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Calculation ofFuel Spray Impingement and Fuel Film Formation
in an HSDI Diesel Engine

Mansbik Kim, Kyoungdoug Min *
School of Mechanical and Aerospace Engineering, Seoul National University, Seoul 151-742, Korea

Spray impingement and fuel film formation models with cavitation have been developed and
incorporated into the computational fluid dynamics code, STAR-CD. The spray/wall
interaction process was modeled by considering the effects of surface temperature conditions and
fuel film formation. The behavior of fuel droplets after impingement was divided into rebound,

spread and splash using the Weber number and parameter K(jWelJ(e). The spray
impingement model accounts for mass conservation, energy conservation, and heat transfer to
the impinging droplets. The fuel film formation model was developed by integrating the
continuity, momentum, and energy equations along the direction of fuel film thickness. Zero
dimensional cavitation model was adopted in order to consider the cavitation phenomena and
to give reasonable initial conditions for spray injection. Numerical simulations of spray tip
penetration, spray impingement patterns, and the mass of film-state fuel matched well with the
experimental data. The spray impingement and fuel film formation models have been applied to
study spray/wall impingement in high-speed direct injection diesel engines.
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Nomenclature---------
BTDC : Before top dead center
C : Fuel concentration (kg/kg)
d : Diameter (m)
g : Gravitational acceleration (m/S2)

hd : Mass transfer coefficient (kg/m2·s)

K : Non-dimensional parameter for criteri-
on of splash

La : Laplace number
p : Pressure (Pa)
T : Temperature (K)
Ucu.» : Velocity (m/s)
ii, if : Mean velocity (m/s)
We : Weber number
a : Fuel film thickness (m)
Ji. : Dynamic viscosity (kg/rn-s)
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/I : Kinematic viscosity (m2/s)

e : Angle (degree)
p : Density (kg/rrr')

(J : Surface tension (N/m)
r : Shear stress (N/m2)
~ : Profile factor

Subscripts
crit : Critical
d : Drop
eff : Effective
f : Film

: Incoming
: Liquid

n : Normal
o : Outgoing
s : Splash

: Tangential
vena : Vena contracta
w : Wall
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Fig. 1 Schematic diagram of nozzle flow phenomena

2. Modeling
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2.1 Spray injection in consideration of cavi
tation

Sarre et al. (2000) proposed the nozzle flow

model, which determines the spray initial

conditions such as the discharge coefficient, in
jection velocity, and initial droplet diameter by

incorporating nozzle inlet configuration, cavi

tation effect, injection flow rate and chamber

conditions. In HSDI diesel engines equipped with

a common rail injection system, cavitation regime
model should be applied. Figure 1 shows a

schematic diagram of nozzle flow phenomena.

The effective velocity of droplets at the nozzle
exit, Uef f , and the diameter of initial droplet. def f ,

are determined by the following relation.

after-impingement behavior of droplets will help

improve injection systems and combustion
chambers. The objective of this paper is to devel

op physically reasonable model for spray-wall

impingement and fuel film formation. The after

impingement behavior of droplets is determined

from experimental results (Mundo et al., 1994,

1995, Yarin et al., 1995).
In this paper, a model was formulated and

validated to describe spray impingement and fuel

film formation, which includes cavitation.
Experimental data were used to validate the

model in more realistic configurations. At the end

of the paper, HSDI diesel engine calculations

using the fuel film formation model during the

compression process for cold start and warm

operating conditions are described.

1. Introduction

The impingement of fuel spray on the cylinder

wall or the piston wall in high-speed direct in

jection (HSDI) diesel engines is unavoidable.

The characteristics of impinging spray are impor

tant because they influence fuel vapor distributio

n, combustion process and exhaust emissions.

Wall impingement can cause high hydrocarbon

emissions and soot formation in small HSDI
diesel engines (Matsui, 1986). Werlberger and

Cartellieri (1987) observed the impinging spray

in a small bore direct injection diesel engine.

They determined -that, at high load conditions,

more than 50% of the fuel impinged on the piston

bowl. Therefore, it is important to fully under

stand the behavior of an impinging droplet near

the wall.
A diesel spray structure consists of three

regions. In the atomization zone, the injected fuel

is atomized, and dense fuel vapor is generated.

The full modeling of atomization process is diffi
cult and requires high computer performance

because of its complexity. Over the last few years,

numerous studies have revealed that nozzle flow
has a-decisive impact on the subsequent fuel spray

development and atomization. The demand for

well atomized fuel spray has led to the develop

ment of common tail injection system. However,

nozzle hole cavitation seems to be a common
feature. Ca~itation phenomenon is more promi

nent at higher injection pressures and smaller

nozzle hole sizes. Thus, it is necessary to consider
the cavitation effect on the spray injection. Below

the atomization region, the characteristics of

spray are governed by droplet-droplet and

droplet-gas interactions. In the near wall region,

rebounding, spreading or splashing of droplets
may occur according to impinging droplet

conditions.
Furthermore, the deposition of injected fuel

spray resulting from spray impingement on the
wall causes the fuel film flow. Several

phenomenological models for the spray

impingement were developed. A better under

standing of the spray-wall interaction and the
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Uvena is the velocity in the vena-contracta and is
determined as follows.

where Cc is the contraction coefficient, a geome
try dependent parameter which has been
calculated to be about 0.62, for sharp-edged
orifices given by Nurick (1976).

The pressure in the vena-contracta is deter
mined as follows.

tively. U and d are the velocity and the diameter
of a droplet. In this study, the spray impingement
model is divided into the hot wall model and the
cold wall model to represent low load and high
load engine operating conditions. As the impact
energy of the impinging droplet increases, the
behavior of droplets after impingement was
divided into rebound, spread, and splash models.
The non-dimensional impact parameters We and
K determine the mode type. The diameter and the
number of secondary droplets for the splash
model are determined based from experimental

data.

where P, f.J., and (J are the density, the dynamic
.viscosity, and the surface tension of fuel, respec-

The pressure in the vena-contracta was below
the vapor pressure of the fuel; therefore, the initial
conditions were assigned for spray calculation
from Eqs. (I) and (2).

The breakup model proposed by Reitz and
Diwakar (1986) was used to simulate the droplet
breakup processes. O'Rourke's (1981) model was
used for the collision and coalescence among
droplets.

(9)

(8)K>57.7

u= un( ~ r/4l/-1/8j-3/8

where Un is the droplet normal velocity compo
nent and j is the drop frequency.

The mass ratio is given by curve fitting to the
data equation (Stanton et al., 1996).

Given incident conditions, we need to deter
mine the total mass, sizes, velocities and ejection
angles of secondary droplets. It is assumed that an
impinging droplet breaks into four droplets of
identical mass but different diameters.

The sizes of the splashing droplets are deter
mined by the probability density function based
on experimental data (Mundo et al., 1994).

The total ejected mass of splashing droplets is
determined from experimental results (Yarin and
Weiss, 1995). Yarin and Weiss showed that the
mass fraction of secondary droplets to the
impinging droplet is related to a non-dimensional
impact velocity. The non-dimensional impact ve
locity is defined as:

2.2.1 Cold wall model
When the wall temperature is below the

saturation temperature of impinging droplets, the
cold wall model is applied.

Splash modeling
The transition criterion for the splashing re

gime is based on Mundo et al.'s experimental
results (Yarin et al., 1995).

(7)

(6)

(5)

(4)P --h. PITT 2
vena-Yl-Tuvena

2.2 Spray/wall interaction model
After a droplet impinges on a surface, the

following events occur.
1. The impinging droplet may rebound,

changing direction and velocity.
2. For .certain impact energy conditions, the

droplet deposits on the wall.
3. For higher impact energy conditions, the

impinging droplets may splash and form a liquid
fuel film, making smaller secondary droplets.

These impingement regimes are characterized
by a number of parameters. A set of non
-dimensional numbers describes droplet
impingement phenomena.

We= pdu
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Rebound modeling
The transition criterion for the rebounding re

gime is given by

(15)

by Ghadiri

between the

Ui_In d;/In d, (. '-1 4 ........)-- - - z,J- - , Z-r-J
u, do do

Using Eqs. (12) - (15), the tangential and

normal velocities of splashing droplets can be

calculated.

of splashing droplets provided
(1978), the velocity relation

splashing droplets is as follows:

Fig. 2 Schematic diagram of splashed droplet

We::;;: 10 (16)

(20)

( 17)

( 18)Un'=-eU~

, I 0

u, = 3+6a u;

We>IO, K::;;:'S7.7

The evaporation rate in on the wall is:

in=h~ (Co- Coo) (2I)

where Un' and u-' are the normal and tangential

velocities of rebounding droplets, respectively. u~

and u7 are the normal and tangential velocities of
incident droplets, respectively. e is the coefficient

of restitution. a is a random number distributed
uniformly in the interval (0, I). The coefficient of

restitution is obtained using Eq. (19) as reported

by Bai (1995).

e=0.993-1.768;+ 1.5681-0.4981 (19)

where 8; is the incident angle of droplet measured

in radian.

Spread modeling
When the impact energy of an impinging

droplet is sufficiently large, the impinging droplet

spreads along the wall and forms a fuel film on

the wall. This spread regime is given by

where h« is the mass transfer coefficient and Co
and Coo are the concentration of fuel at the
interface and at the bulk gas adjacent the fuel

film, respectively. The fuel droplet ratio, which

remains on the wall, is given by

The velocity magnitude and direction of

rebounding droplets are determined by using Eqs,

(17) and (18).

(14)

(II)

of incident

80=60.0°+0.258;

where UCTit is the critical velocity

droplet and is given by Eq. (8).

_( 57.7J£"a )0.8
Ucrit- 3d3P 0

From the data on the size-velocity correlation

where U; is the velocity of i-th secondary droplet,

N; is the number of droplets in the i-th parcel.

EsPlash is the splash energy of the incident droplet

given by

ESPlash=Ein- E CTit

= ~ iTd}u2+ iTad02- 0. iTd03U~ (13)

Figure 2 shows schematic diagram of a

splashing droplet. The in-plane angles, at, a2, ll3,
and Cl4 are randomly chosen to vary between 0

and 30 degrees from the incoming direction. The

ejection angles, /31. /32, /33, and /3. are determined
by using Eq. (II).

The splashing droplet velocities are obtained

from overall energy conservation:

1· •-8ms~ ul+iTa~ dN;2=EsPla8h (12)
t=l :=1

m, is the mass of splashed droplets and me is the

mass of the incident droplet.
Mundo et al. (1994) investigated the

correlation between the incident angle 8; and the

splashing angle 80 for rough walls. The splashing
angle 80 is given by Eq. (11). Considering the

deviation of experimental data, the splashing

angle is given at random within 80 ± 10 deg.
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(23)

{
1.0(spread) (22)

Xr= 1.0-ms/md(spiash)

Mass flux due to the impinging droplets is
averaged over the cell area and is used as a source
term in the fuel film formation model.

When the following condition is satisfied, spray

impingement model regime is changed from the
dry wall case to the wetted wall case.

~~0.2
dSMD

The splash, rebound, and spread models, except
the splash angle, are basically the same as the dry
wall case.

Equation for the splash angle is changed to Eq.
(24), based on the experimental data for smooth
wall conditions (Mundo et al . 1995).

(24)

Considering the deviation of experimental data,
the splashing angle is given randomly within ~±
10 deg.

2.2.2 Hot wall model
When the wall temperature is above the

saturation temperature of an impinging droplet,
the hot wall model is applied. When a droplet
impinges on a hot surface, the impinging droplet
spreads as a fuel film in the radial direction on the
wall for a certain period, and thereafter the film
shrinks and rebounds or breaks into pieces (Fu
ruya et al., 1998). In the hot wall model, the heat
transfer from the wall to one impinging droplet,
Q, is given by

Q=adSdrd:!. T (25)

where ad is the average heat transfer coefficient
determined according to the superheating value t::..
Tsat(=Tw-Tsat) (Senda et ai., 1988). S« is the
averaged contact area, which is obtained from
experimental data and rd is the residence time of
the droplet in film state on the wall (Senda et al.,
1994) .

With the use of Eulerian-Lagrangian ap
proach, the impinging spray evolution was
calculated. The droplet phase was calculated by
using the Lagrangian approach, which tracked a
sufficiently large number of parcels (2000- 5000)

Fig. 3 Physical phenomena governing fuel film flow

(Amsden et ai., 1989) representing a number of

real droplets having the same diameter and ve
locity. The equations of motion for the parcels
were solved for each time step, using the fluid
properties at the current droplet position, as

solved for the continuous phase. This led to a new
droplet position, for which the procedure was
repeated. Seventeen subroutines describing the
droplet behavior were incorporated into the
STAR -CD code.

2.3 Fuel film formation model
Naber and Farrell (Naber et ai., 1993) showed

that evaporative wetting phenomena exist at
conditions similar to that in internal combustion
engines, which is characterized by thin liquid
film. Thus, spray impingement models should
include liquid films on the combustion chamber
surfaces to accurately model spray-wall
interactions. The continuity, momentum, and en
ergy equations are applied to each wall cell as
shown in Fig. 3. Also, the physical processes
affecting the liquid film are shown in Fig. 3.

The numerical solution of the Eqs. (26)
(29) can be performed within a two

-dimensional framework using thin film assump

tion.
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where pg is the gas density and Ug IS the gas

velocity relative to the fuel film motion.
The energy balance equation at liquid film

surface has the follwing form :

(36)

(35)

(33)

8kAT- 3kATw-inLo+ hAT..o
hAo+5kA

where ST is the shape factor determined by using

a third order temperature profile. The second
term on the right-hand side of the Eq. (37) is the

energy source term due to impinging spray.
Equations. (30) - (32) and (37) are numerically

solved by using a fourth order Runge- Kutta

scheme.

where T is the is the average film temperature

cross the film thickness, Te is the wall tempera

ture, k is the liquid film thermal conductivity, and
A is the wall cell area. Thus, after integrating

with respect to cross film coordinate z, the energy

equation is

-kA aT l-inL=hA(T.r-T..)az .r

where Ts is the temperature at the fuel film

surface and L is the latent heat of vaporization.

T.r has the following form :

where r, is the radius of the i-th incident droplet

and u« is its normal velocity. The gas may also
induce an impact pressure. This pressure pg has

been derived from impacting liquid jet on a wall

as follows (Darrozes et al., 1982).

pg=pg(Ug·1iJ2 (34)

First terms in the right-hand side of Eqs. (31)

and (32) represents pressure gradient due to the

spray impact on the liquid film interface. If n is

denoted as the number of droplets, which have

reached the cell adjacent to the wall during the
time interval b.t, the impact pressure is given by:

ois the film thickness and U, iJ are the averaged
film velocities cross the film thickness. The source

term is composed of the mass influx of impinging

droplets, the mass eflux due to splashing droplets,
and fuel vaporization.

Eqs. (27) and (28) are transformed into the.

following form:

;t (OU) + SP tx (ou2
) + SP~ (ouD)

= - 0 aOP+J...( f.r(U) - f w ( u) + (gx+ax) 0 (31)
p x p

;t (oV) +SP tx (ouv) + SP~ (ou2
)

=_1 ~P+J...(f.r(v)-rw(v»+(gy+ay)o(32)
p ov p

where SP is the shape factor determined by using
a third order velocity profile.

In deriving the integral conservation /transport

Eqs. (26) - (29) for a liquid film flow, taking

into account the mass, momentum and energy

fluxes due to spray impingement and momentum

exchange with the gas phase, the following
assumptions are applied.

(I) The liquid film is thin enough so that the

boundary layer approximations are applicable.

(2) Spray impingement contributes to liquid

film transport through deposition of mass,

tangential momentum, and thermal energy. These

quantities are treated as source terms for each
equation.

(3) Liquid surface tension effect on the

interfacial momentum is neglected.

(4) The mass flux due to impinging droplets is

averaged over the wall cell area. The lost

tangential momentum of impinging droplets is
added to the film tangential momentum.

By integrating across the film thickness and

using thin film assumptions, the equations are
reduced to a two-dimensional film flowing across

a three-dimensional surface.

After integrating in the cross film direction, Eq.

(26) is transformed into the following form:

ao a _ a
ar+ax(ou) +ay(oD) =source (30)
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3. Verification of Models
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Fig. 6 Comparison of fuel film mass with
experimental data (Saito, 1993)
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Fig. 5 Comparison of spatial distribution of droplet
parcels

The calculation results predict the spray radius,
height and vortex formation at the leading edge.

3.3 Fuel film formation
To verify the film formation model, we used the

experimental results of Saito et al . (1993). This
investigation involved injections in a pressurized
chamber under conditions closely approximating

Table 1 Calculation conditions for diesel impinging
sprays
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3.1 Spray tip penetration
A diesel spray injection experiment in a

pressurized chamber (Bae, 2000) was adopted to
verify the spray initial condition model. In this
experiment, the global characteristics of diesel
spray emerging from 5-hole YCO nozzle, (e.g.
spray angle, tip penetration, and pattern) were
measured from the spray images which were
frozen by an instantaneous photography with a
spark light source. Initial conditions of injected
droplets were given by Eqs. (I) and (2). The
calculated. and measured results of spray tip
penetration are shown in Fig. 4. Though the
variations of spray tip penetration exist for each

hole, the calculation results accurately predict
penetration length and spray breakup postion.

Time after start of injection (ms)

Fig. 4 Comparison of spray tip penetration with
experimental data (Bae, 2000)

3.2 Diesel spray impingement
The present model was also validated against

the diesel spray impingement experimental data
under elevated pressure and room temperature
conditions (Katsura et al., 1989). The
investigators applied a laser light extinction
method to obtain the photographs of the spray's
temporal behavior. Calculation conditions are
given in Table 1. Figure 5 shows the experimental
and calculated results of diesel spray impingement
.at 0.8, 1.2 and 2.0 ms after the start of injection.
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Table 2 Calculation conditions for HSOI diesel en
gine

Engine speed (rpm)
Bore (rnm)

Stroke (mm)
Compression ratio

Global equivalence ratio
Wall temperature (K)

BOC swirl ratio

1500,4000
87.5

87
19.6

0.5

350,500
2.0,3.0

1560rpm 4000 rpm

1500rpm .woo rpm

Fig. 7 Computational mesh for HSOI diesel engine
calculation

lOdcg.ASOI

6deg.ASOI

Jdeg.ASOI

Fig. 8 Spray impingement pattern development for
HSOI diesel engine case (a) 1500 rev/min
(b) 4000 rev/min (BOC swirl ratio = 3. 0)

.lUes;.ASCI

10deg. ASOt

6dcg.ASOI

Fig. 9 Fuel vapor distribution for HSOI diesel en
gine case (a) 1500rev/min (b) 4000 rev/min

bowl wall and forms a fuel film. In the 4000 rev/

min case, the fuel spray does not impinge onto the

piston bowl wall. This is due to high tangential
velocity in the piston bowl and reduced spray

penetration length because of higher cylinder

pressure and temperature at the injection period

than 1500 rev/min case. In Fig. 9, the fuel vapor
concentration is plotted along the plane, which

4. HSDI Diesel Engine Calculation

those in diesel engines. Figure 6 shows the

calculated and experimental variations of wall
fuel film mass vs, time. A good agreement is

observed for fuel film mass.

Fuel sprays injected into an HSDI diesel engine

are also numerically simulated using the spray

initial condition model, the spray impingement

model, and the fuel film formation model. The
model engine used in this study is an HSDI diesel

engine having a concentric bowl in the piston.

The opening diameter of the bowl is 44 mm and
its depth is 13 mm. The fuel is normal-dodecane

and is injected into the cylinder in the late period

of compression stroke at a constant injection rate.

To investigate the effect of injection timing we set
the start of injection to IS° BTDC and 3° BTDC.

The size and initial velocity of the injected

droplets are obtained from Eqs. (1) and (2). The

number of injected droplet parcels is 6000. As the
initial condition of the gas flow inside the

cylinder, the swirl flow is given at the BDC of the

compression stroke. The initial cylinder tempera

ture is set at 320 K and the initial cylinder
pressure is varied according to the engine speed.

The piston wall temperature is set at 500 K and

350 K to calculate warm and cold operations.
Calculation conditions and engine specifications

are shown in Table 2. The computational mesh of

the HSDI diesel engine combustion chamber at
IS° BTDC, which consists of 11,232 cells, is

illustrated in Fig. 7.

The spray development patterns for different

engine speed are shown in Fig. 8. In the 1500 rev/

min case, the fuel spray impinges onto the piston
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Fig. 11 Calculation of fuel film mass with respect to
wall temperature and BOC swirl ratio (In
jection timing: 3° BTOC.)

15123

--T
w
=500K, SOC swir1=3.0

••••••••• Tw=500K. SOC swirl=2.0

--T
w
=350K, SOC swir1=3.0

••••••••• Tw=350K, SOC swirl=2.0

4.0

8.0

2.0

1500 rpm . . ",.
6.0 Injection: STDC15cd:.~.::;~:.:~:~,,:~,••

. .,;.
.{~~
t:.

,/ -

"

_ 10.0

~

6 9

Crank angle ASOI (deg)

Fig. 10 Calculation of fuel film mass with respect to
wall temperature and BOC swirl ratio (In
jection timing : 15° BTOC.)

includes the injection axis. The dispersion and
spatial distribution of fuel vapor concentration
are enhanced not only by swirl motion but also
by spray impingement. The vapor cloud and most
of the droplets are carried in the direction of swirl
rotation. Dense fuel vapor is observed in the near
wall region due to evaporation from fuel film and
splashed small droplets in the 1500 rev/min case.

Figure 10 shows the ratio of film-state fuel to
the injected fuel for the wall temperature and
BDC swirl ratio at early injection timing (ISO

BTDC). A fuel film is formed initially about 3.0
deg after the start of injection. For large swirl
ratio and high wall temperature, the mass of fuel
film is reduced because many droplets are carried
away directly by the gas flow in the near wall
region without impinging the wall at all. The
BDC swirl ratio is more dominant than the wall
temperature in reducing film-state fuel. Figure II
shows the ratio of film-state fuel to injected fuel
for the wall temperature and BDC swirl ratio at
late injection timing (3° BTDC). A fuel film is
formed initially about 4.5 deg after the start of
injection and shows the same trend as Fig. 10. As
injection timing is retarded to TDC, the adhered
fuel mass (and thus also the average film thick
ness) is reduced because the -spray penetration
length is shortened, and evaporation of droplets is
enhanced. This spray impingement model with

fuel film formation can provide a tool to design
combustion chambers and injection strategies.

5. Conclusions

A spray impingement model considering fuel
film formation on the wall and cavitation
phenomena was developed and validated. The
model was validated against experimental data. In
all cases, the predictions compared well with the
experimental results. It can therefore be
concluded that the model presented in this study
is useful in predicting spray impingement events
and fuel film formation. In addition, HSDI diesel
engine simulations were presented in an attempt
to demonstrate the capabilities of the spray
impingement and fuel film formation models.

(I) A spray impingement model considering
fuel film formation on the wall was developed
and validated using diesel spray experimental
data.

(2) Proposed models were applied to the HSDI
diesel engine. The film formation time after the
start of injection and the amount of film state fuel
was examined. Larger BDC swirl ratio and higher
wall temperature reduce the amount of the fuel
film on the piston bowl wall.

(3) In 4000 rpm case, spray impingement does
not occur because of high tangential velocity in
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the piston bowl.
(4) In 1500 rpm case, advanced injection tim

ing increases the amount of the fuel film on the
piston bowl.
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