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ABSTRACT

This study presents the development of a phenorogivall combustion model to simulate the
combustion processes in diesel engines with miatjes fuel injection. A newly developed zero-dimensil
spray propagation model and a model of spray-teyspnteraction were combined with a stochastic
combustion model, which had been developed foretliesmbustion calculation in the cases of singigst
injection. In this model, the combustion chambedtiisded into an ambient air zone and several spomes,
where the spray formed by each injection is treated spray zone. Turbulent mixing, fuel evaporatieat
loss, and chemical reactions, are calculated irh egoray zone respectively. A zero-dimensional spray
propagation model including the spray evolutiormfhe end of injection (EOI) and the model of iatgion
between the sprays from sequent injections arelolese to describe the spray behavior for the céseudti-
stage injection. Then the developed combustion mizdgalidated against the experimental data from a
single-cylinder DI diesel engine with pilot/maindvgtage injection, in which the pilot injection chtions

are varied with fixed main injection timing. Based the analysis of heat release rate, entrainnaet and



the microscopic information inside the spray, saslprobability density function (PDF) of equivalerratio,

the effects of wall impingement and interaction westn adjacent sprays on fuel-air mixing rate and
entrainment rate are formulized and employed toodyce the measured histories of heat release rate.
Reduction of fuel-air mixing rate is considered wibe spray flows into the squish region after wedl
impingement, which is effective to capture the miead decrease of pilot spray's heat release withrazing

pilot injection timing. The effects of wall impingent of the main spray and the interaction betvestjacent
sprays are modeled to reproduce the heat reletesdueng the initial and later part of the mixingntrolled
combustion. After these improvements, heat releates of the test engine when varying the piloédtipn
conditions have been successfully predicted.

Keyword: Diesel engines, Multi-stage injection, Stochastimbustion model, Spray model, Entrainment

rate, Fuel-air mixing.

1. INTRODUCTION

In order to satisfy a growing demand for mitigatioh environmental impact and improvement of
thermal efficiency, various technologies have bemployed in diesel engines, such as high pressgle f
injection, variable injection timings, multi-stagejection, exhaust gas recirculation, turbochargimigh
intercooling and variable turbine geometry, exhaifstrtreatment and so on. Among these technolptiies
injection control has played a significant rolepesally the multi-stage injection is an esserdigroach for
the latest engines to reduce N@oot emissions and combustion noise simultangddsb]. However, to
determine the optimal injection strategies, marjgdtion parameters such as injection pressurengrnd
quantity, should be selected properly correspontbirte engine operating conditions. It brings avyework

and high cost on experiments, moreover it is diffito obtain the appropriate injection strategigthout



understanding the change in combustion process wheying these parameters. Thus an accurate and
computationally efficient combustion model is nekftar these parameters study.

As an effective approach, phenomenological combunstiodels are often developed to calculate the
combustion process that is mainly represented [t hedease rate in diesel engines based on importan
physical and chemical phenomena within limited gkaiton time requirements for studying parametsugh
as the models in [6-9]. The stochastic combustiadeh[10-13] is one of such models for conventicenad
PCCI diesel combustion, in which a stochastic tlaumixing model is combined with a global chenhica
kinetic model. Particularly, it is not only able tmtput reasonable macroscopic information suclinas
cylinder pressure, average temperature, and hiegiseerate, but also can describe the heterogeufeitel-
air mixture using microscopic information includipgobability density function (PDF) of equivalencio
and temperature, which are useful for analysideféffects of fuel-air mixing on combustion anddicgon
of NOx and soot emissions. However, this model dabused on the single injection situations. Thamef
the aim of this study is to extend the stochastimlzustion model to simulate the combustion in diese
engines with multi-stage injection.

According to the studies from combustion numerisahulation, chemical kinetics, and optical
diagnostics, the ignition and combustion procesdiésel engines are determined by the fuel-air mgixand
chemical reaction [14]. Especially the injectiorrgraeters directly determine the fuel spray behavibat
affect the mixture formation significantly; as su#, the combustion characteristics are variedréhy, in
order to capture the major features of combustiodeu multi-stage injection conditions, each injectis
customarily treated to form a spray region, andva@ht calculations including spray propagation,l fue
evaporation, turbulent mixing, ignition, and cheaticeaction are performed for each spray [15-18le T

challenges compared with single injection calcolattome from the complicated additional influencgthe



former spray on the later spray. For instance, helaase of the former spray affects the thermoahjma
properties of the ambient air in the cylinder, ammhsequently the spray propagation of the lateaysjs
modified. On the other hand, once the later speneprates into the former spray region, the mixofréthe
former spray is entrained into the later spray,chtdecreases the air entrainment rate of the $atety so as

to suppress the fuel-air mixing in the later spMganwhile, the mixture entrained from the formeray also
modifies the temperature and chemical speciesiltlisitons in the later spray, so that has an impacthe
chemical kinetics of the later spray. These infaemindicate that the combustion of the later spsay
significantly dependent on the physical and chehycaperties of the former spray. Considering thidew
range of injection timings, which is as an exanfplkend in early to close pilot injections, the labtejection
starts after the end of the former injection. Thgrthe evolution of the spray after the end of étin (EOI)

has to be taken into account to imitate these émfibes realistically. The spray behaviors after B
indicated quite different from that during injectiby the fundamental studies on turbulent gas asktjets
[19-23]. However, there is no zero-dimensional gpmeodel to describe the spray development and air
entrainment after EOI, and the spray-to-spray adgon models employed by a few researchers [16-18]
require improvement for more precise predictiomahbustion processes.

Currently, frequently used models of spray propagaare Wakuri’'s model [24], Siebers’s model [25],
and Hiroyasu's model [26], which only satisfy tipeay propagation during injection with steady state do
not involve any information for that after EOI. &ddition, the interaction between sprays from thguent
injections is another important respect when therlspray enters into the former spray regions lisually
treated as the entrainment from the former sprane 2o the later spray zone [16-18], and the disorep
exists on the amount of gas entrained in the &igay zone from the former spray zone. In refer¢h6g the

entrainment of the later spray includes surroundiimgand the gas from the former spray zone, ardgts



amount from the former spray zone is determinedhleyvolume ratio between the surrounding air ard th
former spray. Similar method can be found in [18}th of the burned gas and unburned gas are tréated
entrain into the later spray zone, and burned fiastion is the factor on the entrained amountwhled gas.

In addition, the later spray is assumed to be taptinto the former spray region [17], so that ¢éimérained
gas of the later spray only comes from the fornpeay zone. It should be noted that all of theserattion
treatments assume that later spray entrains thérgasthe former spray zone immediately when therla
injection starts.

In this study, in order to further develop the &ts&tic combustion model for simulating the diesel
combustion processes with multi-stage injectiozge-dimensional spray propagation model includhmng
spray evolution after EOI and model of interactloetween the sprays from sequent injections have bee
developed. The calculation results were comparél @iperimental data from a single-cylinder teggiea
for pilot/main two-stage injection, and analysisswzerformed based on the heat release rates, rengai
rates, and PDFs of equivalence ratio to find oatrdasons for the discrepancies of heat releasdetiveen
the simulation and experiment. Then the phenométizeareduction of fuel-air mixing rate by spraykish
flows into the squish region, enhancement of marmas entrainment rate by wall impingement, and
suppression of entrainment rate by interaction betwadjacent sprays were modeled and applied twirp
the predictions of pilot spray's heat release teat release rate after main injection duringahgeriod, and
heat release rate during late combustion periogetively. Finally, good agreement of heat releages
with experiment when varying the pilot injectiomtng and quantity has been achieved using the dped|

combustion model.

2. MODEL DESCRIPTION



2.1 STOCHASTIC COMBUSTION MODEL

The prototype of stochastic combustion model wstoehastic mixing model which was firstly proposed
in [10] for conventional combustion in diesel erggn And then this model was modified in [11, 12} tb3
analyze the PCCI combustion process. This model@m@ stochastic turbulent mixing process combined
with a quasi-global chemical kinetics model to dixsrthe non-homogenous combustion process in Idiese
sprays.

These models treat the fuel-air mixing processiésa combustion as a stochastic process in whieh t
fluid elements in a combustion chamber meet andange their properties each other to approach the
homogeneous state. The heterogeneity of fuel caratEm and temperature is described using the P@F
t), wherez = (h, y1, V2, ... ,Yn), h denotes the specific enthalpy andys, ... ,¥, the mass fraction of chemical
species. Evolution of the mixing and combustiorefgresented by the temporal changédie to the mixing,
fuel injection, fuel evaporation, air entrainmentoi a spray, heat loss to the combustion chambis aad
chemical reactions. The changefidue to turbulent mixing is simulated by modifiedr collision and
dispersion model [27], in which a randomly selegted of fluid elements (stochastic particles) wath equal
mass collides and coalesces, and then dispershstheir h andy, values. The frequency of collision is
determined by spray's turbulent kinetic energy Wwh& mainly dependent on the injection conditioh8][
The air entrainment rate is determined using Wa&kuriomentum theory [24] and the progress of fuel
oxidation reactions is calculated by Schreiber'sleh¢28] in each fluid element. In addition, theahéoss
from wall is also considered using Woschni's equiafR9]. For further details, please see the previgaper
[10-12].

To apply this concept to spray combustion, theespa a combustion chamber is divided into a spray

zone and an ambient air zone, and the injecteddndlambient air are treated as a large numbeluiaf f



elements with same mass. The temperatures and cdlepompositions of these elements provide the
temporal variation of PDF for fluid thermodynamtates in the cylinder, and histories of in-cylingeessure
and average temperature can be calculated byatistiss of all the elements.

Thus, in the stochastic combustion model, fuelraixing and chemical reactions are simultaneously
calculated. Therefore, the premixed and mixing-cal®@d combustion modes are realized dependinghen t
balance between the mixing and chemical rates. Vitherfuel-air mixing rate is faster than the chehic
reaction rate, the premixed combustion is domin@mt.the contrary, the combustion is mixing-cong&dll

when the chemical reaction rate is relatively highan the mixing rate.

2.2 MODEL'S CONCEPT

In the above mentioned previous models, only onmysgone was considered to simulate the
combustion with single-stage injectioim. the present model, as shown in Fig.1, to sineulae combustion
processes with two-stage injection, the volumehia ¢ylinder is divided into three zones, includedirst
spray zone, a second spray zone and an ambiezbmrd. Fuel evaporation, turbulent mixing, chemical
reactions, and heat loss are calculated in eadchy spopne in the same manner as in the previous model
meanwhile the entrainment mechanism is appliedesriibe the mass and heat transfer among these thre
zones. Based on the spray behavior, the specificegs is considered as following. Before injectain.and
EGR gas in the cylinder is treated as an ambiertcaie that is composed of a large number of fliénents.
Then after the start of the first injection, thelfis injected into the cylinder as fluid elemetddorm a first
spray zone with entrained fluid elements from amb#r zone. After the end of the first injectiomery lean
mixture is formed near the injector tip due to teemination of fuel supply and the increase in &ntnent
rate after EOI, thereby the first spray tail isuassd to depart from the nozzle exit to the dowsireAfter

the second injection starts, the first and secq@mdyszones exist in the cylinder and the fluid edets of the



ambient air zone are entrained into these two spoags. Once the second spray tip overtakes ttesfiray
tail, both of the fluid elements from the ambiemtz@mne and the first spray zone are entrainedtimosecond
spray zone. If all of the fluid elements of thesfispray zone were entrained into the second squag, these
two spray zones were combined into one spray zboearry out this model's concept, two primary ezip
should be considered on the spray modeling. Theiotiee spray penetration including tip and tdik tir
entrainment rate, especially for the case afteetiteof injection, and the other one is the intéoacbetween

the first and second sprays, which is represenggtidoentrainment from the first spray to the secspray.

2.3 SPRAY PROPAGATION

In most of the phenomenological combustion modeéks,diesel spray propagation is usually described
based on momentum theory such as Wakuri's equafidfls and Siebers’s equations [25] or empirical
equations proposed by Hiroyasu et al. [26]. Theggtons are well known and proved to be accunabeigh
for simulation, however, they only satisfy the dilespray propagation during injection with steathtes and
do not involve any information for that after EOhdeed, because of the end of injection, the sjsay
transformed from the steady state into the ded#beratate that leads to the spray propagatiorifit from
that in the steady state. Recently, the analytes¢arch was performed on the turbulent jets betsduring
the deceleration state based on the data of somdarfioental studies including air jets and water[@@$ The
results showed that the jet deceleration statelsdvom the nozzle to the jet downstream withraréase in
entrainment rate, and the author proposed "enteimmwave" to describe the propagation of the irsrda
entrainment region, which also presents the prdpagaf information of the fuel injection terminati. And
the jet penetration shifts from a relation of sgueoot dependence on time to a relation of fouokbt-r
dependence on time after the entrainment waveeart the tip of jet. The former relation is widelpved

in steady jet and the later relation is same agsedhelt from the experimental research on unstéadhulent



jets [19]. The entrainment wave was predicted iesdi spray based on a one-dimensional discrete spra
model and validated by several experimental dath Renetration was also calculated using this rheahel

the results revealed that the penetration is smién that of steady spray after the entrainmextenreaches
the spray tip. These indicate that the one-dimerdidiscrete spray model in [21] has potential redict the
diesel spray propagation after EOI. Thus, a zenoedsional model of diesel spray propagation was
developed based on this one-dimensional discrets spodel to involve the spray information of peatbn

and air entrainment rate after EOI in this studg.cbnduct this work, the same assumptions as irotiee
dimensional discrete spray model in [21] were erygdbin this study. They are simply reported asofed:

(1) The diesel spray is assumed as a non-vaporaidgncompressible flow.

(2) Turbulent viscous forces in the spray are regtk

(3) The effects of molecular and turbulent diffusire ignored.

(4) The net force due to any axial pressure gradsemssumed negligible.

(5) The spray has a conical shape with a conspaaading angle.

(6) The radial profile of mean axial velocity remsiunchanged during and after injection.

As for the sixth assumption, a factrwas derived in [20,21] to consider the radial pesfof axial
velocity and fuel volume fraction, and the valuegafanges from 1.0 for a uniform profile to 2.0 fofudly
developed spray. In this studg,is introduced to represent the axial velocity peobver the tip cross-
sectional area.

In addition, the entrained air is assumed to mithwijected fuel immediately and homogeneously, and
the spray is treated to be formed with a constgatiion rate to simplify the spray modeling.

2.3.1 Spray tip penetration



According to the entrainment wave theory, the spiapenetration can be divided into two stageshey
transition timing, which is the timing when the mihment wave arrives at the spray tip.

Before the transition timing, the momentum flux &odl mass flow rate integrated over the tip cross-
sectional arealv'ltip andry ;) are constant due to the steady state, and tleeafathem is equal to the fuel
velocity at the nozzle exitf) based on the momentum theory [21, 24, 25].

M.
. tip =y | (l)
mf,tip

Considering the effect of the radial profile of @xielocity on the momentum flux integrated oves tip

cross-sectional area, the,, is expressed as follows,

. -2
M tip = ptipﬁAip Utip , (2

wherepy, is the average density in the tip cross-sectigp,is the tip cross-sectional area, a_uu; is the

average velocity over the tip cross-section. Angl mhixture mass flow rate integrated over the tipssr

sectional arearfy, ) is

r:nlip = Pip Alipatip . (3)

Therefore the spray tip velocityg) can be obtained as the ratio of equation (2)(8hd

M. _
Uy = i = Buyp | (4)

ip
In addition, substituting equation (2) into (1)etﬁﬂp can be derived as

= Mg ip Ug

Utp = , (5)
ptipvspray
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where iy, is the fuel mass flow rate integrated over thectigss-sectional area and is equal to the injection

rate of fuel massr ), andvspray is the growth rate of spray volume and expressddlbws,

Vspray = Butip Atip . (6)
Introducing the variabl&f,up , the average fuel volume fraction over crossisedt the spray tip, which is
represented as equation (7),

Y _ mf,tip /Pf @

whereps is the liquid fuel density, then the equationi)ewritten as,

— XtipU
Utp = Py AdtipUs , 8)
ptip

as well as the average density in the tip crosese@y,) can be calculated by following equation according
to [21],
Pip = P Xttp + P (L= Xtip) . 9)

So far the spray tip velocity,) is able to be calculated based on the equat®n (@) to (9), so that the

spray tip penetratiors{;) can be obtained by

ty XY,
0 Iotip

The equation (1) is valid also for the period aftex transition timing (see Appendixes). Thereftine,
same form as the equation (8) is available foraerage velocity over the tip cross-section, whére and

piip are replaced by those after the transition timiK@ypar andpyp o (€quation (11)).

11



- _ P X f,tipatrUs

Utipatr = , (11)

ptip,atr
wherepyp o IS calculated by the equation (9), in whidhi is replaced be_ fip.atr. 1he spray tip penetration
after transition timing can gbe calculated as

S[ S"p . +/3I yoi Xft|p atrUg dt (12)

Pip,atr

where S, is a penetration at the transition timingi,tip,atr is determined as follows to mimic the spray
penetrations calculated using the one-dimensiosatete spray model [21].

Figure 2 qualitatively illustrates the variation air volume and fuel volume in a spray, which is
expressed as the area of "Air" region and "Fuejia® along the spray axial position for the tinfet @and
t+At. The fuel mass flow rate at the tip is constamirduthe steady state, and the volumetric flow edtthe
tip, m /o, is equal to that at the nozzle exit as shownign E (a). However, after the transition timing the
fuel volumetric flow rate decreases from its iditialue in the steady state because the informaifdiuel
injection termination already arrived at the spti@y{20]. To describe this process, the volumetidev rate,

m / o, , was assumed to be shared by fuel and air fopé#n®d after the transition timing. Based on this
assumption, as shown in Fig. 2 (b), part of aiwBdnto "Fuel" region from "Air" region and mixedttv fuel,
so that the "Fuel” region for the steady stateejdaced by the "Fuel+air” region after transitionihg, and
then the mixture of "Fuel+air" region flows out dkigh the tip with the volumetric flow rate o / o, .
Considering the "Fuel+air" region at tim@ (t>t,) as the control volume, the fluid of "Fuel+airbfs out of

the control volume from tip cross-section with ttetumetric flow rate ofrn, / o, , while air will flow into the

control volume from the "Air" region with the samelumetric flow rate to compensate the outflow doe

12



the fluid continuity. Therefore, at any timé' "after transition timing, the total volume of dlow into
"Fuel+air" region is(rh / o; ) [t —t,.) . For simplicity, it is assumed that the air andlfmix with each other
immediately in the "Fuel + air" region. Then theelfwolume fraction in the fluid flowing out of the
"Fuel+air" region from the tip is equal to the sage fuel volume fraction in the "Fuel+air" regiof£) and

calculated by the following equation,

_ mt /o
My/a +m e HE-t,)

(13)

Xf, fm

wheret; is the injection duratiort, the transition timing, antithe time from the injection start. Finaly i ar

is derived as

X ftipatr —

_ X.. T
f,fm.rnf/pf . (14)

spray

2.3.2 Air entrainment rate
Based on the spray tip penetration calculation, spey volume \spra) Can be obtained as a cone

volume calculation,

2
Vspray: %n|:stip tan%):l Sip ’ (15)

whereo is the spray spreading angle. Furthermore, aaegrdi equation (3) and (6), the air entrainmers rat

(™, ) can be obtained as

(16)

M. = pa(vspray/lg_rhf/pf) (O<t5tj)
: pavspray/ﬁ (t > t])

2.3.3 Spray tail penetration
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After EOI, the mixture near the injector tip becanery lean because the fuel supply is terminatedd a
air entrainment rate increases near the injeqoafter EOI [20-22]. However, there is no spatidbrmation
of fuel distribution in a spray involved in thisreedimensional spray model. Therefore, the pathefspray
near the injector tip is assumed to act as amlaiertone, in other word, the practical spray taiassumed.
Knowing the position of the spray tail, the stame of the interaction with the subsequent spray loa
determined. Figure 3 shows the ratio between fuedanin the region from the injector tip to a doweesn
position of spray and total injection fuel ma$$.,J against time, which is calculated based on the- on
dimensional discrete spray model in [21]. It isefed that the fuel mass in the region near thecioy tip
decreases quickly after EOI that is 0.5 ms aftert if injection (ASOI), therefore the part of thgray near
the injector tip practically acts as air, and iréasonable to omit this part of spray and to deftre spray's
tail. In this study, the spray tail position is el@hined as a cross section of a spray where 10&taiffuel is

contained up to the injector tip.

2.4 INTERACTION BETWEEN THE SPRAYS FROM SEQUENT INJ ECTION STAGES

The interaction between the sprays from sequeettign stages is caused by the entrainment of the
second spray from the first spray after the arrofathe second spray tip at the first spray tadl.mimic this
interaction, it is requisite to obtain the amouhthe first spray mixture entrained into the secepthy.

After the second spray tip touches the first spadly the entrainment area of the second sprayvidet
into two parts by the first spray tail as showrFig.4. The ratio of the entrainment rate of these parts R.)
can be obtained as equation (17) with assumpthmatstihese entrainment rates are proportional tatbas of

the spray boundary surfaces in the ambient air andethe first spray zone.

— Aair
Re - Ce ’ 17
&pray ( )
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whereAq; andAgpray is the area of the spray boundary surface in thieient air zone and the first spray zone
respectively.C, is a coefficient given to describe the differetetween the entrainment velocity over the
spray boundary surface in the ambient air zonetla@dirst spray zone. However, it is difficult tetenateC,
exactly especially after the end of the secondctiga. ThereforeC, is treated as a constant of 1.0 in this
study. Based on equation (17) and the total entrair rate of the second spray, the amount of thedpray

mixture entrained into the second spray is obtained

3. RESULTS AND DISCUSSION

3.1. SPRAY TIP PENETRATION AND ENTRAINMENT

To validate the zero-dimensional spray model deriedove, the diesel sprays tip penetration and
entrainment rate in two cases including small ardd injection quantities were calculated with ¢ans
injection rate respectively, and the calculationditons are shown in Table. 1. In particuléis set to 2.0,
which means that the spray is in a fully develogiede.

At first, to examine the tendency of spray tip pest@oon after EOI, the calculated spray tip pen&im
was compared with the relation of one fourth podependence on time. The calculation results ofysipa
penetration under an injection quantity of 2.5 md an injection duration of 0.15 ms are plottedirmgjahe
time after SOI in double logarithmic coordinateHig. 5. After transition timing of 0.3 ms that isite of the
injection duration, the slope of the curve is gabudecreasing, and approaches the value of onghfo
around 10 ms. These results indicate that the legion is able to catch the same tendency of thayspp
penetration as that concluded in [19, 20, 21]. Areh the results of spray tip penetration and entrant rate
were compared with the results obtained from theedimensional discrete spray model in [21]. Figingl 7

show the results of the cases with injection qtiastiof 2.5 mg and 25 mg respectively, and thegaéthat
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the calculated spray tip penetrations and entrammstes from the one-dimensional discrete spragiehare
well fitted by those from the zero-dimensional gpraodel developed in this study. It indicates tts
developed zero-dimensional spray model has alditgredict the spray tip penetration and entrairtmate

after EOI.

3.2 COMBUSTION CALCULATION

Based on the modeling of spray behaviors after &@l the interaction between sprays from sequent
injection stages in the stochastic combustion modalculations were performed for simulating the
combustion in a single-cylinder diesel test enghit pilot/main two-stage injection. The specificais of
test engine are listed in Table 2, and the calimratonditions are listed in Table 3. Heat rele@es were
calculated from the in-cylinder pressure considgthe temperature dependency of specific heatssatibich
is the same method as in the experiments.
3.2.1 Heat release rate of pilot spray

Figure 8 shows the effects of pilot injection timifWui0.) on the heat release rates of pilot spray for
injection quantity @) Of 2mn?. In addition, the heat release amount of pilotagpaffects the
thermodynamic properties of ambient air and deteesiithe fuel remained in pilot spray, which leadshe
variation of main spray combustion. Therefore theylinder pressure at TDC and amount of heat seléa
up to TDC relative to the total input heat by pilgiection ), which means the progress of heat release from
the pilot spray before the main injection starg atso shown in Fig. 8. From the experimental diafd), it
can be found that the total released heat of ppody increases as the pilot injection is retarévever the
simulation results (center) reveal almost the saatee of total released heat, and eygare almost equal to

1.0 which represents that the combustion of pifphyg already ended, so that the simulation is e &
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capture the effects of pilot injection timing oretipilot spray combustion, moreover, on the mairagpr
combustion. Thus the simulation of the pilot spcaynbustion needs to be improved.

As shown in the figure, the experimental data shomer heat release rates than those of simulation,
especially for the cases of earlier pilot injecttomings. This phenomenon is probably caused by $leat
release from the mixture in squish region that haisbeen considered in this model. The early ilgact
timing makes the spray flow into the squish regiod impinge on the cylinder liner or piston topshewn in
Fig. 9. Due to the low temperature of the walls/andhe adherence of fuel on the piston top surface
oxidation reactions and mixing in the mixture attersuated. Thus the earlier pilot injection timivigtains the
lower heat release. To involve such effects in dbmbustion model, the fuel-air mixing rate was @l
according to the volume ratio of the spray flowetbithe squish area and total spray. The temperaffect
mentioned above was not considered, however, teeathwoxidation reaction rate is lowered as a tesfil
reduced mixing rate. As shown in Fig. 9, if theagptip cross-sectional area impinges on the bqwktige,
the spray can be divided into two parts, the sgpi&tt and the bowl part. Thus the volume ratio leetw

squish part and incremental spr&(,J can be calculated as

C(AA,

(18)

whereA,, and Ay, are the areas of the cross section at the impgnyme over and below the bowl lip edge
respectively, and th€(o) is a function of the angle between the sprayre¢fine and cylinder head, and it is
used to describe the ratio between spray spreadilogity in the squish and bowl regions. This fimatis
selected as caf in this study, because it represents the ratithefhorizontal and vertical components of
average spray tip velocity when the piston topéated as the horizontal area. Sequentially, tthenve ratio

of the spray flowed into squish region and totabgRs,) can be obtained as
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,{t qujncvspnm’jt

t
Re=———., (19)
K Vspray

wheret;, is the impinging time anWs,,is the total spray volume. The stochastic collidi@quency ¢) that
represents the turbulent mixing rate is calculazébllows,

w=w,(1-C,R,G/), (20)

whereC,, is a constanty, is the collision frequency of free spray of whicdiculation can be found in [10-
12], andG; is the total turbulence energy generated by iigacG; is used with minus powek); because the
larger turbulence energy generated by injectiorseauhe stronger mixing (larged. Figure 10 shows the
effects of pilot injection quantity on pilot sprayieat release rates and pressures with diffeednés ofx and

C,, of 1.0 for a pilot injection timing of-24°ATDC. From the heat release rates, it can be fotlvad
increasing the absolute value xfeads to notable enhancement of mixing rate incde of larger pilot
injection quantity. However, the increase of thealbte value ok also causes too fast combustion compared
to the experimental data. Meanwhile the heat releate and pressure withof O for the pilot injection
quantity of 2 mm are similar with those of experiment, while thehelease rate and pressure for the case of
larger pilot injection quantities are much loweaiththose of experiment. According to the monotonous
increase of mixing rate along with the absoluteugadfx, it can be deduced that there is no proper akesolut
value ofx, including the values from 0 to 0.1, which couldke the heat release rates and pressures for
different pilot injection quantities be coincidentth the measurements. It implies that only adpgstthe
absolute value of is not able to obtain reasonable results. Theegfpris increased to decrease the mixing
rate and consequently decrease the combustionAata.referenceC, is chosen in combination witk to

obtain the similar heat release rate and pressithetose of experimental data in the case of pilction
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quantity of 2 mm. The results with different values a&fand relevantC,, for a pilot injection timing of
—24°ATDC are shown in Fig.11. Finally the 6.2 and -@&s selected fo€,,, andx to represent the change in
pilot spray's heat release rates and pressures welnging pilot injection quantities.

Consequently, the fuel-air mixing rate is relatedhte volume ratioRs,) with inverse relation. Therefore,
after the modification, the fuel-air mixing ratetime pilot spray is slower than that before modificn in the
case of early pilot injection timing, which is obged in Fig. 12 and 13. These two figures showRd#-
histories of equivalence ratig)(before and after the modification fap=2 mnt and Hpi.ot:—19° ATDC.
Compared with the case before the modificationign E2, the lower PDF in lean sidg< 0.5) shown in Fig.
13 indicates the lower rate of mixture formatiors A result, the combustion rate is decreased, wiich
revealed as the lower PDF of ignited mixture (migtwhich has an equilibrium flame temperature), &nd
leads to the slower heat release. In addition, rd@ug to the equations (18) and (18, increases with
advancing the pilot injection timing, so that tlelier pilot injection timing causes the slowerlfag mixing
rate in the case of constant pilot injection gqugnfihus the slower heat release of pilot spraylmaobtained
from the calculation when the pilot injection tirgins advanced. As shown in Fig. 8 (right), the gktion
results after the modification reveal the trendsilsir to those in experimental data.

3.2.2 Heat release rate after main injection

After the above modification, calculations werefpaned for combustion with pilot/main two-stage
injection. The effects of pilot injection timing dreat release rate with pilot injection quantity2ofnt are
shown in Fig. 14 (the second graph). The ignitiomirigs are well predicted, however, the peaks aft he
release rates during mixing-controlled combustibage are lower and later than those of experimdiats.
analyze the reason, the detailed information of ahse with the pilot injection timing of19ATDC are

shown in Fig. 15 and 17. Fig.15 shows the PDF hystd equivalence ratio, which indicates that mafsthe
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mixture has been ignited atA8DC, so that the combustion hereafter is conttbbg the fuel-air mixing. On
the other hand, the air entrainment rate of maiayspgainst crank angle is revealed in Fig. 16 ¢uppvhich
is represented by the number of air elements ewainto the main spray in a time step of calcata(N,o).
From this figure, the air entrainment rate is obedrto be at a low level and decrease frolT®C to
12’ATDC due to the interaction between the main sgnag the pilot spray. It results in slow formatioh o
combustible mixture, which is indicated as a lowenk of PDF in lean side, thereby, as shown inlbig.
(bottom), the heat release rate is lower compariéd the period after TZATDC, when the air entrainment
rate increases because all of the pilot spray isaieed into the main spray. Thus the air entraimmrate
should be enhanced during the interaction betweemtain spray and the pilot spray.

To solve this problem, the effect of spray wall ingement on air entrainment was included in the
model. It is reasonable to consider the enhancewfeatr entrainment at least in the initial stagewall
impingement (around 8TDC). Thus a constanCErry) is given to multiply the air entrainment ratefafe
spray after the wall impinging. The results withry of 1.5 and 2.0 are shown in Fig. 14 (the third and
fourth graphs). It can be found that the peakseat melease rates during mixing-controlled combusgihase
become closer to the peaks of heat release rategyguemixed combustion phase and higher withdasing
Cetrm. Especially for the case @:1ry=2.0, the heat release rates shows similar curitbsexperiment. At
the same time, the higher peak of PDF shown in Eigrelative to that shown in Fig. 15 indicatest ttte
mixing rate is increased by enhanced the entraibnade.

3.2.3 Heat release rate during late combustion pexd

Another discrepancy between calculation and measemeis found in the later part of heat release. rat

The calculated heat release rate decreases madéyrdgan in the measurements as shown in Figbbftgm

and upper). This is because the high entrainmeetegen in the late combustion period makes condust
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end early, so that the heat release rate decreagielty. Unlike the case of a single spray, thestiattion
between the adjacent sprays decreases the entrdirarea of the spray; thereby the entrainment isate
suppressed. Thus the ratio of the total spray veland the chamber volume was used to represent the
intensity of the interaction between adjacent spragnd the interaction effect on entrainment rate i

introduced as follows,

Vspray X nhole )

mad = r'haO @a- Cvr ) (21)

cyl

where m,, is the air entrainment rate affected by spray-w@uncreaserm,is the original air entrainment
rate, Nhoe iS the number of nozzle holeY,y, is the volume in cylinder, an@,, is a constant to fit the
experiment data. Considering that the suppressioairoentrainment due to this mechanism would be
prominent after the end of injection, the equat{@t) is applied after the transition timing, becauke
entrainment rate of spray starts to decrease thiftetiming. In addition, the entrainment wave ttdrom the
injection speed deceleration, and the transitioratiton is defined as twice of the duration from #tart of
injection to entrainment wave start timing [20].uBhthe transition timingyf) is decided as

ty = 2Cewt; (22)

where the constant @, is set to the value from 0 to 1 multiplying thé¢eiction duration to represent the
timing when entrainment wave starts, and it is ma&e 0.52 according to the injection rate.

Figure 18 shows the comparison of the entrainmatet of main spray and the heat release rate before
and after the modification fafyie=2 mn? andepi|m:—19°ATDC. In the figure (upper), the entrainment rates
of main spray are indicated by the number of fleiements entrained into the main spray in a tirep sf
calculation Ng). It can be observed that before modificatioBsrgw=2.0) the main spray entrains all the air

elements in the combustion chamber up to “WTHC. And because th€gy is selected as 0.52 and the main
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injection duration is 9.6CA for the case witl,i=2 mnT, the transition timing is equal to JATDC based

on equation (22). It implies that there is almostair elements remained after the transition timingich
makes the equation (21) lose its efficacy. ThusGhgy is set to 1.5 with which the peaks of heat release
rates during mixing-controlled combustion phaserarereduced significantly as shown in Fig. 14, #mel
peaks of heat release rates during mixing-contfodlembustion phase can be advanced to the tramsitio
timing due to the rapid decrease of entrainmemt catised by equation (21) as shown in Fig. 18drctses
after modification withC,,=0.4, 0.8, and 1.0.

In addition, as expressed in equation (21), theagmhent rate is decreased with increasing theevafu
C.. This tendency can be observed in the Fig. 18dQppith the cases after modification, and smallgr
leads to earlier consumption of air elements. FthenFig. 18 (below), it is observed that g affects the
heat release rate during late combustion periotkvithiloes not influence the heat release raterbdfe peak
of heat release rate during mixing-controlled costimn phase. The heat release rate during late ustion
period is elevated with increasing the valueCgf(from 0.4 to 0.8), however, too lar@g, (C,=1.0) leads to
lower heat release rate during late combustiorodeatiie to too low entrainment rate. Thus Gyeis selected
as 0.8 to fit the heat release rate during latebeetion period.

Finally, based on all of the improvements and $etkconstants above, the calculation was performed
with different pilot injection quantitie€in=2, 4, 6 mm) and timings @=-9, -19, 24 ATDC), the
results of heat release rate are shown in Figlti®veals that the model can obtain the similathelease
rate shape for each case, and it also can captarsame tendencies of the heat release rate whepiltit

injection timing and quantity are varied.

4. CONCLUSIONS
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In this study, the stochastic combustion model waslified by introducing the submodels including
spray propagation and the interaction between sgrayn sequent injection stages to realize the Isitiom of
the combustion with multi-stage injection. Espdgijahe spray propagation model was developed évo-z
dimensional calculation with attention to spray gteation and entrainment after EOI and validateskdaon
the one-dimensional discrete spray model in [2d then the simulation of combustion was conductec
single-cylinder diesel engine with pilot/main twtage injection. Based on analyzing the results edith
release rate, entrainment rate, and PDF of equigaleatio, the fuel-air mixing rate and entrainnteté were
modified by considering the effects of wall impimgent and adjacent sprays interaction to improve the
accuracy of the combustion model. And the primaoynatusions for combustion modeling with spray
behaviors effects are summarized as follows,

1. The developed combustion model has capabilityadourately predict the ignition and combustion
characteristics of diesel engine with pilot/mairtstage injection.

2. Based on comparison with the one-dimensionalrelis spray model in [21], the zero-dimensionahgpr
model proposed in this study is able to predict éwelutions of diesel spray penetration and overall
entrainment rate even after the end of injection.

3. Reduction of fuel-air mixing rate by spray flavento squish region after wall impingement shobkl
considered for simulating the combustion in thetpihjection case to capture the decrease of retehse
with advancing pilot injection timing.

4. The enhancement of main spray entrainment nat@al impingement is effective to reproduce thathe
release rate during the initial period of mixingitolled combustion phase.

5. Considering the effects of adjacent sprays aut@n on suppression of entrainment rate has patdon

obtain more accurate heat release rate duringtatdoustion period.
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Fig. A1 Control volume selection for spray tip péation calculation after transition timing.

List of Notation:

Aair area of the second spray boundary surface inrttiéeat air zone

Ay area of the spray cross section at the impindging bver the bowl lip edge

Asray  area of the second spray boundary surface inr$tespray zone

Avip cross-sectional area at spray tip

Aup area of the spray cross section at the impingimg below the bowl lip edge

ASOI after the start of injection

ATDC after the top dead center

cot cotangent function
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Ce model constant for ratio between the entrainmatdsr of the second spray in the ambient air zone
and the first spray zone

Cn constant for collision frequency affected by spitaywing into squish region

Cuw constant for entrainment rate affected by adjasprdays interaction

Cetrv  CONstant for entrainment rate after spray impiggin the wall

Cew constant for transition timing

C(9) function of the angle between the spray ceninal &nd cylinder head

DI direct injection

EOI end of injection

f probability density function

G total turbulence energy generated by injection
h specific enthalpy

m, spray entrainment rate

M, spray entrainment rate without adjacent spraysédation effect

M,y spray entrainment rate affected by adjacent sprageaction

1" injection rate of fuel mass

r'nf,tip fuel mass flow rate integrated over spray tip sfesctional area
Mg mixture mass flow rate integrated over spray tgss-sectional area

l\/'ltip momentum flux integrated over spray tip crossieaal area

Nhole number of nozzle holes
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Nae number of air elements entrained into the maiapr a time step of calculation
Ne number of fluid elements entrained into the mairag in a time step of calculation
PCCI premixed charge compression ignition

PDF  probability density function

Opiot  Pilot injection quantity

Mo amount of heat released up to TDC relative taaked input heat by pilot injection

Re ratio between the entrainment rates of the sespnay in the ambient air zone and the first spray
zone

R ratio between fuel mass in the region from thedtgr tip to a downstream position of spray and

total injection fuel mass

Rsginc  VOlume ratio between squish part and incremenpialys

Rsq volume ratio of the spray flowed into squish regamd total spray
Sip spray tip penetration

Sip,r spray tip penetration at the transition timing

SOl start of injection

t time

tan tangent function
t; injection duration
tir transition timing

TDC  top dead center
Ut fuel velocity at the nozzle exit

Usip spray tip velocity
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Utip average velocity over spray tip cross section teefi@nsition timing

Utpatr average velocity over spray tip cross sectiorr aftansition timing

Veyi volume in cylinder

Vspray ~ SPray volume
Vepray  growth rate of spray volume

X a power given t@s;

Xt fm average fuel volume fraction in the "Fuel+air"iosg

?f,tip average fuel volume fraction over cross-sectiahatpray tip before transition timing

Xitpatr average fuel volume fraction over cross-sectiahatspray tip after transition timing

Vi mass fraction of chemical species

z thermodynamic states of fluid elements includingsefraction of chemical species and specific
enthalpy

o spray spreading angle

B factor introduced to consider the radial profidsxial velocity and fuel volume fraction

0 angle between the spray central line and cylifhead

0 crank angle

Opitot pilot injection timing

Pa air density
D liquid fuel density
Piip average density in spray tip cross-section befargsition timing

Pipar  Average density in spray tip cross-section afggrsition timing
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@ equivalence ratio
10} collision frequency affected by spray flowing irgquish region

wo collision frequency of free spray
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APPENDIXES

To demonstrate the variation of the ratio betweemmentum flux and fuel mass flow rate integrated
over the tip cross-sectional area after the trammsitiming, the incremental spray volum&Vg,,) within a
short interval At) at the spray tip is selected as a control voluasethe shadow region shown in Fig. Al,

which is enclosed by the tip cross-sectional aggathe time oft (t=t,) andt+At after start of injection

(SOI), and the side surface of the spray conehAttime oft, the momentum and fuel mass flows into the
control volume from the upstream cross-sectionaaand does not yet flow out from the downstreamaszr
sectional area, so that the momenti,() and fuel massnt ,v) in this control volume after the interval of

At can be express as the equation (A1) and (A2),

May = Mtip ((97A\ (A1)

Mav = Mg (DAL (A2)

where Mtip(t) and i, (t) are integral momentum flux and fuel mass flow rater the tip cross-sectional

area at time of. When the spray propagates just after the timé+aft, the integral momentum flux

(Mtip(t+At)) and fuel mass flow rateri ;, (t +At) ) over the downstream tip cross-sectional areahzan

tip
expressed as the equation (A3) and (A4).
Mgt +20) = By, (t + AU (¢ + AP A, (t+40) (A3)

M1} 5 (€ + A8) = B0, Xan (t+ AU (E+ A A, (E+AY) (A4)
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Where;ﬂp(t+At) is the average density of the mixture in the adntolume, ug(t +At) is the average

velocity over the tip cross-section at the time+oft, and theX . (t + At) is the average volume fraction of

fuel in the control volume. Then the ratio B,

hip (L +At) and iy (t +At) is presented as

Mgt +A) _ oyt + AU (L + A1)

5 = . A5
M g (t +At) PO Xetip (T + At) (AS)
where ug (t + At) can be obtained as
- M
Utip (t + At) = + s (A6)
IOtip (t + At)AVspray
and X (t + At) is calculated as
Yf,tip (t+At)= Moy . (A7)

Iof AVspra\y

According to the equation (A1), (A2), (A6), and (Athe equation (A5) can be rewritten as

M tip (t + At) — M tip (t)
I’h‘,tip (t + At) r‘hf,tip (t) .

(A8)

From the equation (A8), it can be concluded thatrtio of the integral momentum flux and fuel mass
flow rate over the tip cross-sectional area attamg after the transition timing is constant andado that at
the transition timing. It is reasonable to trea¢ ®pray still in the steady state at the tip positat the
transition timing, so that the value of the rasceqjual to the velocity at the nozzle exit duringdtion (x),
which is expressed as equation (A9).

- U (A9)
mf,tipatr
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where M and ., represent the integral momentum flux and fuel nfass rate over the tip cross-

tipatr

sectional area after the transition timing respedtyi
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Table 1 Calculation Conditions of Spray model

Ambient pressure 4.0 MPa

Ambient Temperature 1015.0 K

Fuel JIS 2#, Density: 832.7 kgim

Nozzle diameter 0.18 mm x 6 holes nozzle

Injection quantity 2.5 mg, 25 mg

Injection duration 0.15ms, 0.75 ms

Ambient gas Compos'“o’l‘ 0,: 0.5%, N: 87.4%, CQ: 4.8%, HO: 7.3%

by volume
Table 2 Standard specifications of test engine
Engine type Single-cylinder, DI-Diesel enging
Borex Stroke 85x96.9 mm
Displacement 550 cc
Compression ratio 16.3

Combustion chamber Reentrant typegb1.6 cavity)

Common-rail system
0.125 mm x 7 holes nozzle

Injection system

Table 3 Simulation performing conditions

Injection pressure

125MPa

Total injection quantity

32mn? per cycle

Pilot injection quantity
(Gpilot)

2, 4, 6mni per cycle

Pilot injection timing

-9, -19, -24ATDC
(egilot)
Main injection timing iaTDC
EGR ratio 20%
Swirl ratio 2.0
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The 2nd spray zone

The 1st spray tail

The 1st spray zone

Ambient air zone

Fig. 1 Model's concept diagram
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(Inj. quantity: 2.5 mg, Inj. duration: 0.15 ms)

Fig. 5 Spray tip penetration tendency (Inj.
quantity: 2.5 mg, Inj. duration: 0.15 ms)
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Fig. A1 Control volume selection for spray tip
penetration calculation after transition timing

43



