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Abstract

Multi-hole gasoline direct injection (GDI) injectgprays have been studied numerically and expetatign
This study is an extension of previous work perfednty Rossella Rotondi [1]. The main part of thigkvim-
cuses on air entrainment and droplet size prediétiche spray plumes under non-evaporating angarating
conditions, which can have a significant effecjetrto jet interactions, spray propagation and orixtformation.
For this purpose, several Continental’'s special ¥kdline direct injector geometries have been stuidielud-
ing a 3-hole 90° Cone Angle (CA) and 6-hole 60° Cjedtors. The droplet size distributions of 3-haigctor
under non-evaporating conditions show sufficiempdigts’ breakup. Spray penetrations and the amagmhent
fields of 3-hole and 6-hole injectors from simudatiand experiments under evaporating conditionsgare
comparable. Furthermore, the vapour and the aiaiment fields of the 6-hole spray suggest thatvdpour is
accumulated in the central region of the spray bsedhe air entrained near the nozzle region isguisiown-
stream. The air pushed at the tips of the plumestisined inside the spray cone and it countersitiwnstream
motion of the gas at a certain location. This gatesra stagnation point and produces a radial\ftbigh forces
the spray plumes to bend from their original path.

Introduction

A typical advantage of a multi-hole GDI injectortgsincrease the fuel efficiency by reducing fugéction
timing, penetration and increasing the fuel-air toni® quality with sufficient vapor homogeneity fogtter com-
bustion in the engines. These goals are only plessithe intended spray cone angle, desired sphaiyes’ path
and optimum atomization of the droplets are achilg2$ But since in multi-hole GDI injectors mosiit to jet
interactions are present which make these tasksdifficult to be fulfilled and thus cause the spta miss the
intended targeting or sometimes even make the splgpse under certain conditions. To avoid thgz@ay
plume interactions a deep understanding of therdgilminment of the spray plumes needs to be desdlop

Multi-hole GDI injectors have been studied in sodetail in [1] in terms of spray plume angle vanas
and droplet sizing. The effects of gas entrainnoenthe mixture formation of GDI hollow cone injec&prays
under various injection pressures have been irgagstl experimentally using Particle Image Velocigné®IV)
in [3]. Another interesting experimental investigatusing PIV was performed in order to study aitr@nment
variations induced by injection fluctuations in.[lumerical and experimental analysis of a GDI danarifice
spray with the effects of air entrainment on theagpstructures has been done in [5]. Multi-holepevating
sprays were studied experimentally in [6] whicheaed the air entrainment and vapor accumulatisiénthe
cone but did not enable an explanation of the pimema of air entrainment and its effects on sprénabier.

Therefore in order to gain a more detailed insight the performance of multi-hole GDI injectord)ae
Doppler Anemometry (PDA) measurements of droplegsiwere performed by Loughborough University under
non-evaporating conditions for the 3-hole nozzlksothigh-speed (Mie scattering) imaging of the iigphase
and PIV measurements were performed at IFP Enekgiaselles (IFPEN) in order to quantify the sprayvel-
opment and air entrainment characteristics respeygtfor both the 3 and 6-hole injectors in evapiogcondi-
tions. Experimentally it proved particularly chaltgng to perform air entrainment measurements er6thole
nozzle due to its narrow cone angle. The high étogbdncentrations between adjacent plumes resialtsignif-
icant laser elastic and multiple scattering effeEtsr such complicated nozzle geometries, numesitalies are
therefore particularly useful.

1. Experimental setup and operating conditions:
The experimental setups used to perform the PDAsoreanents and PIV measurements are described be-
low:
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1.1 Experimental set-up of PDA test bench:

The design, construction and application of ltbeghborough University two component PDA trans-
mission system to study dense GDI fuel sprays le&s lvell documented [7] and the configuration hesnb
kept constant from previous experiments (refereéacay ILASS 2011 paper).

The three-hole GDI injector was supported from atiyaincorporating a rotation stage and three gienior-

thogonal linear traverses to orientate and posttienspray in three dimensions relative to thacsRIDA meas-
urement volume. Each radial scan started from #wrgtric vertical axis through the nozzle tip araversed
out to the periphery of the spray stream. The nreasent co-ordinates in the vertical plane were 0720, 30,
40, 50 and 60 mm below the nozzle tip. The horialbmaverse was computer controlled and programwitida

radial step increment of nominally 7 - 10% of thealue in order to resolve local high velocity geads across
the cone of the spray stream in the horizontalglan

1.2 Experimental set-up of PIV test bench:

PIV measurements and high-speed spray (Mie saad)eimaging were performed by IFPEN in the high
pressure, high temperature constant volume chafB8b&; 10]. The chamber has a total volume of 1.412
mm x 112 mm) and is capable of reproducing the pigissure (0-150 bar) and high temperature (2930 X)
conditions that are encountered in gasoline ansketiaternal combustion engines. The chamber igped in
such a way as to enable accurate control of thaeamnpressure and temperature conditions. Thetmjdael
temperature and nozzle temperature are also ctaatdoy specific cooling circuits. The test celllumbes five 70
mm diameter sapphire windows providing significaptical access for the application of laser diatjndech-
niques.

Two Continental XL gasoline direct injectors wetadied including a 3-hole 90° CA nozzle and a 6-I&0é
CA nozzle. The injectors were mounted in such a thay the measurement plane is between the twoThts.
3-hole injector was inclined at an angle of 35°hwiespect to the z-axis in order to separate tlee dpray
plumes from the third plume which is positionedtlie middle and further behind the other two pluniesa
similar manner, two plumes from the 6-hole nozzérenstudied by inclining the injector at an andl@s with
respect to the z-axis. The light source used ferRIV experiments was a PIV 400 Spectra Physies.lahe
double cavity of the laser generates two pulsedigeaaith the energy of 200mJ each at a waveleng&82hm.
The laser frequency was 10 Hz and the two lasesegulvere separated by a time delsy which was adapted
according to the measured velocity range fhealue typically used in this study was 26). The laser beams
were transformed into a 2D laser sheet by diverging converging lenses. In order to align the Pidasure-
ment plane in between the two jets, a laser shdetad the test cell through a sapphire windovwhaliase of
the chamber by using a 45° mirror. The laser sitleatinated a vertical plane in the chamber betwtenfloor
of the chamber and the chamber roof in the diraaticthe injector tip.

1.3 Operating conditions:

The operating conditions for both the XL 3-hole ¥DA and XL 6-hole 60° CA injectors are presentedhia t
table below:

d Injection Euel Chamber Chamber Injection Total Fuel
Conditions ota
> . Pressure | Temperature ) Type
and Experi- | Injectors Pr?;)s ure Tem(;_)re)rature ®) (E)I' ) Duration Injected P
ment type ' O f E © ms Mass (m
(bar) (°C) (bar) °C) (ms) (mg)
Non-
evaporating- 3-hole 100 20 1 20 2.0 15 Gasoling
PDA
E"a‘;‘l’\r/""t'”g' 3-hole 200 90 1.54 33 3.32 24.9 Iso-Octahe
E"a‘;,‘l’\r/a“”g' 6-hole 200 90 1.54 33 3.387 49.8 Iso-Octane

Table 1: Operating conditions of experiments (PDW &1V) and Simulations

2. Numerical simulation setup:

The Reynolds Average Navier Stokes (RANS) simulatiwase performed on OpenFOAM ® [11] version
1.7.1, where the gaseous phase was modeled byatiaasd K-Epsilon approach and the liquid phase mag-
eled by the Lagrangian approach. A compressibletirgpspray solver based on the standard dieselSmdver
and automatic mesh refinement (AMR) of interDyMFoamas used. This solver was implemented in Open-
FOAM ® with the help of [12] which gives the solvarcapability of AMR. The PISO (pressure impliciithw
splitting off operators) algorithm [13] was impliedth 2 iterations of the PISO loop for the predictorrection.

A second order setup for the space discretizatimhfiast order setup for time discretization waitized. Gauss
limited linear scheme which is a second order bedrstheme, was employed for the divergence schemess
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linear corrected scheme, a second order unboundeskw/ative laplacian scheme was used. Euler lihplic
scheme, first order accurate in time which dependshe courant number for the stability was chdeerthe
time discretization. Automatic time step adjustmenas also included to keep local courant numbdretdess
than 0.5 with initial time step of T0sec. Preconditioned bi-conjugate gradient meti@d ith Diagonal in-
complete-Cholesky (symmetric) preconditioner (DICY faressure equation and Diagonal incomplete-LU
(asymmetric) for the equations of the rest of thargities like velocity, kinetic energy etc weredswith a local
accuracy of 10 at every time step.

A computational domain of size 112 mm x 112 mm LZrifin with an initial cell size of 1.5 mm was used
for the simulations with a mesh refinement intera2 and maximum cell limit of 5 million. The inad cell size
after being refined twice reduced to a minimum se&le of 0.375 mm. Maximum limit of cells ensurhs tell
size doesn't increase beyond the computationalress. AMR was based on the scalar fields of kinetiergy
and vapour mass fraction for non-evaporating amgbesating conditions, respectively.

2.1 Spray models:

A spray is sometimes referred to as a cluster dlsdnoplets moving at high velocity in a continuie-
cause when a pressurized liquid jet enters a gasgouronment it exchanges momentum with the slawiny
or quiescent gas and thus causes breakup of thid Jief into smaller droplets. Therefore for higlegsure cases
blob injection is preferred for the fuel injectigvhich eliminates the need of a primary atomizatioodel and
requires only the use of a secondary atomizatiodah@s the spray plume moves further downstrearetfect
of drag, inter-droplet collisions, evaporation dmeht transfer become prominent and the spray becomoee
complex to predict and model. One of the most irtgrdrfeatures of the sprays is the air entrainmesiet which
has a main influence on the motion of the dropl€terefore several sub models need to be includespriay
modeling. The library of OpenFOAM covers large nembf different spray sub-models which had beemnl use
the simulations.

2.1.1 Blob injection model:

A Rosin Rammler droplet distribution function wadinéd for the blob injection with 12° angle for &aaf
the spray plumes was assumed. The coefficients sihRRammler distribution used in the simulationsever
3,d=100 pm and 1pm < x< 150pm.

2.1.2 Droplet breakup moddl:

For the secondary atomization Enhan@éd (Taylor Analogy Breakup) was used. The ETAB moasts
the same concept of droplet deformation as a stdnidaB model but with different relations for theclakup of
parent droplet to child droplets [15]. The relatbip of child droplet radiusRg to parent droplet radiusRf)
relationship is given below as:

kaw We < We
RC/Rp = e Kort ; where K,, ={ ! ‘

k,wVWe We > We, (1)

Kyris a constant depending on the regime of dropledakarp. There are two droplet breakup regimes which
can occur i.e. either bag breakup or stripping kurpak,; and k, are the constants which was set to 0.2 and
We, is the transition Weber number which distinguistiestwo regimes and was set to 100 for all cases.

2.1.3 Dispersion, collision, evaporation and drag models:

Droplet dispersion is caused by the turbulent gaian. A stochastic dispersion model which is based
[16] was used in the simulation. It uses the twrhoé correlation time relationship from [17].

Trajectory model of Nordin [18] was utilized in tlsamulations, which is based on the O’Rourke cdlisi
model [19] with some modifications.

The evaporation model is based on simpfeldv and it uses the Sherwood number calculategh fro
Ranz-Marshal correlation to calculate evaporatidaxation time. This model is well explained in [20]
As the droplets move downstream they expeéairag force which slows down these dropletsrdier

to incorporate drag force in the spray simulatitandard drag law with the values based on the icosft of
drag (@) and the value of droplet Reynolds number (Re) ueasl.

3. Results and discussion:
The results are discussed below for both non-eatipg and evaporating conditions in detail.

3.1 Non-evapor ating conditions:
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The simulation results of droplet size distribugf 3-hole injectors are compared with experimeRDA
results, under non-evaporating conditions preseintéiok table 1. The plot in figure 1 (left) showsomparison
between the simulation and experimental result$hferaverage droplets size fpat different axial locations at
the centre of a single plume for a time interval & to 2ms. The mean droplet sizes at 10 mm doeanst loca-
tion at the centre of the plumes are 7.55um and [dr for the experiment and simulation respectivélye
mean droplet size reduces to 5.89 um at 40 mmidocat the experiments where as in simulation 6.55 um
in figure 1 (right). The probability density funati (PDF) of droplet size distribution at 40 mm detveam
location at the centre of a single separated plals® show good agreement.
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Fig 1: Experimental and simulation results of 3daljector; Mean droplet diameter (f) at different
axial locations (left), PDF of droplet distributicat 40 mm axial location (right)
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3.2 Evaporating conditions:

3.2.1 Axial liquid penetration of the spray:

Axial liquid penetration rates of the spray are paned for both the 3-hole and 6-hole injectors éxpe
mentally and numerically under evaporating condgidisted in table 1. The results in figure 2 révbat
both injectors have similar penetration rates degpie fact that the nominal nozzle geometrieediig-
nificantly between the two injectors. The numerigaddiction of the global spray penetration is camaple
with the experimental data. A delay of 400 us waseoved for the experiments between the electsicat
(injector trigger) and the physical start of injeat(first appearance of liquid at the nozzle exif)is delay
incorporates the electrical delay (solenoid acivgtand hydraulic delay (internal nozzle fluidwiip This
delay is also included in the simulations to hdxeegame starting time of fuel injection.

S0
8O -
- 70 ==
£ w0 2
£ %0 ’!,"r
[ a0 j' Numerical & holes
& 30 ; = Experimental G hole
£ 20 7 1 ----- Numerical 3holes |
13 "--“__ . Experimelntalihole
0 0.0:01 0.002 0.003 0.004
Time (sec)

Fig 2: Comparison of penetration curves under evafiog conditions for 3 and 6-hole injectors

3.2.2 Air entrainment between the two jets:

A comparison of the 2D flow fields measured experntally and simulated numerically under the evagpora
ing conditions has been presented below. The &iaiement characteristics for the 3-hole and 6-higjectors
are shown in figures 3 on top and bottom respdgtiag a time 1.4 mafter Start Of Injectior(ASOI). In both
cases the numerical results show satisfactory aggeewith the experimental data. The air entrainnienela-
tively high in the near nozzle region and at theagpip leading edge as a result of the high spraynentum for
both the 3 and 6-hole injectors.

On the contrary, the 6-hole injector reveals agyditferent structure. Experimental measuremeras/ghat
the spray collapses compared to the 3-hole inje@toe spray collapse is believed to be linked ®rtiore sig-
nificant jet-jet interactions which modify the @&ntrainment characteristics. Unfortunately PIV dagald not be
acquired in the inter-jet spacing for the 6-holedtor due to spray collapse and the resulting &ion of what
appears to be a continuous spray plume. The amientent in between the jets is discussed in metaildn the
section entitled “jet to jet interactions”. The w#ig difference between the experimental and agtatponal
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results as shown on figure 3 (top left, bottom)leftes not exceed 2.5m/s and mostly the error appeae
local or linked to the main direction of the flowone than the absolute value i.e. the evectors are mainl
perpendicular to the main direction from experinaén
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Fig 3: 2D vector flow fields showing air entrainmexitl.4ms ASOI for th3-hole injector (top row’ and 6-hole
injector (bottom row; Experimenta(left), Simulatior (middle),Difference between Eerimenta & Simulatec
results(right)

3.2.3 Jet to jet interactions:

Jet to jet interactions can be significant for n-hole injectors and as a result have an effect ergtbbal
spray structure. The simulation results obtainer the €-hole injector under the evaporating conditione-
sented in table 1, reveals the presence of whaaap be jet to jet interactions causing a modifan in terms
of the trajectory of the individual spray plumessaswn in figure 4. In contrt, the spray plumes are well @-
rated in the case of thehole injector. However, the-hole injector reveals a continuous spray structtue, to
the presence of droplets and it becomes difficuitientify individual plumes. One would expect tbagrificant
interactions occur between adjacent jets, modifytingy air entrainment and subsequently the-air mixture
distribution. Such aspects are studied in moreildgtgperforming numerical simulations

Fig 4: Liquid phase spray images of ispreysunder evaporating conditions at 1.75 ASOt (From Left):
Experimentaresult(high-speed Mie scatterin of 3-hole injector, Simulationresult of3-hole injector, expei-
mentalresull (high-speed Mie scatterin of 6-hole injector, Simulatior resuli of 6-hole injector

3.2.3.1 Spatial evolution of vapour phase:

The simulation results of the vapour phase-hole injector under evaporating conditions provfigkther
insight to the process involved in the spray prapiag, structure and mixture formon. A sequence of imag
containing various cro-sectional planes of the vapor mass fraction albegakial direction of the spray plurr

is presented below in figure 5 at time step of {iI3ASOI. The cro«-sections near the nozzle spray rec
reveal i star shape of the spray plumes which are well s¢pdifrom one another. The images also div
vapor phase fuel in the central region of the spkégving further downstream the vapor phase fugiaaunding
the plumes tends to merge into one othethis point the star shape transforms into a closegstructure an
the spray reveals a hollow cone spray structuiis.dt this stage where the spray plumes tendftea@esulting
in a notable change in spray an This process takes places thrhout the spray propagation. In order to be
understand the observed behavior, an analysiediitrentrainment characteristics has been perfi
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Fig 5: Simulatior results offuel vapor mass fraction at 3.1 ms ASOI, 2D axiake-sectional plan (X, z.
(left), 2D horizontal cros-sectional planes (x, (right): with 20mn (top left, 30mn (top middle, 40mn (top
right) 50mn (bottom left, 60mn (bottom middle, 70mrmr(bottom left

3.2.3.2 Axial gasvelocity:

The gas entrainment between two cent plumes (vertical crc-sections (-z)) of €-hole injector at 1.75rmr
and 3.10ms ASOI is presented in figure 6. Typicghyg entrainment into the spray plumes can be etividto
two sections (1) air sucked into the near nozzigoreand (2) air andapor pushed downwards in the direct
of the spray at the spray tip [3, 6]. These tworgmeena can be observed with vapor being suckeowarts
the injector tip and pushed out at the spray tighasvn in figure 6.

A new feature is also revealed, weby air between the two jets is pushed downwardiedrupper half @
the spray cone (close to the injector tip). Thisigsally not observed in the sprays with spatiadyl separate:
plumes and wide cone angles as is the case f@-hole injector wth results shown in figure €

The internal downward gas flow in the upper haltha# spray cone encounters an inverse flow, origigi
from the lower downstream region of the spray whicthe usual internal air entrainment. When the tiows
hit eacl other at 30 mm at 1.75 ms and 50 mm at 3.10 mg,ftren a stagnation plane resulting in a very t
radial flow toward the external side as seen infitpere 6. This radial flow forces the spray pluntesieviate
suddenly from their original paths w a noticeable change in the angles. In our operticonditions, the d-
e pleapEgated from each other which can be seen irefig

m's
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: 15

10

7910 - 0 20 40 _50050 o
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Fig 6: 2D velocity vector plots simulatecair and gas entrainme; 1.75ms ASC(left), 3.10 ms AS((right)

However, a second difference observed on -hole compared to-holes is on bottom half part of the sp
cone (far away from the injector needle). Heredpry tip recirculation area is strongly reducedts centra
part. This reduction is approximately compensatgér increased recirculation area on the extelridel §his
asymmetry external/internal is observed whereahplumes are widely separate

3.2.3.3 Comparison of spray angles:

A modificaticn of the global spray angle was observed experiatigrftom higt-speed spray imaging r-
formed in the HPHT chamber at IFPEN on the >-hole 60° CA injector. The simulation and experimédtda
is shown in figure on left and right respectivelifor this particular case. The spray cone can be dividedo
regions corresponding firstly, to a cl-up, near nozzle zone and secondly, to a downstregian where on
observes a modification of the spray angle as shiowfigure 7 (left). The angles areeasured by capturir
images of the simulated spray in tt-z plane. These spray images at two time stepsspwneling to 1.75 ar
3.10 ms ASOI aranalysecby “imageJ” software which is a simple java baseddge processing. The angle
the near nozzlzone () at 1.75 ms and at 3.10 ms ASOI is approximat2R

These near nozzle angles suggest that the measpiray cone angle is in fact narrower than the nah
cone angle of 60°. The near angles are measuredghame centre to plume centre whiimplies that taking
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account of the half plume angle (6°) of each oftthe spray plumes, the total cone angle will berapimately
54°. A difference of approximately 6° between tlmenmal angle and the measured, near nozzle andieates
the spray collapse in the close up (upper) rediorthe downstream zone of the spray, at 1.75 msIAB@
deflected spray angled) is approximately 48° which increases to 51° 403ns ASOI. The spray cone is thus
deflected by 6 ° and 9 ° at 1.75 ms and 3.10 msIAB§pectively. Although the spray far cone andgtgp of
both experimental and numerical results show venydgagreement but the spray plumes propagate with t
different angles near and far from the injectorzi@zThat means the overall spray cone angle ismire indi-
cator of the spray directions when there are stjentp jet interactions present.

Fig 7: Comparison of spray plumes at 1.8 ms ASOhugition result (left), experimental result (right)

Time Simulated Simulated Simulated Experimental
Close up Angle Deflected Part Angle Far cone angle Far cone angle
(ms)
(o) (0q) (o) (o)
1.75 42° 48° 66° 65°
3.10 42° 51° 65° 65°

Table 2: Angles of close-up and deflected parhefdpray at time 1.75 ms and 3.10 ms

3.2.3.4 Radial gasvelocity:

Horizontal planes showing radial velocity vegiiots of air entrainment at different axial Idoas at 3.10
ms ASOI are shown in figure 8. The vector plotsvshioat until 40mm downstream air is sucked fromdheer
region and pushed out afterwards. The air entramnmethe inner side of the spray plumes infect esrfrom
the accelerating flow in between the jets. A parhe air movement in between the jets which misisetarget
is pushed downstream because there is almost moftimthis air to turn towards the plumes due ® liigh
speed of spray plumes.
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Fig 8: Radial velocity vector plot of the simulataid entrainments at 3.10ms AS&ldownstream loca-
tions; 20mm (top left), 30mm (top middle), 40mm ¢ight), 50mm (bottom left), 60mm (bottom middi€&nm
(bottom right)

-10 0 10 0
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As explained earlier the air in the core of theagps opposite in directions at 40mm and 60 mm\ahen
the gas being pushed downwards and the air beickpdwpwards hit each other a stagnation pointdated
and thus a radial flow is generated causing thaysfwr bend. This is visible in the figure 8 (bottdeft) at 50
mm downstream where there is a ring of gas pusbitgards produced by the interactions of opposite g
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velocity in the core of spray cone. This radialfles relatively larger than the air entrainmentfroutside the
spray cone. Hence this radial flow blocks the ainf the outer region of the spray cone completaly @auses
the spray plumes to bend from their original péth.expected at 70mm downstream position the ragiaicity
is a projection of the air entrained in the spraigh a large external recirculation around the jetbe process of
jet-to-jet interaction is finished and the jetspmgates linked to its previous (bent) direction.

Conclusions:

Numerical results with standard spray models ARdR approach show a good agreement for the both 3
and 6-hole GDI injectors compared to high-speed $84igttering, PDA and PIV experimental data whicteha
been performed in non-evaporating and evaporatmgliions. The droplet size comparison betweerettpe-
riments and numerical results at the center okfiray plume reveals a difference of less tham in Dy,. PDF
of droplet distribution shows a good agreement. péeetration and vector fields of air entrainment oth
injectors are very well captured. The air entraintreffects on the spray jets are observed and appde very
pronounced. Jet to jet interaction appears to idleetl with the reorganization of the flow due to twmpact
geometry. The narrow spray cone angle causes theai the nozzle to be pushed downwards. Thisgrhen
non occurs continuously during the spray propagafidhe air which is pushed downwards doesn'’t altbes
spray cone to expand until this air interacts wiith air opposite in direction which is entraineanfrthe lower
region of the spray. The interactions of both pesiand negative velocities result in outward rhd&ocity,
which makes the spray plumes to deflect from tbaginal path. At the deflection point a ring ofpa appears
which is pushed along with the radial flow from ttentre of the spray cone. The cone deflectioneamgthe
simulations is measured roughly to be between 8°to
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