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Fuel Impingement in a Direct Injecton
Diesel Engine

J. Naber, B. Enright and P. Farrell
Engine Research Center

Univ. of Wisconsin-Madison

ANTIT amounts of data for sprays in regions far from
the injector (>200d where d is the injector

High injection pressure impinging spray orifice diameter). These results have
experiments and modeling were performed emphasized the significance of the
under simulated diesel engine conditions combination of drop breakup and coalescence,
(pressure and density) at ambient temperature. and the relative insensitivity of far field drop
A spray impinged normal to a small crown in size, velocity, and spread angle results to the
the bowl of a simulated piston. High speed Injection conditions. In addition to studies of
photography was used in the constant volume liquid sprays in a semi-infinite gas field,
bomb to examine the effect of impingement on model results have been extended to finite gas
fuel mixing. The spray model which includes fields where the spray impinges on a solid
drop breakup, coalescence,. impingement, and surface at some location relatively far from
vaporization effects was used to predict fuel the injector tip ( >200d). A recent paper by
mixing in the bomb. The spray distributions Naber and Reitz [ 5 1 has addressed this issue
predicted by the model are compared to the by examining the problem of a diesel spray
photographs obtained in the bomb. rerv-,s impinging on the bowl of a piston In a moderate

I )' swirl engine. Comparison of their results with
SPRAY NFAMNEMEW BACJGROLMJ photographs from an operating engine indicate

fle good qualitative agreement between their
Interest in direct injection stratified model predictions for overall far-field spread

charge engines and direct Injection diesel and apparent surface wetting and the data
engines has included strong interest in acquired from the photographs.
developiM. accurato models for liquid fuel In some combustion situations of
sprays. Among the more.widely used models interest, the geometry of the combustion
is KIVA, a code dvlped at Los Aamos chamber may limit the extnt of the spray to
National Laboraory ( .*. Recent regions of significantly smallr /d values
develoPmets befcs on modeingbasic Vn .thoee for which model results have been
gas phas fi mechanics and using lid established. I these near field regions, the
spray &*mod* to dosbi e behavior of Issues of spray behavior near do nozzle tp
the lIud spra. The dem fd t'ysubpiodsls and the effects of high velocity liquid sprays
have primriy kwussid on ovd mieling impingin on solid surbo may be signifient.
Of drop brekup [23 , drop cjalescone [4), P OVd5 for rWOV*ly ravel cylinder
and Improved .*Nrwdns of the Iftial gemetrles, In Partiular novel
condition and boundary conditions applied toi - .
the pobn [ 4 ). Th f of this work have * me In brkt designeft -b lss

been - -a.-
7'I of II I I



geometris, have recently been made by This paper presents the application of
Kroegr [6 1 and KO and Onlshi [ 71. These one currntly available spray code (KIVA) to

.~p~ -4pp- l~a~ iqqlu a PWeOR VW$the -staUnof the piston geometry displayed
*Wt a606 bAM 'da -siall Orojection In t1e by i~e Wines614 presented by Kroeger [ 6 1 and by
Iidl~l5 i VI boWL These piston top Kato and OnIshi 17 1. A set of experiments
OsS'met56.: have been developed for has been performed for the raised piston

somw~t- iffnt plcaln:Kree' center section geometry using a high pressure
(Caerillr)for direct Injection diesels using diesel fuel injector in a high pressure unheated

neat methanol and Kato and Onishi's (NICE) for bomb. High speed movies provided information
direcOt Injcto Stratified charge (DISC) on the spread and location of the spray under
engines. The basic geometry exhibits a raised different operating conditions. The results
surface Mit Or near the center of the piston from the movies are compared to the results of
bowl, Onto whc some or all of the fuel Spray the computer model in Its original state, and in
Impacts. In the case of the Caterpillar engine, a modified state.
nine other spray bes are also injected in a
normal pet.r radially'and *Kh*~ downward NMJMEUC&MODEL
from heirtr. In"0' oft ca V*t h IE
engine a*- Of te fWe Is Sprayed ont ft' raised A three dimensional finite difference
Piston Impingemft We. &re akt sig 0 orfe numeridli mode (KIVA) was used to model the
In altham ft5 "* ~qi w iImpacts thWpay in'the constant volume bomb. The model
raised SUrfu" Is expete to -provide a solves the gas phase uting a time explicit
centrally oated cloud of fuel drape and fuel eulerla finte difference scheme for the
vapor w hich will enhance the uiequent a vrge Navier-Stokes equations with a k- e
combustion 'event. In both cases, the Intent of turbulenci m1e. For this application, the
the piston Proletlo 1s510 enhanc the fuel geometry of' the spray was considered
Injection precsas b* directin 'somne or all of axisymmetric, so a two-dimensional version of
the fuel to be Infected onto 11e projection, the code was used. The spray is modeled using
This projcton Is typ"icly 15490 nozzle a stohmatic lagrangian scheme where parcels
orifice diameter downstream of the noozzle represent a number of drops with common
tip, which puts It in a regon of the very near properties. The parcels Interact with the gas
spray fel where liquid veloties are quite through term In the gas equations exchanging
high. himpoved performance or continued mass, momentum, and energy, and generating
pedftrmincO under atopicl operat turbulence. Drop coalescence, breakup and
conditiosis were demnstated experimentay Impingement are Included In the stochastic
In beth of Owee en~e. In oeneal, thks is a Parcel model. More details of the numerical
ve#Y different sbtato from th e odnlfdns of Model are given In the references [1,2,5,8].
previous work In,,** modelin, yet it- The breakup model used In this study Is
present an area Of peilloulor interes in described in detaill by Reob and Dlwakar [ 8 1.
ter0 of mnat the OffrVfmnee of The Initial parcel diameter at the time of
SWWWoaUy d111600M *kmbU~klanWI fWe Injection it equal to the nozzle diameter. This
k~oU.E $60o16is. Theo!Se n0W mojee differs from theIr earler work [ 2 1 and that of

P .pSW~ oflllelg-to 9s1ng Aeen VA. [1 wh iiere the Initial parcel
Incide ~alsa ef~ hot dihM meer wre determhined from distributions.

U9 ~ ~ ~ ~ kW, out~u~ode rch Amsdsn's I1 Iofbability distribution
tW~~~~~5pi V~~ itie to Wilt SON *eight is

11111,~o~eI -- o
A&'M~~~r -UOW0 &WO&

Where O Suath e r mean radhm. With a
A~b sa at h~~b thepr~mIp ,

0 drop eme aid
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coalescence determines the drop distribution conditions and boundary conditions. For the
downstreasm of the inJoctor. Two modes of drop gas flow, the initial condition is a uniform
breakup bag and stripping are modeled. Bag field of a known pressure and density. The
breakup occurs for Initial gas. velocity is zero and the temperature

Is a constant throughout the problem, as the
bomb is operated at mom temperature and

W- -  >6 vapo1z4t n I neglected in the model. For the
0 (2 spray, ar Initial drop size or distribution,

S()initial velocity, and spread angle must be
and strippirg breakup for specled. As the initial drop size was varied

durfnt the course ot the work, discussion of
We 0.5 the tual values used is included in the

discUssion of the model results. Exponentially

2 V,,r decaying spray velocity profiles were
Re_= estimated using the known peak (initial) fuel

Vb pressures, Injector closing pressures,
(3a,3b) injection durations, fuel delivery, and orifice

discharge coefficients provided by the injectorThe impingement of drops on solid boundaries manufacturer [9]. The initial spray angle
is modeled using an analogy with potential was chosen from the photographs of the spray.
flow jet impingement as described by Naber The grid used in the computations Is shown in
and Reitz [ 5 1. The drop leaves tangent to the Fig. 1. A single azimuthal sector of 0.5
surface in a direction determined from a degrees was used for the axisymmetric
probability distribution funolen. The geometry with 17 radial and 13 axial grid
probability distribution function is derived points. A typical run with this model took
from potential flow jet conservation of mass about 30 minutes of computer time on a Cray
and momentum and an assumed momentum iV.
distribution. The angle V is the angle of the For each set of conditions modeled, the
tangential velocity of the parcel after output consists of a series of plots at various
collision with the wall in the plane of the times, providing the current location of the
surface, relative to the Impinging tangential spray parcels, liquid and vapor concentration
velocity vector. The parcels new velocity contours, and temperature contours. In this
vector direction is determined from the paper only the spray parcel location plots will
equation be displayed.

p, (4)- - - - - - -

where X is a uniform random number (0,1), and
0 is determined from the function

• Is.. ftI m rd
f t mnWirb um*- W.-,Th*,4W'l d0410-4t Fig.1. AXI MS o oMPUaMIonll grid. 4

1~m,~ d1* r Erni I& tewa Domn' UIsed for "t Oktoft @1iMplinglfi
Impbpesga. S p oomStent volumeS b@Umb&
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Fuel injctorMount
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Frn Ve Section A-A

Fig. 2. Front. and section views of pressurized bomb with optical
access. End caps orientated to view top poiton of chamber.

CONSTNT VOLUME BOMB EXPEFOAM31TS single hole 0.406 mm diameter nozzle and a
maximumn peak fuel pressure greater than 138

A constant volume bomb was constructed MPa. This injection system exhibited a rapid
to provide a chamber capabl of providing the needle lift to introduce the fuel at a pressure
high gas pressures and densities common in near the peak fue pressure. Peak pressure was
high compression rati oengine. A sketch of reached almost instantaneously, and dropped
the constant volume bomb Is oiven -In Fig. 2. steadily until a prohceded spring ended
The bomb was constructed of 203 mmi (8 in.) injection. The quantity of fuel injected is
diameter pipe, 203 mm (8 in.) long. At each determined by the injector geometry and the
and of the pipe, a flange. vas welded on and a fuel rail pressure. Fig. 3 shows a
cap fitted to the end. In the a"s on each end representative injection pressure profile taken
were mounted 101 mm (4 In.) quartz windows. from 1 9 1 for this type of injector.
The window aSnungsr, mmt WM watoige The pressure and density in the bomb
allow the end capW to be rmounted in~ variety were chosen to match that of a test engine at
of posilon to allow a view of various 15 degrees btdc (129mS2.0 atm, p,-14.9 Kg/rn3 at
portions of the. p.ow. At OWe cent, axially, of T-780K) by using a mixture of 0.30 N2 and 0.70
the chsnib a ~o64in Inge was. welded He by volume. Table 1 lists injector conditions
into the OW wiall for--me"~I the fuel for the three events photographed. The fuel
injector. The jpesq u 1 neco and tip used in all of tn~ experiments; was standard
were adjuub to, pavA ** to ensure the type I refires fuel.
shap of Ow vklhe *y*1lt role In the 41e tin*: varying extent of the fuel spray

subsW" prW __ Thechaberhaswas measured in the bomb using a high speed
_$4 mor#* coa nning at S00 frames per

sb A wspvpr ae rvidin pulses
-. approxima tS no long, at ftpetllo rates

iie 10 ow upt to 10 kHlz was used as a light SWme. For
aqqder% gif s an deoloIAlyonob *w* OWn *All!~ amW.- aCma %love
MMA akfio IWO tsmi*s Pocs w~h a '60011~a to Illit am-0 We o e



Rail Pros. 476.1 7.8
p(MPa) _________

r83 91 116

Val.of Fu 35 69 104
Con MI. (MM 3 )_______________

U ~~~pressure-Drto
r (msur uaio 1.00 1.92 2.75

Ave. Vol 267 279 292

Table I. Experimental Conditions

Time The resulting films were analyzed frame
Fig. 3. Typical Injector pressure profile by frame using a 512 by 512 CCD video camera
of BKM Injector showing rapid needle connected to a frame grabber board in a
lift to peak pressure. microcomputer. The digitized frames were

processed using. a Sobel edge filber [ 10 1 for
finding the edge of the spray, a 2-1) median

frame during the entire film sequence. Timing filter to reduce image noise, and thresholding
marks on the film allow estimates of the to improve final image contrast. The result of
actual film speed at any time. the image processng is atwo level image of

For this series of experiments a piston the spray and chamber edges. The spray edges
surface similar In genieral. shape to the piston determined by this procedure were then
crowns Indicated by Kroege [ 6 1 and by Kato compared to the parcel location pattern
and Onishi [ 7 1 was constructed. In order to predictions provided by the model at the same
allow optical access, a truncated piston operating conditions for the same time from
surface, as shown In Fig. 4a was constructed. the start of injection.
The land diameter was 8.76 mm, and the bowl
diameter was,,V.3 mm *0t a MXMUdlrnil deth PEML1.TS
of 21.6 mm. The injector was placed 6.43 MM
above the iau on the cusp. providing a dianoe The model was run as described above for
from the inje~tor tip of 16 times the orifice the set of conditions used in the constant
diameter. A flat plate Was attached 3.0 MMn vatume bomb. A typical result for the
above the tip of the Inector to simulat the Istandardmodeis shown in Fig.5a where the
head In an or"ln. To expose the prthe liquid drop parcel locations predicted by the
front and badi of the piston bow web milled woel are Indicated by the circles. Open circles
flat 1) the bdlm of the bowl, leav a center Indicate parcelswhos drops have not hit any
section1 40.4 "~ IW elf af srfa*.- The parcel size Is reprtesentative

Th i a ilghtO a V h of One MMiave size of the drops In the parcel,
OOPW oweiim which WWe 6 'W d although these era rescaied for each, figure, so

anthZ#roMgh a set of leesand then. size evaluations from figure to figure are not
dMfused at esbuac window of the bomb. 100ie Valid. The soli lOne in the floure
A PI Is' I Akaw V4 MOs* O se outeAr odary of lle.epray

lens 1 wee use ~Oil 100 fof bAMA hard rm the pro-e high speed movies
fim. The phelegrphi. 1 *01M Wdah Nbm9 i g. av, *i Injection
4b.



as th numeirical predictions. In this figure and
the following figures, the radial outline of the
piston bowl is shown as the narrow outline
fom the model results, while the thick line
Indicates the truncated bowl outline as seen by
the camera (see Fig. 4a). The spray outline is
shown for the frame obtained 0.8 ms after the
start of Injection for the fuel rail pressure of
6.1 MPa. As is evident from the figure, this
"standard" model does not accurately predict
the general spray shape. The predicted sWay
shows little dispersion of the drops relative to
the photographic results, and considerably over
predicts the penetration of the spray cloud.
Them ae several possible explanations for

in o .this disagreement. Most arise from the fact
that in previous work, near field drop behavior
was not a major interest, and therefore was
not considered in evaluating the accuracy of
the results. For this application, near field
effects will clearly have a major Impact.

In order to improve the results of the
standard model, three modifications were
proposed. These modifications were not

Section A-A intended to be conclusive, but were intended to

Fig. 4a. Top and section vlews o indicate the parametric variation and
sensitivity of the current model to small

truncated pisten used In photographic modifications in order to improve near field
study, predictions. Conclusive development of these

submodel Improvements will require more
detailed experimental data than is currently
available.

~PE3

~ ~ suI 8ed in ONOeuahe td.
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The first of the prop)oed modifications While it is quite likely that a more
was to 51w e size ofthedrops as they detaled description of the injection drop size
oermg' from the orifice at the exit of the fuel Is required, t Is equally clear that modest
injecbr. As had been noted [ 2 1 for far field modifloations of this parameter alone will not
comparfons, choosing a single Initial drop produce good agreement with the photographic
size as the orifice diameter gave reasonably record.
good agreemeon for downstream drop size and A second set of modifications to the
velocity for dense, solid cone sprays. Since standard model was a set of modifications
ner field conditions do not provide the length describing the change In the spray
required for the combination of drop breakup characteristics due to the near field impact of
and coalescence to obliterat the Initial spray the spray on the solid surface. These
conditions, initl conditions are likely to be modifications included changing the drop size
much more important. For this numerical due to the collision with the solid wall, and
experiment, an initial drop diameter an modification of the velocity vector of the drop
arbitrary 1/5 the diameter of the exit orifice parcels after collision with the wall. The first
(80 pLm) was chosen. The results for this of these numerical experiments was based on
calculation are shown In Fig. 5b. The model the proposal that In the near field with high
predictions are compwW with the velocity liquid, impact with a solid wall is
experimental sray outline for a fuel rail likely to have a major effect on the drop size
pressure of 6.1 MPa at 0.8 me after the start of distribution. Previous work for far field wall
injection. This figure of the drop parcel Interactions described the resulting drop
locations still does not agree well with the trajectory, but assumed the drop size remained
spray shape from the phiotograph, however unchanged in the collision [ 5 1. For the
some affects not seen in the standard case conditions considered in that problem, the
become evideL These Include a number of assumption seemed justified by reasonably
drops which are entrained in the Induced gas good agreement with some quantitative and
flow. Because of ther small size and low some qualitative data. For the high velocity
momentum, these drops do not hit the spray near field liquid, it seems probable that the
Impingment surfae. The overall spray drop size distribution is significantly altered
pattern still consirderabiy under predicts the by the impact, generating many more small
lateral spread of the spray cloud, but does drops than would exist without the Impact.
come much closer to predicting the spray This effeot was qualitatively Indicated by the
penetration accurately. results of Wachters and Westerlind [ 11)

A second numeroi experiment to vary who showed large water drops at approach
the initial drop size description was tested Weber numbers of 184 break up into many
using an Initial drop" slo distribution as smaller drops at a surface. In an attempt to
propoud In the odil KIVA mode (Eq. 1) simulate the e of change in drop size
with an aveps. Sauer mem diametoer (8MD) of distribution due to wall impact, a numerical
50 ptm. The results f0r this caloultion are experiment w** run using the standard model
shown ing , so. A with the pei description for the Initial drop sizes, and
numerical e qm- all o condions Ing all drops which hit the surface to
were hold o n sta to delrtsmilne he Immediately break Into drops 1/5th the size of
effet of S.e Wnti drop *e dscrption on the drops belcis impingement, with mass and
toe overllpry profte TbeW ueds results are kinetic energy conserved. As with the previous
comnpared it Pt xer narsults atM models described, the trajectories of these
fe r" pesaure of .1 M , u after the drops were determined by the jet analogy
sarto 0*ionjt This, ,oiict produices mM, odel of Robi and Nuber. As see In Fig. 5d,
ress i e 1*"l " the v res tis mdlifation does have a significant

r ito - O4 dra! s wl had anWouw.l In t on to drop paroel distribuilon, but
lwuisrf 14sG es~when compared with the ntlogepi results,

0rea~I K 4*s Jim~as~nnl it under p redi!cth e rats of latra spread,
*'potf gowhl predictinig the penotran depth

reaonby well. 41
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. Fig. . Comparison of the expllmental
spray outline .(bold line) for the medium
rail pressure cse (6.2 MPo) at 0.8 ma
after the start of Injection vs. the
predictions of
a.) the "standardw model
b.) an Injected drop dia. 1/5th

orifice die.
c.) an Injected drop die. distribution

(r3t=25pm)
d.) an Impinged drop dia. reduced by

1/Sth.

The final modification pled to the
standard model was to Incorporate a
component of velocity normal to the surface in
the drop trajectory for each drop that hits the
surfaoe. The drop impingement model of Reitz
and Naber allows drops which hit the surface
to leave tangent to the surface in a direction
relative to the plane of incidence calculated
using Eqns. ( 5 ) and ( 6 ). For near field high
velocity sprays, it is likely that some
component of velocity normal to the surface is
generated by the impingement Detailed
information on the effects of drop
impingement at high Weber number (We- pV2d/
a) conditions is scarce. Wachters and
Westerling [11 ] provided some data and high
speed photographs for single water drops
impinging on a heated surface for incoming
Weber numbers up to 184. The Weber number in
the current set of experiments is much higher,
greater than 1000. Although the data
presented in Wachters and Westerting is
primarily for heated surfaces, at the high
Weber numbers cited, the heated surface
should have little Impact for drops which wet
the surface. The data of Wachters and
Westeding indicated that for high incoming
Weber number drops, a single large drop
Immediately shatters into many smaller drops.
Their photographs (Fig. 11 of [111) Indicated
that many of these smaller drops rebound from
the surface with a small velocity normal to the
surfce. A summary plot from Wachters and
Westurling ( Fig. 7 of I11 D suggests that for

d. high incoming drop Weber numbers, relatively
low rebound Weber numbers am produced,
however, this plot represents single drop
Impingement and rebound, without subsequnt

: , , • . . . ., . - . ; . , . ; , : f r
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breakup. Although the data of Wachters and in the current geometry. As for the low fuel
Westerling is for incoming Weber numbers injection pressure case, the spray penetration
much lower than those of the current work, the is somewhat over predicted at early times
qualitative description of the drop breakup and after the start of injection. Figure 9
rebound Is accepted. It Is not clear exactly summarizes the results from the photographs
what form the normal reflected velocity should and model predictions by comparing the
have. For this exploratory study, the normal calculated radial penetration of the spray
component of drop velocity after impingement verses time (indicated by the lines) for the
was randomly chosen to be between 0 to 34% three rail pressures studied (4.7, 6.1, and 7.75
of the incoming velocity. The tangential MPa) with the results from the photographs
velocity orientation was determined as before (indicated by the symbols).
from Eqns. ( 5 ) and ( 6 ). The drop size was It should be noted that there remains
reduced to 1/5th of the impinging drop size. some ambiguity in the results, due to
The number of drops in the parcel was chosen characteristics of the experimental results
to conserve mass and the tangential velocity and the numerical results. The experimental
magnitude was chosen to conserve kinetic results consist of the high speed movies of the
energy. The results of these modifications are back-lit spray pattern. The start of injection
shown in Figs. 6, 7, 8, and 9. These results could not be determined exactly because of the
represent the best agreement of the model limited frame rate of the camera. For
modifications with the photographic data for comparison with the models predictions it was
the limited range of model modifications used. assumed injection started one frame

Figure 6 shows the set of five spray (0.2 ms ) before the first appearance of the
contours taken from the photographs for the spray. Since the pattern is so dense, spray
fuel rail pressure of 4.7 MPa and peak injection density variations are not clearly seen. The
pressure of 83 MPa. The figures represent photographic results show a generally very
times from the start of injection of 0.2, 0.4, dense cloud of spray which spreads across the
0.6, 0.8, and 1.0 ms. The model predictions for piston bore with time. Since the photographs
the same injector conditions and time represent a line-of-sight average attenuation
intervals are superimposed on the spray of the incident light, the visualized "cloud"
outlines. The agreement between the two is may be a uniform cloud with the outline
reasonably good, although at early times after indicated, or more likely, a cloud with a
the start of injection the model appears to thinner center section as indicated by the
over predict the spray penetration. Figure 7 model, and a thick outer edge where the slow
shows the five spray contours for a fuel rail drop velocities allow for increased lateral
pressure of 6.1 MPa, a peak injection pressure spread of the spray pattern. For sufficiently
of 91 MPa, for the same time intervals as in dense spray clouds, these two situations are
the previous test. Again, the data are not distinguishable with the experimental
compared with the numerical model using the technique currently employed.
modifications for surface drop breakup and It should also be emphasized, that in
normal velocity. The comparisons again show applying each of the suggested modifications
relatively good agreement, with somewhat to the standard model, some arbitrary choices
better agreement for the spray penetration at were made as to relative Initial drop size, or
early times in the Injection. Figure 8 shows drop size after surface inpact, or normal drop
the five spray contours for the fuel rail velocity after surface Impact. There exists
pressure of 7.8 MPa and peak Injection very little data under the conditions of
pressure of 116 MPa. Using the same time interest for detailed analysis of these aspects
intervals s In the previous figures, the data of the problem. One objective here was to
are compared with the numerical model for evaluate which mechanisms appear to be most
these input conditions. The comparson of the likely to play a major role in the problem using
experimental spray outline and the predicted some reasonable but arbitrary assumptions.
parcel locations shows reasonably good Subseque detailed experiments will
agreemnt between the model and the hopefully alldW detailed modeling of those
epelment for this set of operating conditions mechanisms which appear to be most

significant.
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Fig. 6. Comparison of experimental
spray outline vs. the modified
models prediction for the low rail
pressure case (4.7 MPa).

a.) t - 0.2 mns

* . .,.' , .

b.) t -0. ins



Fig. 7. Comparison of experimental
spray outline vs. the modi(fied
models prediction for the medium
rail pressure as" 6.1 MPa).

a.) t -0.2 ms

* *..4 .

'1~l

d- t -0. m
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Fig. 8. Comparison of experimental
* . spray outline vs. the modified

models prediction for the high rail
pressure case (7.8 MPs).

a.) t - 0.2 ms

d.) t 0.8 ms

* b
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d orifce diameter'
g(r) drop probability distribution

__I distance from nozzle tip
P pressure

_______________ r drop radius
r32  Satuter mean drop radius

V velocity
I, Impingemet angle relative to

surfece normial
Mow% probability parameter

0 .5 e p density
i a surface tension

0.0 .2 :4 96 08 1. 1. 1)kinemnatic viscosity
Thn(M) Vazimuthal surface angle

Fig. 9. Comparisons of the experlmnental
1mp~ge spray peneton vs. thm. su'bscripts
modified modte pred~ctons at the
three rail pressures as a function of tie. 0 gas
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