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Abstract. In internal combustion engines a better atomizedss one of the key features to achieve an effidiuel-
and-air mixture in the cylinder inlet. The presevidrk focus on the most popular injector used irdemn electronic
injection systems for spark engines. The spragigetated by a pressure-swirl atomizer where theididlows through
a discharge orifice with axial and tangential vetyc The determination of the film thickness at t¢iiéice outlet is a
key feature for the spray studies and developnidrdre are four worldwide used deterministic equagiavhich have
been proposed by Simmons and Harding, Risk andwefe Griffen and Muraszew, and finally GriffendaRisk. By
means of a theoretical-experimental approach, agabfluid mechanics and a statistically based testirogramme the
four equations have been evaluated. All the fodcudation methods have been studied consideringuthstream
conditions and the main spray characteristics sashthe droplet size and velocity. For the sprapasneements this
study used a non-intrusive quantitative method.aser Doppler Interpherometry (LDI) for the spraglacity field
and droplet sizing. Finally the four models for tlitm thickness are compared considering their istaal
significance.

Keywords: atomization, fuel injection, pressure swill ataei

1. INTRODUCTION

The design of internal combustion engines for Ibetierformance, thermal efficiency and environmeytal
acceptable emissions have been the goal of vemw@aufacturers worldwide. Modern market demands two
fundamental performance features: energy conservatid emission control. By the other side indushguld respond
to these demands by offering better engine perfoceand low emission rates even for GHG (greenhgases).

The overall performance of an internal combustiogiee depends on many factors related to the macénu
engine operation. Among all the engine parts tle iiojection system has an important role on ovgraiformance.
The system is responsible for the fuel and air @r&ion, mixture and injection. In conventional pangines the fuel
is sprayed in the intake manifold at the mixingeojst a few inches upstream of the intake valaylor (1988) says
that as important as the air-fuel flow rates istfigture quality. The sprayed mixture should beasn and uniform as
possible in order to promote good droplet vapoidratIn fact the electronic fuel injection techngjogave a
tremendous improvement in spark engine overaligperénce.

Conventional injection systems typically employ @pk pressure swill atomizers. Such an injectoregates a
hollow-cone spray of droplets. The liquid flowsdhgh the discharge orifice with angular velocithiaeed by helical
grooves which is internally machined upstream ttiice. The spray formed has three discrete vejooitmponents in
axial, tangential and radial direction.

One of the most important features in a fully depeld spray is the droplet Sauter Mean Diameter DSM
Important research and development of sprays amdud injection performance depends on the drogobet velocity
determination. In order to improve the air/ fuektnre performance the droplet size prediction i;mdadory at certain
distance “Z" downstream the orifice discharge. @héhe main approaches for estimating the spraydtbplet size is
the experimental study of deterministic models.

Some authors such as Lefebvre and Yule (1996)esduektensively the pressure-swill atomizers. Othmgrortant
contributions such as Chryssakis (2003) and SoR@a9) have shown a comparative evaluation of theulzion
models for predicting the spray mean diameter (SMD)

Among the all the necessary parameters for detatioim of the spray flow and spraying performance th
calculation of the liquid film thickness is mandatoTo be able to succeed with experimental motielsever, it is
necessary to calculate the film thickness in theeltirge. According to Lefebvre (1989) there are foodels for
calculating the estimation of the film thicknessspectively proposed by Simmons and Harding, Risk lsefebvre,
Griffin and Muraszew, and finally Griffen and Risk.

This paper shows an experimental approach forgheysstudies. Using statistical correlation betwd#enoperating
conditions and the droplet mean diameter the foodets have been evaluated. Upon a set of statistiteria based
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on significance and variance analysis it was pésdib establish a prediction model for the Sauterai Diameter
(SMD). Furthermore by using the same approach & p@ssible to get elected the calculation modél fiteathe best
with droplet measurements.

2. SWILL ATOMIZER MORPHOLOGY

The spray cone generated by conventional fuel tojechas a typical morphology as shown in Fig.ler€his a
conventional picture of the spray and the threennzaieas of the spray and droplets formation. Thaysmay be
identified by distinct regions of instability folldng the liquid from the tip up to fully developsgray.

The liquid passes through the discharge orifice smd gets axial and angular acceleration duatermal grooves.
The liquid angular acceleration becomes tangentilponent of velocity just downstream the orifieéso the liquid
gains axial and radial velocity leading to a cohgteape. By the mass conservation the liquid fimckness becomes
thinner as the spray expands. The flow momentuneng¢é®s disturbances that break the surface temsidrviscous
forces leading to film break up to ligaments. A¢ theginning of zone 2, just downstream the filmakrap, unstable
ligaments come up. Due to certain vibrational ibsity the ligaments break up results in zone 3 rghdrops and
finally droplets are formed.

Because the angular velocity the liquid film flothsough the orifice creating an annular section ama@ir empty
core. The discharge factor is naturally low, aroQrRIto 0.4 as stated by Lefebvre (1989). The exmats performed
in this study showed and the operating conditi@isthe average discharge factor was 0.32.

”'.‘- Liquid film
Injector dischargg { l ‘

|Zone 1: Continuos fi|n|| { /'S /
. e Instatility modes
Zone 2: Ligaments| { \ /

. [ -Dro S
Zone 3: Spra; c%‘”ﬁ ‘s -a‘/ =
Mz 4,4 Droplets

Figure 1 Pressure swill atomizer used in fuel itgesand the spre- morfology

3. FLOW AND ATOMIZATION IN PRESSURE SWIRL ATOMIZERS

Considering the injector geometry at the orificetimm the effective annular flow area demands digecalculation
models and peculiar fluid mechanics equations.espite of the injector geometry simplicity the hgadlynamics of the
atomization process at those atomizers is compieixhgghly dissipative (Lefebvre, 1989). In this Wwdhe details of
the internal geometry of the tip will only be cafesied for the liquid film calculation purposesh#s been assumed that
the injector has a fixed, typical geometry of comeiad injectors.

The figure 1 shows the spray diagram and the iklageiables of the spray cone. Table 1 shows th@ahas
nomenclature.
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do | Orifice diameter [m]
d, | Internal air diameter at orifice [m] do
to Liquid film thickness at orifice [m] '
A, | Orifice area =t (d:’/4) ]
An | Air nuclear area = (d-'/4) [m]
L, | Break up lenght [m] _
) Liquid velocity at orifice outlet [m/s] :
o | Spray angle rad
0 Spray semi angle rad Py
t, | Film thickness at break up [m] & )
p Liquid pressure gauged upstreafiN/m?] v ; eg
the orifice Co
pa_ | Air density [kg/nf] Z,
p. | Liquid density [kg/mi] :
c | Surface tension ks |
p | Liquid dynamic viscosity [kg/ms — _ ;
dy, | Droplet Sauter mean diameterfm] Hesrarieiaaa: Jﬁ mé
SMD S R
Y Droplet position (radial) [m] '
V4 Droplet position downstream [m] Droplet diameter
0g | Droplet semi angle position rad and position
©g = arc tangent (Y/Z) Figure 2 - Conical spray
From the continuity equation m,_=U,0, ,(AO - An) (1)
The calculation of the liquid film thicknessat the orifice dischargeis  t, = d ;dn (2)
2
And, the “X” ratio is X = A (d_n] 3)
AO dO
2
Considering the film thickness, t X = (do ] 22"[0) 4)
0
The “flow number” o= m, (5)
AP,
And the discharge factor cd = M (6)
m

tedrica

Besides the relations of the atomizer flow, mareoiguantities are involved in the atomization pssc Lefebvre
(1987) says that the main features of the spraysagiameter depends on the atomizer geometry laadiquid flow
characteristics. Authors such as Welty (1984) eonfsuch assertion. Thus it is possible to estaldisdet of flow
variables and geometry data that represents thmiztion phenomena. The main spray dependent vVariabthe
droplet Sauter Mean Diameter - SMD. According tdebere (1989) the main quantities involved in thienaization

process is presented in equation (7). Assumingrtben diametedy at a specific position in the spray as the main

dependent variable, the correlation function “f"yniee written as follows:



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

dy = fUgipaipi6,:despiuio;2,) @

Where the function "f" shown in equation (7) coatek the dependent and the independent variables.

A spray approach using only fluid mechanics is veoyplex because the phenomena of liquid fragmentas
strongly dissipative (Lefebvre, 1989) and so ihéxessary to set a strong boundary assumptionglér t reach the
Navier-Stokes’ equation solution. Nowadays the alseomputation fluid dynamics CFD for the atomipatistudies
gives results of difficult validation. So an expeental approach becomes a good alternative method.

In this paper the statistical approach demandesstapian and the observation of the dependent rraependent
variables observation in order to seek correlatigitls acceptable significance in engineering. Hogrew test plan with
several levels in all the variables is a time comsig process since it requires an extensive test. A good choice is
to organize the correlation between the variableslimensional analysis according to thé Buckingham theorem.
Dimensionless groups are created that condenseatfables and eliminate errors related to sizeng$he theorem to
the variables can be organized as follows:

(8)

dy _ f[pa.i. p .UonLEdo.pLEUéEUo.@_gJ
do p. do Ug o, H o Z

Observing the dimensionless groups in the cormeiatiinction (8) the main dependent variable isrdt@ of the
droplet “d,” and the orifice “d". By the other hand all the independent varialalggear as dimensionless numbers such
as ratios for densities, the axial position, thaleE Reynolds and Weber number and finally thatpssangle of the

droplet. For nomenclature purposes all dimensientagmbers can be renamed to "P" parameters, stasiif the
dependent variable dg/d0 = P3 and the dependestngters as P2, P4 and so on, as shown in equétpn (

(8a)
P, = f (P, Py Py Pei Pri Py)

As the atomization phenomena are strongly dissipaind so the correlation function "f* presentedegnation 8a
was initially assumed to be nonlinear. The proposedelation model was the equation (9) where “t?™c8” are
exponents of dimensionless parameters to be folinein the correlation model was based upon a meltiphlinear
regression with six expoents (c2 and c4 to c8etdétermined.

P3=10P2)" qP4)™ IP5)* [(P6)* IP7)" IP8)™ ©)

It was necessary to create a test database by rimepall operating data upstream the injector tipl @alculating
the dimensionless figures and the measurementopietrsize. After determining the expoents the lteducorrelation
has been evaluated regarding the significancerieriéd the variance analysis — ANOVA.

In several dimensionless parameters the dischaelgeity U, seems to be the most important variable since it
appears in several groups, even at second power.

With the measurements of liquid mass flow ratehat orifice and the continuity equation (1) it isspible to
calculate the discharge velocity using the diameteair core or indirectly the film thicknesglty equation (2) . This
variable can be calculated by mathematical mod@ipgsed by some authors, considering that the tdineasurement
at the orifice section is quite complex, as commeénty Chryssakis (2003).

3.2 LIQUID FILM THICKNESS t ¢ CALCULATION

A major study on calculating the thicknegswias presented by Lefebvre (1996) and later a wetig Chryssaquis
(2003), which showed comparisons of calculation el@cvailable, based on an experimental databdwe aiithor,

however, was based on generic atomizer, not af gtgine injectors. In addition, he has severatmgsions about the
models whereas the database used was based owithstgter only. Finally the author recommendstar studies of
the calculation models and experimental validafiamselecting the most appropriate one. The foumnsalculation

models are:
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3.2.1 Equation of Muraszew & Griffen A, ) _nt(@-x) (10)
D.d, 2| X2

Where Ap is the area of internal ports (groovestigam the orifice, as they generate rotation (saird Ds the
equivalent diameter of these ports, upstream oflibeharge orifice and X is the ratio of areasegiby equation (3).

3.2.2 Equation of Simmons e Harding , from experital data,; = g gogos NPt - (11)
0 ’ d,.cos 8
0,25
. . d,.Fy.u
3.2.3 Equation of Risk e Lefebvre ty = 27| —/—— (12)
VPP
3.2.4 Equation of Griffen e Risk 0.09 [ Ap j[ Ds joys _@-xY) (13)
T d X ?
s™Yo 0

To investigate the model that best fits the injeatomization this work was based upon a statiséipproach. Then
the analysis criteria were based on the correlatibrihe independent variables upstream the disehamyd the
measurements of the spray mean diameter. This agprdiowever, demanded the formation of a datablests by
varying the pressure, the relative position ofghey region and the test liquids.

The database demanded an appropriate test benidh affers measurement liability of the independeatiables
and, above all, the dependent variable. For thegdeddent variables the measurements have been tedeg
conventional methods and for the droplet mean dianveas used laser phase Doppler interferometry)(PD

Finally the selection criteria were based on thisttcal significance of the correlation in orderchoose the best
model for the application.

4. TEST PLAN

The test plan focused on the variability of thertiiges involved in equation (8) and observing behavior of the
dependent variable the diameter of the dropl&IP - in a certain position of the spradg = dg ¢, z ) The spray has
been assumed axisymmetric and the flow is contigwadua steady state. For the droplet sizingRbBé¢ laser system
kept the laser beans crossing at a specific readhgne at the positiond( z) for 10 seconds per run. During that
period of time an average of 1@roplets have been measured in the spray. Noestuafitransient effects have been
carried out.

For each test the liquid film thickness has bedoutated at the orifice using the four models pnésé in 3.2.1 to
3.2.4. . They led to four different film thicknessg With each calculated value of thickness was jess$d calculate
the velocity of the fluid at the dischargg. OThe independent variables of equation (7) had felated factors: the
diameter, the test liquid, pressure and positiothefdroplet. In each of these factors were relaiaddependent
variables. The levels were different for each \adaas shown in table 2 below:

Table 2. Test Plan — Independent Variables

Injector main variable: orifice diameter,d = 0.568; 0.584; 0.585; 0.598; 0.606 and 0.614(sirlevels)
Liquids main variables pa; pL; o; p (nine levels)
Pressure Main variable : pressure = 1, 2, 4, 6 and 8 MRee (evels)

Droplets SMD Main variable:d
relative position  for Z= 40mm; Y (4, 8, 12, 16, 18, 20, 22,
d,=dq (6, 2) 24, 26, 28, 32 e 36 mm) and Z= 40mm (ct

1%
~

The test plan assumed a set of test liquids witferdint physical properties as shown in Table 3o#al of nine
liquids referring to the respective levels of thsttplan in Table 2, including: four types of gasaladditives, two types
of ethanol and water-based mixtures in order t@ gikoperties variability. The values @, pL, u ando, at different
temperatures were measured in laboratory usingeotisely, an Anto Parr densimeter, a Kruss tensemand an
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Herzog viscometer according to ASTMmerican Society for Testing and Materialtandard methods. In each test
the conditions were logged upstream the injectspeeially pressure and temperature. The physiapqrties were
obtained by interpolation of measured values.

Table 3. Test liquids

Liquid Data (as laboratory measurements)
Density Viscosity Surface tension
\dentif Liquids D (Kg/m®) v (10 °C) (cSt) [ v (25 "C) (cSt) | o (10 °C) (mN/m) | o (25 "C) (mN/m)
FL1 |Gasoline 1 687,8 0,72 0,63 20,8 19,2
FL2 |Gasoline 2 699,0 0,77 0,66 20,4 18,4
FL3 |ETHANOL 1 806,8 2,28 1,6 23,2 22,1
FL4 |ETHANOL 2 795,1 1,95 1,46 24,5 23,4
FL5 |Water 997,84 1,31 1,00 74,22 72,74
FL6 |WATER (40%) + GLYCERIN (60%) 1149,2 14,55 7,47 54,5 54,3
FL7 |WATER (50%) + GLYCERIN (50%) 1124,1 7,62 4,27 55,5 56,6
FL8 Gasoline 3 750,17 0,80 0,67 22,4 21,9
FL9 Gasoline 4 752,03 1,09 0,67 23,1 21,5

5. SPRAY TEST RIG

The test database demanded the construction oy tgst rig with flow meters, pressure gaugegntioeneters and
thermocouples and the Phase Doppler Interferonsgstem. Moreover, due to the use of several tgsids, including
hydrocarbon fuels and other compounds, it was sacgsto use the test bench with safety devices. dioplet
measuring device used an enclosure with inert gegepfor the spray discharge to avoid the risketbdation.

The bench tests focused on the generation of spnaysso variables and parameters involved in tlen@menon
could be measured and compared with the mean drdigmeter of the spray at a certain position. Beach was
designed to log data from the liquid flow and thepdet mean diametdBEMD) at a certain coordinates. Figure 3 shows
the flowchart of the bench, including droplet maastents with thePDI laser system. The physical properties of
liquids used in tests such as density, viscositd aorface tension were measured in the laboratbrihre
temperatures.

WATER V2 vz R LiQuID
SUPPLY PR—Df I R SUPPLY
e w2

i i
< <
Tx
foa 3
FLOW METER
S 4
. |
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INJECTOR |- — — — —,

LASER (LDI) [ T | RECEIVER

LN -
SPRAY BOX {

g

BLOW DOWN TANQ
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ERLENMEYER FLASK ,r"l_‘\ SCALE

Figure 3 Atomization test rig- flow sheet
6. MEASUREMENTS

About 470 tests have been performed varying tharslgpendent variables shown in the correlatiorction 8.
Especially the dimensionless numbers Euler, Reynail Weber, respectively represented by P5, P@arthve been
measured in the test runs. The Euler number rafiged0.76 to 3.08 and so passing by the unit. TagnRlds number
varied from 995 to 46,000 and so from laminar tdalent flow and finally the Weber number variedrir 0.9 to 60,
also passing by the unit. This variability is espiy useful for the analysis of flow regimes andakiation force scale
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involved in the phenomenon of fragmentation. Theults were compiled into a spreadsheet contairfirgvéilid tests.
A reprint of the illustrative database shown in [Ead.

Table 4 - Reprint Database

d Z 2
Uig 10 a _g = U 2P U 0 -p L -d 0 U 0 - [0 L d 0 3 g
U, P L d 0 dO 0P L U o )
Parameters to estimate the relationship dimensionless groups

Uy/Us Pa/pL dy/do z/d, Eu Reo We, 0,/6

P1 P2 P3 P4 P 5 P 6 P7 P8
0,6832 0,0011 0,1129 68,49 1,7016 7373,76 0,9556 0,70
0,6366 0,0011 0,1131 68,49 1,6993 7399,20 0,9582 0,75
0,6025 0,0011 0,1138 68,49 1,7021 7367,37 0,9451 0,80
0,5643 0,0011 0,1135 68,49 1,7047 7338,91 0,9330 0,85
0,6980 0,0011 0,1136 68,49 1,7055 7329,54 0,9261 0,64
0,7363 0,0011 0,1145 68,49 1,7090 7290,45 0,9156 0,59
0,7496 0,0011 0,1087 68,49 16761 7668,48 0,9906 0,59
0,7378 0,0011 0,1107 68,49 1,6741 7691,24 0,9969 0,64
0,7362 0,0011 0,1127 68,49 1,6719 7717,79 0,9996 0,70
0,7233 0,0011 0,1130 68,49 1,6694 7748,26 1,0033 0,75
0,7029 0,0011 0,1140 68,49 1,6697 774447 1,0022 0,80
0,7156 0,0011 0,1152 68,49 1,6675 7771,26 1,0049 0,85
0,6652 0,0011 0,1142 68,49 1,6665 7782,93 1,0033 0,89

For the calculation of each model proposed in égnat(10) to (13) a specific database like Tablea3 been
created. These data were undergone to an anafygigiance. In order to get the best equation &dcuating ¢ it was
necessaryo process the database tailored for each equakiom.criteria for choosing the best one was, &t,fithe
coefficient of multiple determination "R2" and thealuation of p-value compared to the level of gigance "alpha”
of 5%. With the choice of the best proposal wassitds to deepen the statistical evaluations ofréggession model.
The comparative results are presented in Tablefdllasvs:

Table 4. Comparison of models for droplet diambteseveral proposals for the calculationgof t

Lo. Conf Up. Conf

Diameters | Exponents Estimate Standard t-value p-value Limit Limit
error (alpha=0,05) | (alpha = 0,05)
c2 0.287682 0.044912 6.4055 0.000000 0.199415 0.375948
Simmons& ca 0.280809]_0.077399 3.6281] 0.000310] 0.128695] 0.432023
Harding c5 0.260518 0.127956 2.0360 0.042344 0.009043 0.511993
R?=0 9354 cb -0.125624 0.016001 -7.8512 0.000000 -0.157071 -0.094178
! c7 -0.175047 0.016579 -10.5586 0.000000 -0.207630 -0.142465
c8 0.655797 0.037585 17.4485 0.000000 0.581931 0.729663
c2 -0.21520 0.066976 -3.2131 0.001411 -0.34684 -0.08356
Risk & c4 0.32532 0.070942 4.5858 0.000006 0.18589 0.46476
Lefebvre c5 -1.32789 0.150021 -8.8514 0.000000 -1.62275 -1.03304
R2=0 9456 cb -0.46838 0.042858 -10.9287 0.000000 -0.55262 -0.38415
’ c7 -0.19837 0.013567 -14.6212 0.000000 -0.22504 -0.17170
c8 0.65433 0.034167 19.1509 0.000000 0.58718 0.72149
c2 0.49212 0.057595 8.5444 0.000000 0.37893 0.605303
Griffeng ca 0.12359] 0.074744 1.6536] 0.098910] -0.02320] 0.270481
Murassow c5 -1.02212] 0.154377 -6.6210] 0.000000] _-1.32560| -0.718737
R?=0.9312 c6 -0.06160 0.014919 -4.1289 0.000043 -0.09092 -0.032280
’ c7 -0.21766 0.016581 -13.1272 0.000000 -0.25025 -0.185079
c8 0.63728 0.037973 16.7827 0.000000 0.56266 0.711909
c2 0.51904 0.054057 9.6016 0.000000 0.41280 0.625278
c4 0.20816 0.067560 3.0812 0.002189 0.07539 0.340937
Griffen&Risk c5 -1.23229 0.156134 -7.8925 0.000000 -1.53914 -0.925446
R2:0,9432 c6 -0.09736 0.013769 -7.0706 0.000000 -0.12442 -0.070297
c7 -0.22605 0.014864 -15.2078 0.000000 -0.25526 -0.196834
c8 0.68990 0.034487 20.0046 0.000000 0.62213 0.757682

Evaluating the results and considering the critexfathe coefficient of multiple determination "R2he top
performers were from Griffen and Risk and Risk aetebvre, with a little difference. In this cas@daconsidering the
models of best performance for both regressiongpted for further studies as proposed by Lefelwne: Risk.

Making an analysis of variance of the regressioingushe Risk and Lefebvre model all the “c” expotseare
significant. The largest p-value is 0.0014 for &xponent c2, but still well below the level of diggance an alpha-cut,
adopted as 0.05 or 5%. Also the prediction modelti@ droplet mean diameter, according to the camgs and
assumptions of this work, is shown by the followaguation.
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-0,2152 0,3253 0,6543
d, = | Pa z CEu ~1%27° [Re ~0:4684 [y -0-1%84 E(Q_QJ
d, o d, Z (14)

Comparing the measurements results with the petlicalues of droplet mean diameter of the equdtidpthere is
excellent consistency, as shown in the figure (4).
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Figure 4. Correlation between the predicted an@ofes! d/d, values.

Finally, the regression model for the spray droglatmeter was undergone to an analysis of variaredgle 5 below
shows the results for the P3 model is, the dianmater dg/d0, the dependent variable

Table 5. Variance analysis for the equatior) (14

Sum of Degrees of Mean F - value | P -value
Squares freedon Squares
Regression 2,155376 6 0,359229 1258,424 0,00
Residual 0,123889 434 0,000285
Total 2279265 | 440

Observing the figures the variance analysis ind&dhat the model has good statistical significaite p-value
reveals that the regression model has non-zeronexg® and the exponents of the independent vasiddee
acceptable significance. The quality of fit is exatbd by multiple correlation coefficients squared:

_ SQregressin 215537
SQtotal 2,279265

2

=0,9456 (15)

These figures indicate that the model for the meeplet diameter is excellent as it explains 94.56f4he
variation, leaving the residue for only 5.4%. Tk&tionship between a response variable and tharedory variables
measured by the correlation coefficient R = 0.97%24dich shows that the outcome variable is strorglyociated with
the explanatory variables.
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7. CONCLUSION

This study examined fuel injectors commonly usedpark engines, especially fuel injectors with puee swill
atomizers.

According to a statistical approach on a large lukda, it was possible to correlate the variableshred. Through
analysis of variance four models for the liquianfithickness calculation have been evaluated. Therhedel was the
Risk & Lefebvre equation considering its best risin significance.

Also the paper presents a model for predictingditumlet mean diameter (SMD) of the spray at a gegaction
downstream the discharge. The model with dimensgmVariables correlated the injector geometry dathoperating
conditions.
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