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The present article presents an extension to the computational model for spray/ wall interac-
tion and liquid film processes that has been dealt with in the earlier studies (Lee and Ryou,
2000a) . The extensions incorporate film spread due to impingement forces and dynamic motion
induced by film inertia to predict the dynamic characteristics of wall films effectively. The film
model includes the impingement pressure of droplets, tangential momentum transfer due to the
impinging droplets on the film surface and the gas shear force at the film surface. Validation of
the spray/wall interaction model and the film model was carried out for non-evaporative diesel
sprays against several sources of experimental data. The computational model for spray/wall
interactions was in good agreement with experimental data for both spray radius and height.
The film model in the present work was better than the previous static film model, indicating
that the dynamic effects of film motion should be considered for wall films. On the overall the
present film model was acceptable for prediction of the film radius and thickness.
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v : Time fraction at which the splash
occurs

Subscripts

a : After impingement

b : Before impingement

d . Droplet

f : Film

g . Gas phase

n : Normal direction

t . Tangential direction

Superscripts

T : total velocity

1. Introduction

Generally, films built on the wall from spray
impingement is an important process in small
bore DI diesel engines where sprays unavoidably
impinge on the piston wall, and in gasoline
engines with port-fuel injection, where fuel is
deposited on the surfaces of intake valves, ports
or cylinders. In such situations, the behavior of
impinging sprays and wall films has a great influ-
ence on the mixture formation and combustion
processes. For instance, incomplete evaporation
and burning of wall films in diesel engines may
enhance soot formation and increase unburnt
hydrocarbon emission. In particular, as noted by
Gonzales et al. (1991), the film characteristic due
to the spray impingement should be understood
in order to enhance the cold-starting performance
of diesel engines and also to prevent a misfire
(Zahdeh et al., 1990). It is therefore important to
identify the major parameters which affect wall
film spreading and determine the optimum oper-
ating conditions. Better understanding of the
mechanisms governing spray impingement and
film dynamics will help achieving this goal.

Computational modeling offers a promising
alternative to obtain the detailed information
such as the local velocities and Sauter mean
diameter (SMD), that is difficult to measure in the
near wall region. That is why computational
modeling is considered as an important part of
the performance analysis together with the experi-
mental work. Several some investigators have

reported the computational models for spray/wall
interactions and film movement. Yoshikawa et al.
(1993) performed 3-D modeling of spray-valve
interaction and observed extensive drop interac-
tion between induction port and intake valve.
This interaction is an important contribution to
liquid atomization and vaporization. Nagaoka et
al. (1994) used a particle film model in 3D
calculations of SI engines. However their model
could not predict the transient behavior of the
wall film effectively because of the assumption
that the wall film does not move. Meanwhile, it
turned out that splash is an important physical
phenomenn in small-bore, direct-injected gaso-
line and diesel engines, as well as in a variety of
other industrial devices in which sprays impinge
on solid surfaces. Lee and Ryou (2000b) carried
out comparisons of the earlier published models
{(Watkins and Wang, 1990; Park, 1994; Bai and
Gosman, 1995) for spray/wall impingement with
They
modified the impingement model for effective
prediction of the post-impingement characteris-
tics. They showed that some of the earlier publi-

several sources of experimental data.

shed models significantly underestimated the
height of wall sprays and indicated that this
problem results from the fact that the splash effect
is not included in these models based on the hot
wall data of Wachters and Westerling (1966). In
recent literatures, some efforts to complement this
problem have been reported for effective predic-
tion of splash and wall films (Bai and Gosman,
1995; Stanton and Rutland, 1996; Mundo et al,
1998). In particular, the authors have suggested
the spray/wall interaction model including the
static model of wall films (Lee, 1999; Lee and
Ryou, 2000a). The spray impingement model
consists of several mathematical formulae, der-
ived from the energy conservation law and experi-
mental results. It includes the three representative
regimes, rebound, deposition and splash regome.
The wall films model may be called “a static
model,” since it is basically derived from the
earlier research of Nagaoka et al. (1994), and
modified to consider the transient behavior.
Although the spray/wall
showed good predictions in these studies, the

interaction model
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results showed that the static film model signifi-
cantly underestimated the film penetration in the
radial direction and subsequently failed to predict
the dynamic characteristics of wall films.
Although there are several previous researches as
mentioned in the above, few 3D codes allow
liquid film formation and spray/wall interactions,
up to now. Most of the computational models
may still be considered as a work-in-progress
and more comparisons are required for valida-
tion. Hence, it is important to develop a reliable
numerical model for spray/wall interactions and
film formation and to validate against various test
cases related to DI diesel engines.

The present article presents an extension to the
computational model for spray/ wall interactions
and liquid film processes in the earlier studies
(Lee et al., 2000a). In order for more efficient
description of wall films, the film spreading due
to impingement forces and the dynamic motion
due to film inertia are considered for prediction of
the dynamic characteristics of wall films. The
transport equations of mass and momentum of
wall films are established under the boundary
~layer assumption and solved by a combination
of integral and differential methods, a two-dimen-
sional framework. The aim of this study is the
investigate spray-film impingement, liquid film
formation and post-impingement processes as
related to DI diesel engines. Consequently, dro-
plet impingement -on cold and wetted wall is
examined along with post-impingement processes
including splashing phenomena. The cold wall’
means one with the temperature below the fuel
boiling point. The film spreading characteristics
and the fuel film thickness may provide insight
into spray wall interactions in cold starting.
Assessment of the models presented here was
carried out for non-evaporative diesel sprays by
comparing their predictions against experimental
data.

2. Mathematical Representation of
the Film Model

2.1 The static model of wall films
So called “the lens model” proposed by Nagao-

ka et al. (1994) could not take account of the
transient behavior of wall films because it was
assumed that the liquid film did not move. In
addition, it did not describe the spray-film inter-
action, resulting in partial contribution of imping-
ing droplets to wall films. As an effort to resolve
this problem, Lee (1999) proposed the static
model for predicting transient behavior of films
by modifying the lens model of Nagaoka et al.
(1994). The film mass deposited on the wall can
be represented as a summation of two parts.

mremzzNipd,iﬂDg,i/é
+2Ni(1_7’m) Pa,:D3,:/6 (D

On the right-hand side of Eq. (1), the first term
is the mass of droplets deposited on the wall and
the second is the mass of droplets added or
subtracted due to the splash. The empirical rela-
tionships which have been used by Nagaoka et al.
(1994) are used identically in the static model to’
determine the film radius and thickness remaining
on the wall. However, it is difficult to describe the
film radius and thickness from the lens model
because the model cannot predict successively the
varying position of the film as time goes on. In
order to complement this problem, we assumed
an artificial droplet, which is of the equivalent
diameter, which is defined as the droplet diameter
of spherical shape corresponding to the film mass
at a certain time. The film formation process is
described by using the assumption that, during
the time step, the incident droplet with the equiva-
lent diameter adheres to the wall and attains a
stable circular disk shape, which is affected by
interaction between gravity and surface tension
effects. In the static model, the film built on the
wall is assumed to be circular disk and simplified
as shown in Fig. 1. The relationship between
radius and thickness of the film s ,/2+,=0.0177
Ey%%(Xiong and Yuen, 1991) where }, repre-
sents the thickness from the wall to the top of film
having the lens shape as shown in Fig. I. The
Eotvos number, F, describes that the droplet
resting on a surface depends on the equilibrium
between gravity and the effects of its surface

tension. From geometrical consideration, the
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Fig. 1 Schematic diagram of the present film model

radius of film being the lens shape is determined
as follows.

¥r==sin ¢3\/ per 3c<3);v;bf—!— cos'g)
where ¢ is obtained from the geometric relation-
ship. The film thickness, §, is used in the static
model on the assumption of circular disk to
simplify the film shape and is given by m,em/
panv2. A shortcoming of this model is that the
model is roughly based on some of unrealistic
assumptions. As will be referred below, the static
model shows significant underestimation of the
radius of wall films. As an effort of solving this
problem, the dynamic model for wall films will be
discussed in what follows.

2

2.2 The dynamic model of wall films

A major challenge to the modeling of the wall
film behavior is the need to cope with the inter-
face between the liquid and the gas, and to track
the moving contact line. Thus far, this interface
has been viewed in two ways, i. e., the macro-
scopic view and the microscopic view according
to Bai (1996). In this study, the macroscopic view
of the interface is adopted because of its relative
mathematical simplicity and the fact that the jump
conditions arising from this provides boundary
conditions in a straightforward way for problems
involving dynamic phase changes. The film model
includes the impingement pressure of droplets,
tangential momentum transfer due to the imping-

ing droplets on the film surface and the gas shear
force at the film surface. The following assump-
tions are used in the formulation of the film
model.

1) The mass flux due to incident impinging
droplets is averaged over the wall cell area

2) Lost tangential momentum of impinging
droplets is added to the film tangential momen-
tum

3) The liquid film flow is laminar according to
Stanton and Rutland (1996) and Bai (1996) and
it is assumed to be thin enough so that the incom-
pressible boundary layer approximations can be
applied.

The solutions of the film equations are to be
sought using a combination of integral and differ-
ential methods. This avoids the need for di-
scretisation of a three-dimensional domain, thus
also avoiding the need to adjust the grid to follow
the moving and deforming film interface. It also
enables the reduction of the order of the govern-
ing differential equations and thereby facilitates
simple numerical solutions. The continuity equa-
tion can be rewritten as below after integration
with the aid of the jump balance equation.

Bt Z@sy) +4-(wop =S
Also, the ﬁlm momentum equations are as
follows.
QB0+ D (Cummdy) +-4 (G )
ai a 1 f 2 f
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The total pressure consists of three parts as
follows.

D=Dpa+ g+ pos (6)

The capillary pressure, p,, which arises from
surface curvature was neglected in the present
study according to a non-dimensional study car-
ried out in Foucart et al. (1998). The impact
pressure and the gas pressure are determined from
the following expressions(Bai, 1996).

pa={(1-0) pU3 nran(1,0) N
pe=0.56pU% » (8)

where ran(l, 0) represents a random number
distributed uniformly between 0 and 1. The liquid
film is locally subject to a total pressure at the
interface. Under the boundary-layer approxima-
tions, the local pressure within the film can be
taken constant across the film depth. The con-
stants C;, C, and C, represent coefficients arising
from the integration and in the present study, the
linear profile was assumed for film velocity. In
above equations, S,, and S, represent the tan-
gential momentum contribution to the film. For
instance, the source term S,, in the x direction is
as follows.

Ndrop Nsplash

Sua= 2 m7 Vg, x— 2 m; Vasx 9

H

where s, is the mass flux due to the impinging
droplets over the film area and V;, is the x
component of droplet velocity. For each regime of
impingement, the loss of tangential momentum is
determined as follows

Ndrop

P <led[§%‘_ Vt,dk> For Rebound
k

(10)
drop

wos M ..
6A, 41 ; <Nka’,§ V,,dk> For Deposition
(11)

Or
6A A4t

O Ndrop
22 S (N Vi)

Nsplash

(NP Vi) | For splasn— (12)

J

The film initial conditions are specified at the
time at which impingement commences. Here we
assumed that there is an immediate formulation of
a film patch, which has an area 4, determined by
the positions of either adhesion or splashing
droplets. The film thickness is assumed to be
uniform over this area and it is determined by the
total volume of the deposited fuel divided by the
area. The initial film layer is assumed to possess
no inertia, but has the momentum sources impart-
ed by the droplets, and is subject to the impact
pressure as well.

2.3 Spray-wall interaction model

The main features of the new model are in the
usage of regime criteria based on consistent exper-
imental results, in the determination of the post
-impingement characteristics based on energy
conservation law and experimental results, and in
the methodology on the transient behavior of film
built on the wall. The deposition-splashing
boundary is determined in the model from empiri-
cal correlation proposed by Mundo et al. (1995)
as follows.

K=OhRe'®=51.7 (13)

where K is dimensionless
impingement, expressed in terms of Reynolds and
Ohnesorge numbers. The main feature of this
model is in the determination of the total velocity
of droplets after impingement by using the newly
derived relationship for the dissipated energy
instead of the critical Weber number, deduced
from the experimental consideration. We can
obtain the relationship for the total velocity of
ejected droplets as follows.

parameter for

CoWel 45 CoWesnyn
r— LCw . ‘max
Wee= ¥m ( ¥mRe€py
_%) -12 (14)
¥Ym

where yp,y is the dimensionless parameter of the
disc when splashing occurs. The tangential veloc-
ity of splashed droplets can be derived from the
theoretical relationship of Yarin and Weiss
(1995) as follows.
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v,=0.452K, « Re¥8 « 0on/ VT (15)

where ¥ represents the time fraction which is
defined as the ratio of time when the splash
occurs to the residence time of an incident dro-
plet. To consider the effect of viscosity, we intro-
duce the friction factor, K, which is randomly
chosen in the range between 0.81 and 0.91 (Yarin
and Weiss, 1995). See the reference (Lee, 1999;
Lee and Ryou, 2000a) for more details.

3. Numerical Method

The gas phase is derived in terms of the Euler-
ian conservation equations and turbulent trans-
port is modeled by the modified k-¢ model of
Reynolds (1980). To couple between the gas
phase velocity and the pressure field, the implicit
and non-iterative PISO algorithm is used in the
present study. The gas phase transport equations
are discretized by finite volume method. With this
process, the Euler implicit method is used for the
transient term, and a hybrid upwind/central dif-
ference scheme is used to approximate the convec-
tion and diffusion terms. The droplet parcel equa-
tions are written in Lagrangian form. The ordi-
nary differential Lagrangian equations for the
droplets are also discretised in the Euler implicit
manner. Additionally, the present study incorpo-
rates a breakup model widely used for the break-
up of liquid droplets in a gaseous stream
proposed by Reitz and Diwakar (1987), where
two breakup regimes are identified as the bag and
stripping breakup. Also, the collision and coales-
cence model of O’'Rourke (1981) is used in this
paper.

Briefly, let us introduce the numerical metho-
dology for calculating the film movement. The
film calculation was conducted by means of a
predictor-corrector scheme. For example, the
predictor-corrector scheme for continuity equa-
tion of films includes the Euler method as a
predictor. :

5 —a"~ﬂmz (V-

AtSM
iy (16)

n) oM+

followed by the trapezoid rule as a corrector :

an+l (5" At Nz ( . n) 8?*11‘

0
where ** means the averaged value between the

old and the predictor steps. At the edges of the
film, an upwind scheme is used and all film
variables are cell centered quantities. The momen-
tum equation is solved using the same predictor
-corrector method. In computation, the initial
film thickness can be calculated by dividing the
volume of impinging droplets by a total amount
of film area determined by the positions of either
adhesion or splashing droplets. Initially, we
assumed that the initial film spot occurs when the
film thickness is greater than 2.0 ym (Zhengbai et
al., 1990).

4. Results and Discussion

This article deals with totally three cases for
assessment of the spray/wall interaction model
including the film formation as listed in Table 1.
Numerical simulations for non-evaporative
impinging sprays were performed using the new
spray/wall interaction model considering liquid
film formation. Figure 2 shows the computational
domain for all cases with a 50x 50 x40 (x, y and
z respectively) grid. This mesh arrangement was
found to reduce the grid-size sensitivity of the
results (Lee, 1999). As seen in Table 1, Cases 1
and 2 show the experimental conditions used by
Katsura et al. (1989) to simulate the overall
structure of the non-evaporative
sprays. Final test is Case 3 from which results
were compared with experimental data of Saito et
al. (1993) to validate the present film model. For
all test cases, a time step of 10 ys is adopted and
in Case 1, a total of 4000 droplet parcels are
introduced through injection duration time. For
Cases 1 and 2, we used the model of Reitz and
Diwakar (1987) to describe the breakup process
of liquid jets at the nozzle exit. Reitz(1987)
applied the wave stability atomization theory to
diesel spray modeling, by injecting parcels of
liquid in the form of “blobs” that had a character-
istic size equal to the nozzle hole diameter,

impinging
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Table 1 Specifications of the test cases

Test Case 1 2 3
Impingement Distance [mm] 24 34 25
Gas Pressure [MPa] 1.5 1.5 2.1
Gas Temperature [K] 293 293 293
Wall Temperature [K] 293 293 293
Nozzle Diameter [mm] 0.3 0.3 0.25
Injection Pressure [MPa] 14 14 30
Injection Duration Tiem [ms] 1.2 1.2 2.85
Reference Katsura et al., 1989 Katsura et al., 1989 Saito et al., 1993

Fig. 2 Grid generation of the present study

instead of assuming an intact liquid at the nozzle
exit. The basis of this model is the concept
introduced by Reitz and Diwakar(1987) that
atomization of the injected liquid and the subse-
quent breakup of droplets are indistinguishable
processes within dense spray. The schedules of
injection velocity for Cases 1 and 2 were deter-
mined by the curve-fitted relationship from the
experimental data produced by Katsura et al.
(1989). However, the velocity schedules for Case
3 were assumed by constant velocity based on the
experimental condition because it could not be
found from the related reference (Saito et al.,
1993).

In this paper, the main parameters for compari-
sons are the radius and the height of wall sprays
after impingement. For Cases | and 2, Katsura et
al. (1989) conducted experiments in which a
single spray was normally impinged on a flat plat
at high trap pressure and room temperature. As
seen in Fig. 3 showing the predicted spray pat-

terns for Cases | and 2 at 0.7 ms, the decrease of
spray radius can be found as the impingement
distance increases, indicating that a longer time is
needed for the spray to reach the wall prior to
impingement. Figure 4 shows that the calculated
results are in good agreements for spray height
and radius, with maximum error 7.6 % for Case 1
and 1.6 % for Case 2. This result suggests that the
current model can effectively predict the behavior
of splashing droplets. It can be observed that at
the early stage after start of impingement, the
spray radius results are in good agreement with
the experimental data. However, the present
model under-predicts the spray radius at the later
stage of injection. Maximum error is about 12.1 %
and 11.6 % for Case 1 and Case 2, respectively, at
the end of the total calculation time. This discrep-
ancy is larger toward the end of the injection
duration, and caused by the modeling of the
droplet size distribution after impingement. The
distribution being involved in the new model is
based on the experimental data of Naber and
Farrell (1993). For the very high Weber number,
this distribution may produce smaller droplets
than those in the actual phenomena. In this case,
smaller droplets ejected due to the impingement
cannot penetrate in the radial direction effectively
because of insufficient inertia of ejected droplets.
Therefore, it is thought that more accurate experi-
mental data for the size distribution of ejected
droplets are required in order to produce better
prediction. For Case 3 as seen in Fig. 5, very
good agreement is observed for the wall spray
radius and height, indicating that the transient
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Fig. 3 The predicted spray patterns for Cases 1 and 2
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Fig. 4 Comparisons of the predicted radius and

height of wall sprays with experimental data
(Katsura et al., 1989) for Cases 1 and 2

behavior of wall sprays can be effectively predict-
ed by the present model.

Figure 6 shows the contours of liquid film
distribution for different times. As time goes on,
the liquid films are propagating along with the

15y Case 2
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0 0.2 04 06 038 1 1.2
Time from start of impingement [ms]
Fig. 5 Comparisons of the predicted radius and

height of wall sprays with experimental data
(Saito et al., 1993) for Case 3

radial direction but the incomplete symmetric
contours can be seen initially. This is because the
tangential and the pressure sources in the film
momentum equations are mainly affected by the
post-impingement characteristics, which are of
random features. Nevertheless, as time goes on,
the symmetric shapes can be observed roughly.
The film thickness profiles are show in Fig. 7 for
various times after the start of impingement. The
area around the stagnation point of the spray is
immediately flooded. The large film thickness in
this regime is due to the impingement of the dense
spray region that has not experienced significant
breakup. This occurs within a 1.5 mm radial
distance. The concaved film profile extending
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from the stagnation region at a radial distance of
1.5 mm to a transient peak value is present. This 10.0¢
is the result of two primary phenomena. First, a = 8 : O Experimental data
liquid wall-jet is formed at the onset of impinge- E OF New model
ment in this region, which widens in the radial E gof 77 Static model
direction causing the liquid wall-jet to decelerate. o 40 :
Second, the film experiences the majority of the e | o
spray-film interaction in this region, which T 20O~ ---mmmT 77T
results in splashing of secondary droplets, thus P AR . Ly

reducing the amount of mass in the film. Conse-
quently, it is instructive to investigate droplet
velocities in this region, in order to assess the
ability of the spray-film model to predict the
splashing events.

Comparisons of the mean film radius and the
mean film thickness are presented in Fig. 8. The
mean film thickness is defined as the total amount
of liquid volume by surface area covered by the
film. This area is determined by the positions of
either adhesion or splashing droplets. Also, the
averaged value in Fig. 8 is obtained by averaging
the mean film thickness during a total time of

0 02 04 06 08 1 12
Time after impingement [ms]
(b} Film Radius
Fig. 8 Comparison of the predicted film height and

radius with experimental data (Saito et al.,
1993) for Case 3

calculation. As shown in Fig. 8(a), the new
model slightly under-predicted the averaged film
thickness, while the static model overestimated it
(Lee, 1999). This difference may be due to the
calculated radial penetration is slightly overes-
timated as seen in Fig. 8(b), in spite of the fact
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that the deposited film mass, which are calculated
from the spray/wall interaction model, is identi-
cal for both two models. For film penetration in
the radial direction, we can see that the present
model is in better agreement with experimental
data than the static model. This is because the
latter model is based on the static film concept
while the former is dealing with the behavior of
moving films by solving their governing equa-
tions. Although the discrepancy between overes-
timated film radius and the experimental data
increases as time goes on, the present film model
is acceptable for prediction of the film radius and
thickness, relative to the static model. It might be
thought that the dynamic film model presented
here may be useful for predictions of global
trends of wall films, in spite of some problems in
the view of accuracy. To overcome this problem
and obtain more accurate predictions, more
elaborated study is required. Our future work is
to validate the present film model by performing
numerical simulations for much more cases in
open literature.

5. Conclusions

An extended computational model for spray/
wall interaction and film flows has been devel-
oped in this paper. A new submodel was tested
against several experimental data and the previ-
ous impingement models. The following conclu-
sions were drawn. First, the new spray/wall inter-
action model produced good prediction of the
spray height with slight overestimations in the
spray radius. Therefore the new spray/wall inter-
action model is useful for predictions of transient
behavior of impinging sprays. Second, for predic-
tion of film radius, the dynamic model presented
here is in better agreement with experimental data
than the static model. However, the film radius is
slightly overestimated, as time goes on. On the
overall the present film model is more reliable for
prediction of global trends of wall films, than the
static model. It is important to note that the film
model in this article may still be considered as a
work-in-progress, and is expected to undergo
further revisions in the future.
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