ICLASS 2009, 11" Triennial International Conference on Liquid Atomization and Spray Systems, Vail, Colorado USA, July 2009

Comparison of Flow and Cavitation Processesin Conventional and
Group-Hole Diesdl Injector Nozzles using Numerical Simulations

W. G. Lee and R. D. Reitz
Engine Research Center
University of Wisconsin-Madison
Madison, WI 53706 USA

Abstract

The high speed, transient cavitating flow distribatinside diesel injector nozzles with considenatdf the opening
and closing needle valve is calculated using a igdized equation of state (EOS) to describe thi ftlensity, a
homogeneous equilibrium model (HEM) for phase cleamgd an arbitrary moving mesh to account for leceub-
tion. The KIVA-3V code was modified for the genlezed equation of state, and an isothermal acosstéed for-
mulation, related to the void fraction in two phdlsev, was used to account for the rate of fluidwoe change due
to pressure changes (dVv/dP). The needle valveomotias implemented by exploiting the piston motieature
already available in the KIVA code, using the adry Lagrangian-Eulerian (ALE) approach. Cavitatamne for-
mation and development were simulated and comparttdee-dimensional real-sized nozzle models fihlkcon-
ventional multi-hole and group-hole arrangemente &ffects of geometric factors of the group-haezte on the
discharge coefficient, area contraction and densitiation were investigated. The temporal evolutd cavitation
during the opening and closing of the needle vahas also studied. It is shown that pressure wawdstransient
flow effects brought about by the time-varying neeahotion significantly affect the flow structur@d cavitation
processes.

I ntroduction

The combination of higher injection pressure andlien diameter nozzles has been useful to reduceaRi
NOx emissions from diesel engines. However, it besn reported that smaller diameter nozzles camiernbo
much air and give a shorter spray penetrationtiegun increased PM, especially under high-spaed high-load
conditions [1]. To overcome this drawback, the @piof using group-hole nozzles has been propdediie idea
is to arrange small-sized holes closely spaced g0 eeduce spray droplet size while restrictingeatrainment and
maintaining the penetration length. Even thoughrtiegit of the group-hole nozzle in a real combus#éngine is
still under debate [3], there has been much rebeamcthe structure of the sprays from various gunfitions of
group-hole nozzles [4, 5, 6]. Recently Park ef@lnumerically investigated the effect of groupdnaozzle layout
on diesel engine combustion and emissions. In tresiearch the injection conditions of the two sprapm a
group-hole injector were assumed to be identicalweéler, different flow structures may yield diffaterates of
injection and cavitation inside the two holes igraup-hole injector due to the different layoutgsted nozzle holes.

Since the discharge coefficient of a nozzle oriflepends highly on the injector design and is nostant dur-
ing the injection process, it is important to eltiba method to predict the transient rate ofdtigsm. Many at-
tempts have been made, including visualization @imdilation studies. However, transient cavitatieside the in-
jector nozzle passage increases the uncertaintgeasurements and leads to difficulty in modelingvesal ap-
proaches have been proposed to simulate highlgigmat cavitating flow. One of them is the sindigid approach
also used in the present study. Based on the Hameogs Equilibrium Model of Wallis [8], the methagats the
two-phase mixture as one compressible fluid. HEM wapplied to simulate cavitation phenomena in 2edisional
nozzle passage geometries by Schmidt et al. [9% HIEM method was then successfully implemented ih&o
KIVA code and was further developed as a code @¢dllaVIF [10]. In their model [9,10], the pressurasvcalcu-
lated directly from the equation of state of thextumie, and the flow was treated as laminar. Ninglefl1] applied
the HEM method in conjunction with the Eulerian-kaggian Spray Atomization model [12]. They propoaatew
pressure equation that was derived from the coityimguation, and some modifications to the turba&models
were also proposed.
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There are many other cavitation models, such ashiilee-fluid approach of Grogger et al. [13] and tavita-
tion bubble-tracking model of Gavaises et al. [Mgwever, a single-fluid model is relatively easyitplement
into existing codes and with some modificationg;at be combined with turbulence and spray modRasently,
Lee et al. [15] implemented the HEM approach ardgéneralized equation of state into the KIVA cadd inves-
tigated phenomena occurring during the end-of-tigecevent. This method was also used in the ptestedy to
investigate the structure of the flow and cavitaiizsside both conventional multi-hole and groupehioljectors.

Numerical M ethods

In this study, the two-phase flow was assumed torleehomogeneous mixture of vapor and liquid, db thie
Homogeneous Equilibrium Model. The barotropic etumof state of Wallis [8] was used. Under the agstion of
constant temperature, the acoustic speed of thgphase flow is expressed as:
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whereq is the void fraction, defined as:
_P P
a=H_F 2
pl _pV ( )
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In this study a modified code based on the KIVAR¥lease 2 code [16] was used. Since the standafd Kl
code uses the ideal gas assumption for the equatistate, a generalized implementation of the gguaf state
was needed. The method introduced by Trujillo ef14l] was adopted:
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wherea, is the isentropic speed of sound.

Trujillo et al. [17] showed an application of therig-Robinson equation with this method. Recentég ket al
[15] implemented the above equations of state 8))irto the KIVA code using the generalized forni€gs. (9)
and (10), and showed various simulations of camijalows inside injector nozzles. The same appnoaas also
used in this study. A detailed description of thetlmods and the physical properties of the injediedel fuel can be
seen in [15].

Computational meshes were generated for a mulé-hokzle and for three group-hole nozzles. Sineentiz-
Zles have 8 single holes or 8 groups of 2 holgkércircumferential direction, the meshes were reztas 1/8 sec-
tor meshes with periodic boundaries. The shapekseo€omputational domains are shown in Figure #,the im-
portant dimensions are shown in Table 1. The eesgureP, was set as 5 bar, and the pressure differdRcke-
tween the inlet and exit was set as 1500 bar. Bhepatational domains consists of 3 regions. Tlst f#r for a sac
volume and the gap between the needle and therubke second is for the high pressure zone, laathtrd is for
the nozzle passage and orifice. When the needi®isng, the mesh in region 1 is added to or remdyethe snap-
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ping algorithm in the KIVA code. The location oktheedle is defined in Figure 2. At the start efshmulation, the
pressure in regions 1 and 3 was 5 bar, and theyne region 2 was 1505 bar.

Results and Discussion
The flows and cavitation phenomena inside the tojscwere simulated for the 4 different nozzle getias.
In Figure 3, the transient mass fluxes due to reeetivement are shown as discharge coeffici&gljsdefined by:

_[,oudA
PiU,A
whereUy, (=,/2AP/ p, ) is the Bernoulli velocity angk is the nominal density of the fuel at 5 bar.

Cavitation development during the needle valve oggavent is shown in Figure 4. For all cases diseharge
coefficients already reached about 90 % of theiximam values when the needle valves were open@dltonm.
The maximumCy was about 0.6 for the Single Hole Nozzle (SHN) #® Group Hole Nozzle #1 (GHN1), the
flow rate passing the lower nozzle hole was deemgbasainly because the lower nozzle is attachdtldsac vol-
ume at an oblique angle of about 41 degrees. €hidsl to flow separation at the nozzle entrancecandes cavita-
tion to occur at the entrance of the lower holestaswvn in Figure 4.

If the lower nozzle hole is exactly perpendiculathie nozzle sac surface, as in GHN3, therCthef the lower
nozzle passage is seen to increase, and is eglsliarger than that of the upper nozzle. Howeteis kind of
arrangement could induce more entrainment of tlieosnding air and acts as 16 holes with differemgéting
points, which is not consistent with the concepgmfup-hole nozzles. Cavitation in this nozzle deped mainly in
the lower hole, because the flow direction turrddsuly after following the sac volume surface.

The other way to balance the mass fluxes of bolkbshmay be to locate the two holes closer, like @HN this
case the lower nozzle is nearly perpendicular éostic volume surface and the arrangement resectoncept of
the group-hole nozzle, that favors production of$I8MD and air entrainment equivalent to the sngble nozzle.
However, with the closer hole arrangement,@g's of both nozzles were found to be smaller thaat tf the SHN,
despite the fact that the flow rates are well bedah If the two holes are located too close togethe mass fluxes
between the two holes has to be divided, and thedl the upper side of the lower hole is not sidfit. In addition,
the flows entering neighboring holes interact wetéich other, and this make tiigs fluctuate, as can be seen in
Figure 3. When the lower side of the entrance efupper hole attracts more mass flux, the upper sfdhe en-
trance of the lower hole suffers from a lack ofeeimg flux, which leads to a rotating flow and riisig cavitation,
as shown in Figure 4. Therefore, a desirable aaaegt of the group-hole nozzle may be to arrandfcismtly
separated holes, which are both normal to the Watiossible way to achieve this is a group-holeztepn a cone
shaped sac volume, not a hemispherical one.

When the needle valve closes, cavitation is augadkiniside the nozzle passages, as shown in Fig@abta-
tion increases because the pressure drops ingdeottzle passage as the entering mass flux aadsage entrance
is rapidly decreased by blocking by the needle avttie exit mass flux is decreased relatively slodvlg to inertia.
Thus, the flow is stretched and its pressure drbpsvever, if the needle closing speed is not fasugh, this phe-
nomenon may not happen [15]. At the end of the leeeldsing event, the increased cavitation reathesxit of
the nozzle and outward mass flux is maintainedtivesfor a period of about 0.025 ms after the neddlfully
closed at t=0.625 ms.

It is interesting to note that the cavitation laeatchanged direction in the SHN, GHN1 and GHN3ztez dur-
ing the injection due to the change of flow direntiWhen the needle lift is high, the mass flusupplied uni-
formly (SHN) or mainly upward (GHN1, GHN3). Howeyevhen the lift is low, the flow passing througle tbmall
gap between the needle and housing is injectedrtbthi@ center of the sac volume and then turns bagkard to
the holes. These flow details change the cavitatioaption point in the upper nozzle holes, as shawrigure 6,
and in the streamline patterns.

The transient behaviors of velocity and densitysirewn in Figure 7. The velocity and density wereraged
over the exit area and normalized by the Bernagllocity U, and the nominal densipy, respectively. A value of
density ratio £/p;) less than unity means that vapor generated biyatimn reaches the exit. In the SHN case, the
cavitation vapor reached the exit intermittently diled almost 40 % of the exit area when the heedlve closes.
On the other hand, in the GHNL1 case, the cavitatapor did not reach the exit in most of the inmttperiod, ex-
cept in the late period of the needle valve clogimgnt at the upper hole. The velocity ratig./Uy is the same as
Cq Whenplp; is unity, but it is larger thaGy when cavitation reaches the exit. For exampléhénSHN case, at the

(11)
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time when the valve is fully closed (t=0.625 mB)./Uy remains as high as 0.1 if cavitation is augmented,
whereas th&, drops to 0.05.

Figure 8 shows the velocity distribution at thetefithe injector nozzles at t=0.342 ms, which esgnts the
steady state injection period at the time just kefbe needle closing event. The velocity distidwutat the exit of
the SHN is more uniform than those of the uppeesidthe GHNs, even though the nozzles are attaditbd aame
position to the sac volumes. The velocity distribatat the exit of the upper holes of GHN1 and GHM& nearly
same, but it is different at the upper hole of ¢N2, due to the interaction with the lower holéav@usly there is
much discrepancy between the velocity distributiohshe upper holes and those of the lower holég discrep-
ancy undoubtedly influences the atomization proeesksshould be reflected in next-generation spragets.

Conclusions

In this study, it has been shown that the currérgle-phased, HEM approach can be applied to iityetst
cavitation processes inside injector nozzles. befiees in the rate-of-injection for each hole canpbedicted, as
well as the detailed velocity distribution and vafraction at the nozzle exit. The results showt fir@ssure waves
and transient flow effects can lead to flow ostitla between closely spaced flow passages thapranote cavita-
tion and presumably atomization of the resultintgagmlso. The present modeling method can be edilip opti-
mize nozzle shapes and hole arrangements to prevesricourage cavitation. The results can be atga as an
input condition for spray model improvement.

Nomenclature

a speed of sound Subscripts Superscripts

P pressure v vapor C corrected
V Lagrangian volume of a cell s isentropic P predicted
a void fraction of mixture I liquid sat saturated
p density
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CoNOR~WNE

Table 1. Important dimensions of the injectors

Nozzle type SHN GHN1 GHN2 GHN3
# nozzle holes in a 1/8 sector 1 2 2 2
Hole diameter (mm) 0.127 0.09 0.09 0.09
Distance between hole axes (mm) - 0.3 0.15 0.350
Included angle of hole A (deg) 165 165 165 165
Included angle of hole B (deg) - 165 165 104
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Figure 1. Computational geometries considered Figure2. Needle lift motion
in the present study
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Figure 3. Discharge coefficients during injection processesgarious injectors.
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Figure 4. Cavitation development during nozzle opening event.
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Figure5. Cavitation augmentation during nozzle closing event
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Figure 6. Change in streamline patterns during the nozzlgimipevent
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Figure7. Transient changes in density and velocity duringiteselosing events
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