152—0.11622

Ma

+1.4% 10732 (6)

Concerning the splashing angle §,, Mundo et
al. (1995) investigated the correlation with
impingement angle g,. The angle 4, is given by

6,=61.29340.35444, (N

Once the tangential component of velocity and

the splashing angle are known, the normal com-
ponent of velocity can be calculated by

Van=Uvastang, (8)

The wall film model is similar to the model of
Nagaoka et al. (1994) that the radius and height
of film are determined using the curve-fitted data
of Xiong and Yuen(1991).

3. Results and Discussions

Arcoumanis and Chang’s experimental results
(1993, 1994) provided an evidence concerning the
effects that the presence of the flat wall exerts on
the droplet size and tangential velocity of the
spray. The simulation conditions used in - this
work are shown in Table | which are their experi-
mental conditions.

To begin with, to validate the free spray charac-
teristics before impingement, a free spray simula-
tion is performed. For the free spray condition, as
shown in Fig. 1(a), the grid consists of 40 x40 x
60 numerical nodes and occupying a volume of 50
X 50 x 180 mm? in the x, y, z direction, respective-
ly. The temporal histories of the droplet velocity
and SMD at the nozzle exit shown in Fig. 2 are
deduced from the measurements of Arcoumanis
and Chang(1993) at 10mm below nozzle exit and
the nozzle exit boundary conditions are used in
this simulations. Although, in present computer
code the wave breakup model can be used for the
calculation of liquid fuel core atomization, the

Table 1 Specification of calculation conditions

Wall distance (mm) free spray and 30
Wall temperature (K) 293 and 423

Gas temperature (K) 293 -

Gas pressure (bar) [

Nozzle diameter {mm) 0.22

Injection angle (°) 90

Injection duration (ms) 1.0

Fuel injected (mm?*/pulse) 4.0

Fuel density (g/cm?) 0.825

Ambient gas Air

(a) (b)

Fig. 1 Numerical grid (a) for free spray calculation
(b) for impinging spray calculation
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Fig. 3 Comparison between the computational and the experimental results at 20 and 30 mm from the nozzle
(a) for centerline droplet axial velocity (b) for centerline droplet SMD

deduced data are used because more accurate free
spray characteristics before impingement are
required to validate a new spray/wall interaction
model as stated by Gavaises(1997).

Figures 3(a) and (b) show the comparisons
between the computational and experimental
results for the centerline droplet axial mean veloc-
ity and SMD at 20 and 30mm below the injection
nozzle. In general, the trend of calculations is in
qualitatively good agreement with the measure-
ments. The droplet sizes decrease with distance
from the injection nozzle and that is attributed to
secondary droplet breakup effects. Afterwards the
time of the maximum velocity, smaller droplets
seem to pass through the control volume, and at
the latest stages of injection smaller 'droplet sizes
are predicted in agreement with the experimental
data. It should be noted, however, that these
droplets have been formed ‘earlier during the
injection period. The smaller droplets decelerate
very quickly compared to the larger ones and pass
through the control volume after a considerable
time. Thus, the temporal profile of the SMD does
not actually relate smaller droplets to smaller

injection velocities.

For the impinging spray simulation, as shown
in Fig. 1(b), the grid of 60x 60x40 numerical
nodes are non-uniformly distributed and a vol-
ume of 180X 180 X 35 mm? in the x, y, z direction
are occupied. The grid resolution was found to
give -adequately grid-independent results perfor-
med by Lee and Ryou (2000). The injection direc-
tion coincides with the z-direction. Comparisons
are preformed along the wall at radial distances
of 6, 10 and 15mm from the free spray axis and at
three locations from the wall of 0.5, 3.0 and 5.0
mm as shown in Fig. 4 These measuring loca-
tions correspond to representative regions of the
two-phase wall-jet; the main wall-jet region, the
stagnation region and the downstream region, as
stated by Arcoumanis and Chang(1994). In this
simulation, a total of 6000 droplet parcels are
used. The numerical results using the Lee’s model
and the proposed model are compared with the
experimental results of Arcoumanis and Chang
(1994).

Figures 5(a) and (b) show the development of
the induced velocity field and the spray impinging
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Fig. 4 Measurement positions within the two-phase
wall-jet flow

=tht i

(b)

Fig. 5 Development of impinging (a) gas velocities
(b) spray droplets at 1.2 ms after the start of
injection

on the flat wall at 1.2ms after the start of injection
for a wall temperature of 150 °C. The induced
velocity profiles reveal a wall-jet emanating
radially outward from the impinging region, near
the tip of which there is ‘an irregular-shape main
vortex. It is this vortex which influences the
movement of droplets, especially the smaller sec-
ondary droplets that result from splashing. Also
as can be seen, a smaller vortex occurs near the
wall as the main vortex is progressively stretched
at later times.

The temporal behaviour of the tangential veloc-
ities is compared in Figs. 6 and 7. Figure 6
contains the results obtained at a height of 0.5 mm
from the wall and radial distances of 6, 10 and 15
mm for T=20 °C. For the tangential velocity
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Fig. 6 Droplet mean tangential velocity at 0.5 mm
from the impinging wall
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Fig. 7 Droplet mean tangential velocity at 5.0 mm
from the impinging wall

profiles near the wall, the predicted results show
similar trends as the experimental data. As the
radial distance increases, the maximum tangential
velocity decreases as the liquid wall-jet is deceler-
ated. Figure 7 is the results obtained at a height of
5.0 mm from the wall and radial distances of 6, 10
and 15 mm, respectively, for T=20 °C. As can be
seen, at 6 mm radial distance, the tangential
velocity starts at a maximum velocity and then
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decays to nearly zero, while at radial distances of
10 and 15 mm, the tangential velocity starts at a
maximum velocity and then decays to below zero
before increasing again. The peak values of the
tangential velocity of the droplets become smaller
due to the loss of momentum of the droplets with
increasing radial distance. By comparing the tan-
gential velocities at different heights, it becomes
apparent that most of droplet tangential velocity
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Fig. 9 Droplet SMD at 5.0 mm from the impinging
wall

remains concentrated in the region near the wall
surface during the main injection period.

The temporal behaviour of the droplet SMD is
compared in Figs. 8 and 9. The trends of SMD are
similar to that of measurements. As the distance
from the wall surface increases, the droplet size
decreases. This provides further evidence that the
majority of the dfoplet momentum remains con-
centrated in the region near the wall surface. It is
interesting to note that the tangential velocity and
the droplet diameter curves show fluctuation, The
reason may be attributed to the fact that the spray
tip velocity is fluctuated because the droplets of
the tip meet the highest aerodynamic resistance
and then slow down, therefore the droplets
retarded at the tip are continually replaced by
later-injected, higher-momentum droplets.

Figures 10 and 11 show the results on the effect
of wall temperature on the tangential velocity and
the droplets size. No clear trends are evident
between the high temperature and low tempera-
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Fig. 10  Effect of wall temperature on droplet tan-
gential velocity at radial distance 6 mm
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Fig. 12 Effect of wall temperature on air entrain-
ment ratio into wall-jet

ture cases. However in most cases, the simulated
results provide similar trends. The tangential
velocities are greater than in the high wall temper-
ature case. This may be attributed to the interac-
tion of turbulent air flow resulting from enhanced
air entrainment as the wall vortex moves radially
with higher velocity. The effect of wall tempera-
ture on the tangential velocity becomes less
noticeable farther from the wall.

Figure 12 presents the effect of wall tempera-
ture on air entrainment. Arcoumanis and Chang
(1994) calculated the mass flowrate of air
entrained into the wall-jet based on the normal
velocity cormponent of the droplets at a height of
5.0 mm from the surface and measured between
radial distances of 10 and 20 mm over a 50 us
time interval. By assuming symmetry about the
spray axis, they evaluated the entrained mass
flowrate using the expression:

R=20 2 9
Mg-—'ﬁ=w Oa ﬂRvandR ( )

Where y,, is the splashing droplet normal veloc-
ity, p, the air density and R the radial distance
from the spray axis. In this study, the mass
flowrate is calculated in a similar manner as the
Eq. (9) except that the air normal velocity is used
instead of the droplet normal velocity. The result
reveals that initially the mass flowrate is negative
due to the passage of the wall-jet head that
pushes the air away from the wall, and then
positive entrainment of the air starts and increases
at the latter stage of impingement. The entrain-
ment of air increases with wall temperature and
the air entrainment into the wall-jet occurs earlier
for the high temperature case. This tends to sug-
gest that the higher wall temperature is more
effective in inducing air entrainment into the wall

-jet and enhancing fuel-air mixing in impinging
diesel sprays.

4. Conclusions

To investigate the characteristics of the imping-
ing droplets and their post-impingement proces-
ses as related to IC engines, a spray/wall interac-
tion model has been formulated within the frame-
work of the Lagrangian approach. The model is
formulated on the basis of literature findings on
the processes of splashing and the conservation
constraints for the droplets. The model is validat-
ed through a series of comparisons to the wall
spray experimental data and the numerical results
using a Lee’s model. The mode! provided relative-
ly good agreement for free and impinging spray
characteristics. As for secondary droplet charac-
teristics, the models capture the correct trends for
droplet velocities and sizes over the majority of
the injection period. However more validation
works are necessary and the transient behavior of
the film model should be considered by solving
the film equations to enhance the predictive capa-
bilities of the present model.
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