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Abstract: The paper describes the development and validation

of a quasi-dimensional combustion model, applicableny
type of HSDI Diesel engines. In this model, thed&umental
in-cylinder processes are taken into account, iditig
turbulence, fuel injection, spray dynamics, igmiticand
combustion. In comparison to similar models presénin
literature, a more physical description of averagecylinder
turbulence properties and their interaction with rap
dynamics is introduced, as well as a detailed rindef fuel
jet wall impingement. Some experimental measuragaile
in literature and CFD-3D simulations have been sidered
to calibrate the modeling parameters. These imptoseb-
models make results accuracy less dependent on
calibration carried out on each engine, so that teame
parameters setting can be successfully applied iti@rent
combustion chamber configurations.

The model is first applied to a small HSDI turboaed
Diesel engine. The specific calibration was suppdiby both
experiments and simulation results, the latest dpaibtained
from 3D-CFD analyses. Then, a different Diesel eadgnas
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been simulated, adopting the same set-up of theeimod
parameters. For both engines, the comparison betwee

experiments and simulation shows a very good ageaein
terms of in-cylinder pressures and heat releasesaas well
as of average in-cylinder turbulence propertiesislivorth to
mention that the two engines, have a quite diftenamit
displacement, i.e. 312 and 697 cc, respectively.

As a conclusion, this model demonstrates to bdiabte tool
for addressing the optimization of the main engiesign
parameters, such as injection rates and timingsnlwastion
chamber base geometry, and so forth.
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1 Introduction

Despite the recent progress in computer technolaggt
allows designers to run full 3D-CFD engine cyclesiations
in a more reasonable amount of time, comparedsbguew
years ago, 1D-CFD tools are still mandatory, patéidy in
the early stage of design, when attention is fodusere on
fluid-dynamic fundamentals than on geometric dstailhis
approach is particularly suitable for automaticimptation,

combustion,

carried out with genetic algorithms [1,2], sincee thimited
computational time allows full generations to bendiated
with a high number of individuals.

The most significant limitation of the CFD-1D appoh is the
need of experimental data that are generally nailabdle, for
instance the heat release curves for combustiorelimgd To
overcome this problem, a number of multi-zone (gkasi-
dimensional) predictive models have been develdpszligh
the years [3-18]. Research in this field is follagithree major
directions: the first is an effort for reducing thaning
parameters required by the models, providing a rpbssical
description of the in-cylinder processes; the sdcan the
expansion of quasi-dimensional models capabilitesards
different fuels (hydrogen, methane, and so fortaphd
combustion concepts (GDI, HCCI, PCCI); the thirdtie
upgrading of existing models for a more accuragsligtion of
pollutant emissions, for instance introducing meder NOx
and soot formation, or even coupling the model amglex
chemistry solvers [19,20]. The main purpose ofrthdti-zone
model presented in this paper is to reduce therdipee of
the parameters set-up on the specific engine canraign.

While for port-fuel-injected, spark-ignited enginesome

successful models have been already reporteceiratitre [11-
18], even considering gaseous fuels, a few opamessstill

remain on Diesel combustion [3-10]. In high speduect

injected (HSDI) Diesel engines, combustion is #iric
subsequent to droplet atomization and mixing witie t
surrounding air. Therefore, the modeling of thesecgesses
plays a key role in any predictive approach. Unifiogtely,

spray patterns are related to the specific geometrghe

chamber and its own flow field, so that numericaldels tend
to be ‘engine-dependent’, in the sense that diffeengines
require different calibrations of the tuning paraens, spoiling

much of the numerical tool’s effectiveness.

To overcome such a problem, in this study the astHevoted
particular care to describe in-cylinder turbulenfeatures,
including the contribution of fuel injection, angetinteraction
between spray and chamber walls. In particular,

combustion chamber, including the piston bowl, igid#d

into a set of cylindrical or annular “slabs”, whehe internal
charge motion is represented by a rigid swirl wgrt@hose
velocity is calculated on the base of the local wag
momentum. An enhanced K-k turbulence model, basetth®
work of Heywood and Poulos [21] is then appliecatzount
for the mean flow energy decay. This approach, engp
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integrated with an advanced spray modeling, enableigher
degree of detail in the in-cylinder flow field pietion, with

an ensuing enhancement of the description of thesiphl

phenomena governed by micro and macro turbulenod, as
heat transfer, air entrainment, etc. The relevaotethis

approach is demonstrated in the paper, assessrigfthence
of the modifications proposed by the authors. Ather

significant advantage of the detailed represematié the

combustion chamber geometry and its own flow fidan

improved modeling of spray-wall interaction. Becaud its

key role in the control of spray patterns and itirder

turbulence, also an original fuel injection sub-ralodas been
implemented. Instantaneous fuel injection ratescateulated
at any operating condition through a black-box ¢adquiring

as input data just a standard injector charactiizg8], while

fuel kinetic energy is considered as a source terite in-

cylinder momentum balance.

Globally, this paper describes the developmentibicion
and validation of a standalone guasi-dimensionaftagstion
model, tailored for high speed, direct injected d@leengines.
The model has been coded in MATLAB®, using a modula
and flexible architecture.

As far as calibration is concerned, particularraiten has been
paid to spray modeling. Several experimental teatded out

in constant volume chambers have been found iratitee and
numerically reproduced. Therefore, the spray model
parameters have been tuned in order to match theriexental
data, and they haven't been modified anymore inethgine
applications. Also turbulence modeling was calibdabefore
considering actual engine operations. In this c&eD-3D
simulations using KIVA-3V provided the reference.

Finally, the global accuracy of the proposed cortibos
model has been assessed considering both full aricldoad
operations of two different automotive Diesel emginhaving
a unit displacement of 312 and 697 *mhe validation has
been carried out by comparison with experimentéd fiar in-
cylinder indicated quantities, and with resultstirpreviously
validated 3D-CFD simulations [22] for turbulence
characteristics. The physical soundness of the gwmexqh
approach is also demonstrated through some plpisrtieg
the spatial distribution of some key combustionapagters,
such as temperature, equivalence ratio and SauteanM
Diameter.

In the following paragraphs, a detailed overviewhsd quasi-
dimensional model is presented.

2 In-cylinder spray modeling

Quasi-dimensional in-cylinder modelling mainly cits in
the discretization of the physical problem, noemted as a
method for solving non-linear differential equasonbut
instead as the identification of the key areas guwug fluid
dynamic and thermodynamic processes, in order termi@e
the global features of the engine cycle. Accordingbace is
divided into a limited number of zones (usuallythin the
1000-2000 range): the first, main, zone represtmswhole
cylinder volume, while the others are generated nMiguid
fuel is injected into the chamber. All of them aopen

thermodynamic systems, able to exchange mass argyen
Furthermore, each zone containing fuel dropletanalyzed
from a dynamic point of view, considering specifigection

patterns.

Three coordinate systems are adopted to analyzgclpar
dynamics within the cylinder, as shown in figureThe main
cylindrical coordinate system allows a particleb® tracked
within the cylinder, given its radial distancg from the
cylinder axis, its deptlz (defined as the axial distance from
the head gasket plane) and its orientatéb(defined as the
angle formed with the injection plane containihg tylinder
and the injector hole axes). Then, a second Cartesi
coordinate system has the same demtbordinate as the main
one, while thex coordinate represents the radial distance
projected upon the injection plane. Finally, a dhiryet
Cartesian coordinate system, describes the positfotthe
particle from the point of view of an injector ntezhole,
whose axis is inclined by the anglg as regards the head
gasket plane. This system is rotated loy o) as regards the
previous system, about the axis defined by direatjovhich
remains unchanged. In this way, local injectionhpatan
easily be coupled with the global in-cylinder chaadynamics.

main éystem 0 syétem 1 syétem

Figure 1 — Description of the coordinate systenated for
jet particle dynamics.

SWIRL MODELING - As well known, in diffusive
combustion physical fluid-dynamic processes aravastathan

chemical kinetics, so that they control the globamnbustion
rate. For this reason, the influence of in-cylinddrarge
motion upon fuel atomization, evaporation and mgx¢cannot
be neglected in any predictive model. Obviouslymeo
simplifying hypotheses must be formulated, in igatar

about the correlation between total angular monmardand the
charge motion patterns.

At the beginning of calculation (corresponding Y&C), it is
assumed that the charge motion consists of on viwitex, so
that the average angular speed of the vortex carobmputed
referring to theswirl ratio coefficient,Rs:

a)s JvC

=Rs [, - (1)
The global in-cylinder angular momentum is thercgkited
by integrating the contributions of each annulagiop, as
shown in figure 2 and equation (2):

M :jjjvmdm:pﬂjmdv =

M Veyi (2)
B/2 MC a)s BZ
:pHIo ws,wcl’ZZﬂdr:%,
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wherer represents the radial coordinaBethe cylinder bore,
H the height of the cylindrical fluid volume at IV(V,, the

total volume at IVC, andy, = p V, the total air mass i
IVC. The quantity/7 is initialized by means of equation (.
then it is calculated across the engine cycle, fid@ to

EVO, on the base of a simplified turbulence mod=adibec
more on.

Figure 2 — Annulus of infinitesimahickness across cylind
radius for integration of the angular moment

Furthermore, in order to take into account the atéfedue tc
the presence of a piston bowl, the local angulémoity « of
the rigid vortex along the axial direction is cortgal
subdividing the cylinder volume into slabs, as shawfigure
3. Actually, choosing a slab heigbtz (by default set to b
0.10mm), the chamber volume is subdivided into almer of
cylindrical (or annular, in the bowl area) slabgplging linear
interpoktions upon the external surfaces which define
fluid domain. Then, for each slab, volume and im&rair
mass are computed. At last, the swirl rigid vorgmgular
velocity is computed using expression (2):

H:ZHi:ZmigDiz+Zmiw.(Dfi+D22,i)’ (3)

iyl i,ann 8

where the two ifferent expressions represent angi
momentum values as determined for cylindrical anduar
volumes Dy, is the major annulus diameter, aD,, is the
minor one).

‘} I
dz * 'z

e

Figure 3 —Cylinder volume discretisation for applying angt
momentum conservation.

From equation (3), distributing the total angulasmentum by
weighting it on the masses of the slabs, the angydeed o
each slab becomes:

2N dz 2mMNdz D —DZ,
Wy = Wy = -
“ pvl chl ‘ pV|V Dfl +D22,|

(4)
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FUEL INJECTION: PARCELS AND ZONE$- The core of
the quasi-dimensionaimulation model is the subdivision
the fuel spray into zone3-5]. The fuel is injected as a liquid
column, subdivided into a cluster of parcels andezo In
particular, a new parcel is generated, accordirtbeanjectior
law, at each timestep iwhich the instantaneous fuel m-
flow rate is nonzero. Each parcel is then subéidiinto a
fixed number of zones, distributed along the rachald
circumferential jet directions, as shown in figdreEach zon
is labelled by three indices: radial ftion, circumferential
position, and the identification number of the ghto which
it belongs.

The injection rate is defined in terms of fuel n-flow rate, as
a function of crank angle. So, at each timestepirfected
mass of the parcel is compuiby integration

of the injection law, and then accordingly disttibdi to the
zones. A total of, = 5 radial zones anc, = 7 circumferential
zones have been found to yield good res

At the moment of injection, and before breakup,
characteristic peed of the jet along the injection axv,y, is
determined adopting the theory of discharge fromoafice
[23]:

v, =C, |—, (5)
P

wheredp is the pressure drop across the nozzle tg is the
liquid fuel density, andCp is the value of the discharge
coefficient.
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Figure 4 -Subdivision of fuel jet into parcels and zoi

The zone radial distribution is determined throutie
definition of the spray anglefn., Wwhich is computed
following the Reitz and Bracco’s correlon [24]:

_ 1 V3 |p,
tan(‘9”‘*)_3.0+o.28(|n/o|n)523 ”\/;,’ ©)

wherel, andd,, the characteristic length and diameter of
nozzle hole, define a form factor of the hole, dhd ratio
between air density, and liquid densityg is of crucial
importance. So, the radir,, of the annular region defined by
indexi of parcelip can be determined as folloy
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(" (i,ip) = zl(ip)Dan[a“Ta*ri—J , (7)

where the depth along the injection axis is givgrthe local
parcel coordinate,, and the radial position of the region is
defined by the ratio between the radial index dretumber
of radial zones. Once the radial regions have lie¢ermined,
the positions of the zones in the parcel in thallagjection
coordinate system can be computed as:

I (i, ip) Ed:os[an_lj
(. 1.ip) ©
r.,j.ip) | = J:‘1\7d r+| r,(iip) E%in[anc_l] (8)
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Figure 5 — Genesis of a parcel.
A schematic of the parcel genesis is representédure 5.

SPRAY DYNAMICS — The zone dynamics within the
cylinder is affected by two phenomena: the firsthe spray
penetration and diffusion along and across theciige axis;
the second is the dragging component given byrtks/linder
swirl motion.

In particular, the components of the velocity vedir each
zone are corrected by means of a local form caefftc given

by [3]:

n(i) = exp(—C1 6. 'r—_lJ ; (9)

z

where C, is a constant. The local form coefficient aims to
correct the penetration velocity of the zones a fbt
periphery. In this way, the components of the peatien
velocity vector, under the injector local coordmalstem, is:

V, Sin | G [¢os 2n(j _1)

o 6., 2n(-) | (O

Vi =| Vo (i.1) | =] Va Eﬁin%ﬂsin% ’
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and then expressed in terms of the main coordisgseem.
Finally, the global zone velocity is given by thens of the
term due to injection and that due to in-cylindevirbng
motion:

V=V, +@Q XX, (11)

where X represents the zone position in main system
coordinates. After injection, and at each time-stihye two
components of zone velocity are updated, a newcitglo
vector for the zone is computed, and then intedrateorder

to calculate the updated position of the zone witkhe
cylinder.

FUEL BREAKUP AND EVAPORATION - The
phenomenon of fuel breakup is modeled through eosbir
relations: the breakup time is computed followinigoyasu’s

correlation [25], depending on the injection valésh

, =4.351— 2% (12)

Covp.Bp’

after breakup time, the velocity of the spray zodesreases,
as fuel droplets are fragmenting into smaller andlker ones.
So, the updated velocity component along the iigacaxis

becomes [25]:
v, =295 4P [dn. (13)
b\t

Since, after breakup, a zone doesn’t contain aididuel

column anymore, but a huge number of small droplats
characteristic Sauter Mean Diameter [26] for thepthts

within the zone has to be defined. The SMD for eaaftel is

computed according Hiroyasu and Arai [27] model:

SMD = max{SMD,,SMD,}, (14)

where

injo injo

0.54 0.18
SMD, = 4.12Re" We *™ (ﬁJ (ﬂJ :

ﬂa pa
0.37 -0.47 (15)
SMD, =0.38Re’Z We, (ﬂj (ﬂj :
/ja pa

the Reynolds and Weber non-dimensional groups being
computed at the instant of the parcel is injectetb ithe
chamber (denoted by subscripi0), and depending on the
physical properties (dynamic viscosity and densf)both
liquid fuel and in-cylinder air. The computed vafoe SMD is
then distributed across the zones, according toaas§lan
distribution where the farer the zone from the attie smaller

is its SMD, as represented in figure 6:

SMD (i, ) = —=MP E_E[ o

B \2mo?

(16)




Once that fuel breakup has occurred, evaporatioy talke
place. Each zone, then, contains fuel at both digand
gaseous phase, as well as air. Since the procedset
evaporation involves emngy exchanges between the drop
and the surrounding air, its prediction depends the
following issues.

Number of droplets within the zone;

Physical properties of the components;
Average physical properties of the gas mixi
Non-dimensional group®f thermal, mass, motic
properties of the mixture;

5. Energy balance and rate of evaporation.

pPwnNPE

As far as the number of droplets within a zoneoiscerned, i
is assumed that all the droplets of the zone hheestime
SMD; then the total number of droplets the ratio betwee
the total liquid fuel mass within the zone and thass of ¢
single spherical droplet:

N = M _ 6m _ (17)
" m, mp SMD?

T injectionaxis 0 \ SMD (um)

r (mm) !

Figure 6 -Sauter Mean Diameters distributic

The effect of a further breakp and/or coalescence
neglected [4]so that the number of droplets doesn’t che
anymore, while evaporation decreases their dimes:

At each timestep, the physical properties of perfect g:
have to be updated in order to predict fuel evajmraln
particular, air has been modeled erfect dry air, while -
dodecane has been chosen as the reference fuesp€hiic
heat of liquids at constant pressure is computeihgt
polynomial interpolation functions [28]:

CougT)=ci+c,T +c,T2+c,T% +c, T, (18)

wherec,...G are constants for each speciat the same wa
the specific heat of gaseous phase fluids is coepity
means of an empirical correlation found 28]:

peuslT) =0, Cz{smh(cgrr)} C“[sinh(cs/T)} 9

Following a similar approach, other physical projesr suct
as vapor tension, absolute viscosity, gas compmedsictor,
thermal conductivity, mass diffusion coefficientg aupdatec
for each zone at each tirséep.

Then, perfect gas mixture propert such as molar mass,
viscosity, specific heat, thermal conductivity, ammputed, ir
agreement with Dalton’s law, as m-fraction-weighted sums
of the properties of the single mixture componehhese
properties contribute to the computation of the essary
dimensionless groups for the zones (Schmidt, Pke
Reynolds numbers), while Ranz and Marshall relatifor
evaporating droplets [2%re adopted to compute Sherwoc
number for mass diffusion and Nusselt number foat
exchange:

Nnu="d —5.06 ReY?Pr¥3;

Ko (20)

Sh :Ks—d' =2+0.6 [Re¥2[BcY:

v

whered, is the characteristic dimension of the droplet, the
Sauter Mean Diameter of the droplets of its zch, is the
convective heat transfer coefficientk, the thermal
conductivity, K, the mass transfer coefficient aD, the mass
diffusivity.

Once the fluid mixture within a zone has been cottar&zed in
terms of physical, chemical and thermal proper@gesenergy
balance is set for each droplet: the change inagmghthe
droplet undergoes is due to both sensible I(convection,
conduction) and latent heat (evaporati

dh, _dm,

¢ dt dt b, +d, - (21)

where the subscript refers to the dropleh is its enthalpym
its mass,h, the latent heat of evaporation aqg the heat
transfer rate. In particular, the evaporn ratio is computed
according to Borman and Johnson relati30], as the sum of
the evaporation ratios of all the droplets withie zone

dmev — &= dmdvj —
dat 2 dt

[

(22)

=7mrd, N, D, Shmln(L}
RT (p.-p

where M,, represents the molar weight of the mixtup, the
total pressurep, the vapour tension, anT the average
temperature of the mixture itself. Convective heahsfer is
expressed as a function of Nusselt dimensionlesteu31]:

g=NuNy k, 77d, (T —T,)c , (23)

where T, is the temperature of the liquid droplet, ac a
corrective coefficient, defined according to Wakil ét [i32],
which takes into account the presence of mass silifift
together with convective heat trans
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, Wherez =————————, (24)
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in whichc,, represents the fuel vapor specific ht

Exploiting the balance (21), it is then possiblectonpute the
change in liquid droplets’ temperature within tlome

an__1

dt mc,

(q - hIv rhev) " (25)

Once all these data are calculated at each-step, liquid
droplets masses, dimensions and temperatures withih
zone are updated.

WALL IMPINGEMENT - Since particle impingeme

against the cylinder walls can significantly affectmbustior

performance, an improved model based 8] has been
implemented. At eactimestep, the cylinder sector is mode

as a noreonvex polygon, where the bowl shape is definel

the linear interpolation of a set of geometricabrinates. As

an example, a view of a sector cross section fer ttho

chamber configurations is presedtn figure 7

Three impingement conditions have been considénedase
the parcels collisions occur: a) within the bow); dn the
piston crown; c) against the cylinder liner (whée piston is
far enough from TDC). After any wall impingemertgtje
velocity law changes into [25]:

t. Ap d
V,, =2.95 4-t—= Zn. (26)
| o Wt

The effects on droplets distribution are also obersd,
following reference [3B the normal Weber number
evaluated for checking the droplet conditions &
impingement. Splash occuvghether the following conditio
is fulfilled:

We, >1320 [La™*'%*°. 27)

The normal Weber numberWsg, and the Laplac
nondimensional group,a, are defined as:

o =p|SMD(i,j,ip)(‘7(i,J,ip) m)z; La=Re (28

o We

When splash occurs, the droplets rebound from tak and
break up. Then, the new SMD of the droplets is aatext
under the hypothesis that the dimensions of thelet® aftel
impingement follow a Nukiyama@anasawa function 34]
distribution. As a result, SMD is calculated acdéogdto the
following expression:

1

We, —1} *sMD (29)

1
SMD, =2.16 0 3 (130 ———
i m EE 1320 La—0,1826

wherer, represents the mass fraction of broken up dro
within the impinged zone. It is computed accordim¢33].
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Figure 7 —View of the zones centers (blue circles) projet
on the cross section of the chamber seincluding the
injection axis. Both engines are operated at 2000fpll load
(the picture is taken at 20 degrees ATL

A fuel spray pictorial view on a sector cross sattof both
combustion chambers is shown in figure 7. Fuel zoae
projected on thesection plane, including the injector noz
axis.

3 Combustion modeling

As far as combustion is concerned, a simplifieceé-step
model has beeadopted 4]. This approach appeared as the
most suitable, sincenost of thephysical modelling of the
air/fuel mixture formation and developmeare based on
empirical correlations After fuel evaporation, each zo
undergoeshree different combustic phases:

1. Auto-ignition delay: it represents the time inter
between the instant at which fuel is injected in the
zone, and the instant at which combustion s

2. Premixed combustion phase: it is the period duwhgch
the air/fuel mixture formed during the ignition dg
period burns, following a specific Arrhen-type kinetic
equation;

3. Mixing-controlled cmbustion phase: it represents the
combustion occurring after the burning of the fuapor
accumulated during the ignition delay period. Irst
case, chemical kinetics is less important, sincis ithe
physical mixing process that limits the proc
dewelopment; nevertheless, kinetics can become lim
at low temperatures.



Modelling of diesel auto-ignition delay is of crati
importance in direct injected diesel engines sitiota since it
affects the strength of the heat release rate nvitie cylinder
immediately after auto-ignition, as well as polhttéormation
and engine noise level. Many stationary ignitionlage
correlations can be found in literature, based orargety of
experiments [4,35-38]; especially, almost all of thuasi-
dimensional models in literature follow an Arrhestype
correlation by Watson et al. [35]. Instead, in thi@del, a
newer empirical correlation, proposed by Assanialt[38],
has been adopted. This correlation is capable babte
predictions of ignition delay for diesel fuel alsduring
transient load conditions. The ignition delay pdritas
consequently been implemented by integration of the
following Arrhenius-type expression, which includes
dependence not only on pressure and temperature)dmuon

global equivalence ratio:
2100
0.2 -102 . T

r=240¢°%2p*t%2e T (30)

Ignition occurs when the integral of the reciproott reaches
1[39]:

["ria=1.

inj

(31

As far as the air/fuel mixture premixed combustian
concerned, the rate of consumption of fuel vapswomputed
following the Arrhenius-type kinetic equation [40]:

ED

mb = Bl pri Xgy ng \ eiﬁ ’ (32)

whereB; is the collision frequencyg, is the density of the
mixture, X, andxq, are the mass fractions of the fuel vapour
and of oxygen, respectively, is the volume of the zon&,
the activation energy of the reaction. This relatapplies to
the period after that ignition has occurred, and italid until

all the fuel vapour evaporated during the ignitidglay has
burned.

For each zone in which the whole fuel vapour acdated

during the ignition delay time is over, mixing-cooited

combustion is applied, and a different reactioe tpression
is adopted:

Ec2

= 15 o RT
mb - BZ mev pozp € !

(33)

where againB, is the collision frequencym, is the fuel
vapour mass within the zongg; is the partial pressure of
oxygen within the zone, whilp is the total pressure of the
zone itself. Againk; ; the activation energy of the reaction.

4 Turbulence

Accounting for the influence of turbulence on aief mixing

and combustion and wall heat transfer is of fundaale
importance to analyze the operations of directctaie diesel
engines, in particular to predict pollutant emassi. For this
purpose, the well established, zero-dimensional rggrne

cascade model by Poulos and Heywood [21] has bdapted
with some slight modifications. In particular, inder to avoid
the necessity of entering specific values for eaclyine
operation, initial conditions are calculated by ngsisome
empirical assumptions. The effect of fuel injectitn also
considered.

The core of the zero-dimensional turbulence mosla three-
step energy cascade: the initial mean kinetic gnatglVC

dissipates into turbulence; turbulent kinetic egerg then

converted into heat by viscous dissipation. Figirepresents
in a schematic appearance the concept of energaded
transfer.

In the model, mean kinetic energy at IVC is comgdutem
the bulk average flow velocity, determined from swirl ratio:

1 1 2
K =2M, U= =M, RsBaw,, ;i

(34)
while turbulent kinetic energy is initialised inrtes of root-
mean-squared turbulent velocity fluctuatioh;

k:%M u'. (35)

cyl

The turbulence intensity level is defined as thgoraf the
root-mean-squared turbulent fluctuation to the balerage
flow velocity:

(36)

In the present modaly is initialised according to an empirical
correlation which relates average turbulence iritgns swirl
ratio for swirling flows in circular tubes [41]. i8ie turbulence
at IVC is almost completely due to the mass floncéa into
the cylinder during the intake stroke through tladve [42],
turbulent dissipation is accordingly initialisedsaming the
diameter of the intake valve as characteristictleng

Kve K = k = heat

>
>

CYLINDER

Figure 8: turbulence modelling; Mean kinetic enetgyis
converted into turbulent kinetic energgnd then into heat.

Then, at each time-step, the rates of change &f inean and
turbulent kinetic energy are evaluated and integrah order
to update the values f& andk:

a_K = asz + aKmJ _ P; (37)
ot ot ot

ok oK

—=P-M_ £-—2, 38
ot o ot (38)



where ¢ is turbulent kinetic energy dissipation per mass, un
Kswis the amount of kinetic energy due to swirl motigithin
the cylinder — which is computed on the knowleddethe
angular momentum — arfd is the turbulent kinetic energy
production term, which is assumed to be similatutbulence
production over a flat plate, and which can be esped, in
terms of turbulent viscosity, as:

P:Iu(a_u]zzcc ﬁ LM-
' ay uﬂLt Mcyl ,

where ¢, = 0.33068 andc; are constants, and; is the
representative geometric length scale for the dglinwhich is
assumed to be:

(39)
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wherec,_; and c_, are model constants, whose calibration is
described in the following section. This formulatio
demonstrated to be accurate enough for Diesel eagwhere
the average in-cylinder flow is made up of a wéllstured
swirl motion.

A further original feature of this turbulence modesl the
addition of a term that considers the influencethd huge
amount of kinetic energy entering the cylinder dgra high
pressure injection, typically occurring in HSDI émgs. More
in details, a kinetic energy term has been defiasdthe
amount of kinetic energy lost by the fuel parceisnf the
instant they enter the cylinder; this quantity $suamed to be
converted into turbulence according to eq. (38):

]2 . (41)

Vinjo
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This term is numerically differentiated, and intuged into
equation (38) for the prediction of in-cylinder me@rbulent
kinetic energy.

Turbulent kinetic energy dissipatiaris approximated by:

2k 3/2
£ Dﬁz—[SMW'] :
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C 3 (42)
WALL HEAT TRANSFER - As far as wall cylinder heat
exchange is concerned, the traditional Woschni aaar [43]
has been slightly modified:

QWO = CWo hWo Awall (T _Twall )’ (43)
where A, represents the instantaneous cylindrical exchange
surface aredl the average gas temperature apg the wall
temperature, assumed to be constant across the whamber
walls surfacehy, represents instead the Woschni convective-

equivalent heat transfer coefficient, amg, is a tuning
parameter.

According to Woschni's approach [43], the heat sfan
coefficient hy, is calculated on the basis of a bulk average
velocity value, expressed as a function of the ayemiston
speed, to account for the effects of combustion swil.
Thanks to the enhanced turbulence model adoptethisn
paper, the actual charge velocity at the cylindalisyin terms
of both instantaneous swirling vortex intensity anus
turbulent fluctuation, can be entered in the catoh of the
heat transfer coefficient. As a result, this apphoprovides a
more physical and detailed description of heat sfem
dependence on the instantaneous in-cylinder flahd fithus
reducing the need of case by case calibration.

Furthermore, the contribution of radiating heansfar has
been added, according to [3]:

Qrad = gapp UO A\Nall (Trgd _ijall )’ (44)

where the apparent grey-body emissivigs,, has been
assumed to linearly decrease during the expansiooegs,
from its maximum value (set at 0.9) to zero; ancemehthe
apparent radiating temperature,,4T, has been computed
averaging the mean gas temperature and the adidtmatie
temperature, the latter obtained by assuming dtgligich
combustion, as suggested by Assanis and Heywood [3]

INFLUENCE OF THE ENHANCED TURBULENCE
MODELING - Even in full 3D CFD engine simulatiorthe
proper simulation of the interaction between tuebge and
spray and combustion chemical kinetics is stillhalienging
task, basically because it involves time and lengthles
which can differ of some magnitude orders the dna® the
others. In order to reduce the ensuing computdtideaand,
turbulence models and turbulence-chemistry intemact
models are widely adopted and still under develognjé4-
45].

From a quasi-dimensional point of view, only théireation

of average in-cylinder turbulence properties issiius, while
local details are neglected. However, these averalyes can
be used to improve the prediction of fuel atommatand
vaporization, air-fuel mixing and wall heat transfén fact,

the root-mean-squared turbulent fluctuation vakiadded to
the mean speeds calculated by the sub-models domgrair

entrainment, droplet breakup, fuel evaporation amdl heat
transfer.

The most important effect of this additional terrancbe
observed on air entrainment into the spray zonésis |
reminded that the traditional Hiroyasu approachumes that
spray development is related only to injection quats,
therefore turbulence has no effect on air-fuel nuxi
Conversely, the new approach not only takes intcowat
turbulence, but it provides a physical estimatibitintensity
across the cycle. In Figure 9, a comparison iswsho
considering the same engine operating point adofaethe
calibration of the combustion model (as describentamin
detail in the following), at four different in-cylder average



turbulence conditions: three cases consider a anhsgalue of
u’ across the whole engine power cycle, while the ¢ae
corresponds to the detailed turbulence modeling.claarly
visible, turbulence intensity increases the airanment rate
in a non-linear way. Comparing the most refinedrapph to
the standard Hiroyasu formulation (where u’ is Zerhe
average percent variation of air entrainment isual29%. As
a conclusion, a more physical and probably moreurate
description of turbulent air entrainment is achikve

As far as wall heat transfer is concerned, itsraggon with
turbulence modeling is assessed at first througjurgi 10,
where, at the same engine operating condition gifiré 9,
constant values of turbulence intensities are coetpéo the
variable value provided by the K-k turbulence model
Obviously, a greater constant turbulent fluctuatiealue
yields a higher heat transfer rate across the wieolgine
power cycle. The shape of the curve does not verghmvhen
considering the instantaneous valuaiofcomputed according
to the K-k turbulence model, instead of the cortstatues.
However, it is observed that during the first 20 °Céfter
TDC, the K-k model is equivalent to the maximum stamt
turbulent intensity (10 m/s), while after this amgthe
proposed model copies the curve at zero turbulence.
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Figure 9 — Influence of turbulence modeling (inntsr of
instantaneous rms turbulence fluctuatiot), on instantaneous
air mass entrained into the spray zones: compagswng K-
k computed rms turbulence, and some constant values
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Figure 10 — Influence of turbulence modeling (immie of
instantaneous rms turbulence fluctuatia) on wall heat
transfer submodel: comparison between computed rms
turbulence, and some constant values.

A further influence of turbulence modeling on waddeat

transfer is due to the treatment of bulk swirlingtion. The

K-k model allows the instantaneous swirl ratfy to be

calculated during the cycle, as shown in Figurevifigre it is

plotted at four different initialization conditions
corresponding to as many constant swirl ratios. Shwendness
of the proposed model is demonstrated by the slépgke

curves, that are qualitatively consistent with tirends

observed in CFD simulations and in experimentsiffstance,

see LDV measurements presented in ref. [46]).

The dissipation of the bulk swirling vortex, whicls
completely destroyed at about 50 crank angle degadter
TDC, strongly affects the computed wall heat transfs
visible in Figure 12. On the one hand, it can btéced how
the peak in swirling motion, occurring around TOEZomotes
the instantaneous heat transfer up to circa 45%enwh
compared to the constant-Base. On the other hand, during
most of the expansion stroke, heat transfer is-es#émated
without a detailed model. This latest effect cagn#icantly
condition the in-cylinder pressure trace, since,rirdy
expansion, combustion heat release can be of the sader
of heat transfer rates.
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Figure 11 — Bulk instantaneous in-cylinder swirltioa
comparison between trend calculated according t&k K-
turbulence model (solid lines), and constant vasgumption
(dotted lines), at four different initialization luas of R.
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Figure 12 — Influence of swirl modeling on wall hé&@nsfer.
Comparison between constant swirl ratio (dottedd)nand K-
k computed instantaneous swirl ratio (solid linea), two
different initialization R values.

5 Spray model calibration

Calibration of the empirical models implemented &pray
dynamics has been carried out taking as a referd¢inee
detailed experimental data collected by Desantes. 7],

for a high pressure diesel fuel injection systerarapng in a
constant volume chamber. In particular, a uniquéredion
parameter ¢ has been considered for correcting the spray
penetration velocity defined according to eq. (13he
experimental study [46] was conducted adoptingraraercial
common-rail system, with a mono-orifice nozzle atgg of
diameter ¢g= 206um. A set of four measurements has been
considered, featuring four different values of tambient
pressure, assumed to be uniform in the whole priegesu
constant-volume vessel. Further details about xperémental
conditions are reported, for the sake of refereicd,able 1.
The comparison in terms of spray tip penetratiotwben

experimental and simulation results, the last ai#ained for

a value of ¢ = 1.30, is presented in figure 13. A quite good
agreement can be noticed for each of the testeditomms, as
the model is able to capture both trends and atesghlues of
spray tip penetration for the whole set of congdeambient
densities. It is worth to mention that the valudhef empirical
constant of equation (13) was increased from 2093.84, in
order to correct some underestimation of the spesetration
observed especially at the highest ambient presgaitges.
This correction may be explained by the valuesisfhthrge
coefficient which characterize modern common-rajector
nozzles, much higher than the 0.39 figure assumed b
Hiroyasu in his work [25].
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Figure 13 — Validation of the spray dynamics moalghinst
experimental data [47]. Dots represent experimental
measurements, lines the simulations.

Experimental conditions for spray
characterisation
Injection system Common-ralil
Injector hole diameter [mm] 0.206
Injection pressure [MPa] 80.0
Vessel pressure [MPa] 1.0; 2.0; 4.0; §.0
Ambient density [kg ] 12; 24; 46; 69
Ambient temperature [K] 298
Fuel properties
Density [kg m’| 835.0
Viscosity [kg m* %] 2.10-10°
Surface tension [kg% 2.57-1¢°

Table 1 — Reference test conditions and fuel ptoser
adopted for the spray model validation [47].

A second calibration step has then been carried fout
matching the spray jet shape in terms of coneeaagtl axial
peneteration of the transient, elliptical regiordted at the
spray tip. The former parameter, calculated acogrdo the
Reitz and Bracco’s correlation in eq. (6), has bealibrated
by means of a tuning coefficienty,@s it is acknowledged [4]
that the model tends to under-predict the averpgagysangle.



The latter, i.e. the axial peneteration, is affdctey the
constantC; defined in eq. (9), which multiplies the velocity
corrective term for the zones at the jet periphétyr this
calibration, reference was made to the PIV measemntsn
conducted by Cao et al. at the Yokohama Univelgi8}. In
particular, the set of data reported for injectjmessures of
30, 50 and 70 MPa, was considered. The value ofuhiag
parameter Cwas kept constant from the previous calibration,
while the best matching between these experiments a
simulation was found with the setting:4 € 0.98 and €=
1.05. It is worth to mention that the two caliboatiparameters
present a variation from default of less than J%is is the
best evidence of the physical soundness and rilyabf the
adopted sub-models. Figure 14 presents a quatitativ
comparison between the numerical simulations ane th
experimental measurements: considering the siradlifiature

of the computational approach, the agreement isentiwain
satisfactory.
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Figure 14 — Comparison between simulated and exesital
visualizations of development of diesel fuel sprayscted at
30, 50 and 70 MPa [48].

Turbulent characteristic length comparison

1500rpm, full load 1500rpm, partial load

L (mm)

L (mm)

0 0
-100 -50 0 50 100 -100 -50 0 50 100
CA degrees ATDC

multi-zone —---- KivA-3v|

Figure 15 — Comparison between multi-zone model 2d
CFD predicted turbulence lengths at relevant opegatoints.

6 Combustion model calibration

The calibration process covered 7 tuning parameteiich
were defined on one reference engine operatingittond

The first two parameters, namely; Bind B, define the
collision frequency factors in the Arrhenius-typenbustion
rate equations (32) and (33), for the premixed diffdisive,
phases, respectively. These two parameters stratfifglgt the
shape of the heat release curve, and thereforesenr the
most important variables in the whole tuning preces

A third parameter Chas been considered for correcting the
overall parcel ignition delay period defined in €§0). This
coefficient may compensate some uncertainty and
approximation, for instance a cetane number diffefeom
default. An increase in the value of yields a faster ignition,
and thus a reduction of the premixed combustiors@hdue to
the lesser amount of evaporated fuel.

The two constants g and ¢, respectively represent an offset
value and a form factor in the definition of theeigral length
scale of turbulence, computed according to eq..(4be
calibration of these parameters has been performed
considering their physical meaning._;c represents the
minimum distance between piston crown and the engead,
thus its value is close to the chamber squish h&gfiiDC. As
far as ¢, is concerned, it is assumed that the characteristi
length of the large scale eddies is about one b&lthe
cylindrical-equivalent instantaneous combustion ncher
height, thus a value of 0.5 has been set. The ee@ef the
physical soundness of these assumptions is giverthby
comparison with a 3D-CFD simulation, carried ouplgmg a
traditional RNG ke turbulence model, and plotted in Figure
15.

The last two calibration constants control the ager in-
cylinder turbulence properties: first of all, a itug parameter
Ciinj has been applied for calibrating the amount ok
energy converted into turbulence due to the higisgure fuel



injection, see eq. (41); secondly, a multiplier,Chas been
introduced for characterizing the swirl motion iced by the
intake port geometry. In the current work, the eslwf 0.01
and 1.4 for G, and a G, have been chosen in order to match
the results of CFD-3D analyses, presented in thaWing.

In this paper, the calibration process for the castibn
parameters is then reduced to the constapt8Band C. It

has been carried out considering a unique opergiirigt
(2000 rpm, 100% load), for two Diesel engines dfedéent
size, whose details are summarized in the following
paragraph. On both engines, the operating point is
characterized by a split injection featuring onelyegilot
pulse (cfr. Figure 19b and 20b). The values, regbith Table

2, show that the two constants which tune premixed
combustion rate and the ignition delay time remgine
unvaried. The unigue change concerns the calibratio
coefficient for the computation of diffusive comkios rate,
which has had to be raised by circa 2.5 times,nfatching
experimental pressure curves, passing from the | suméf
displacement engine (312 &nto the larger one (697 &n

Calibration (2000rpm, full load) | Engine 1 Engine 2
B, [m® kg™ s!] 8.0e12 8.0e12
B, [s* bar®?] 8.2e3 2.1e4

C. [ 1.05 1.05

Table 2 — Combustion coefficients calibrated foe ttwo
different engines considered.

Figure 16 shows some three-dimensional detailsief $pray
and combustion, plotted for the small engine atrdference
operating point, i.e. 2000 rpm, full load. The piet
demonstrates the potential of an advanced quasdifonal
code as a tool able to get an insight of the imcdr
phenomena. In particular, the picture presents gpatial
distribution, at different crank angles, of tempere,
equivalence ratio and Sauter Mean Radius.

The injection splitting does not introduce any tigatar
problem, since the two pulses are treated in theesaay and
they evolve separately in the chamber. It is olrthat, at

this operating point, a massive wall impingemertuss, since
most of the spray cloud is located near the pistonl walls,

at about 25 mm from the injector nozzle. Also tlfleats of

the clockwise swirling motion can be noticed: theproved
mixing process in the deformed spray zones leadsmaller
droplets diameters and a more homogeneous spatial
distribution of equivalence ratios.

This type of results, provided by the multi-zon@m@ach, may
help the designer to optimize the main combustibantber
parameters, such as compression ratio, squish thdigkvl
diameter and depth. Obviously, this is only thelipri@ary
step for a more accurate, but also time-consum®@gp
multidimensional analysis
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Figure 16 — Spatial distributions of gas tempeggt@qguivalence
calibration point on the 1.3L diesel engine (200 100% load).

ratio and SMR of droplets, for thme instants of time, at the



6 Model validation on HSDI engine data

Table 3 reviews the main data for the two HSDI Bies
engines on which the model has been validated. [Assdy
mentioned, they noticeably differ in terms of unit
displacement, even if the design concepts are crable
Both engines have similar injection strategiesnajue pulse
is given at full load and at high engine revs, whihultiple
pulses are adopted at low revs and at partial levitth, one or
two pre/pilot injections before the main pulse.

Fuel injection rates have been entered in the sitiouis by
means of an empirical model, previously developgdthe
authors and presented in [8]. This model is based set of
injection rate standard measures, at different spmes and
energizing times, wusually provided by the injector
manufacturer. First, these profiles are interpaoldig a set of
five or two segments (depending on energizing tinden,
the main patterns of the simplified profiles areretated to
injection pressure and energizing time by a fewepwhdent
parameters, which are tuned to match the experahelata.
On the one hand, the accuracy of this type of misdgtongly
related to the amount and quality of the experimletiata. On
the other hand, no specific information about thgdtion
system is required, so that this model is quitetpral when
results are needed in a very short time, as tylgicalcurs in
quasi-dimensional engine simulations. In the caéethe
engines analyzed in this paper, the injection modabk
supported by a comprehensive set of experimenttd, da
covering all the operating conditions investigatethe study.

As far as the initial charge conditions are conedrnthe
simulation input data have been provided by a well-
established 1-D CFD software (GT-Power).

The simulations have been performed for the eadinen
without modifications to the model calibration ctargs
discussed in the previous paragraph, at both fudl partial
load. A complete set of experimental data werelabls for
both engines, the only exception being in-cylingeessure
curves at partial load for the 1.3L engine. Howe\al the
operating points of this engine have also been Isited by
means of a customized version of KIVA-3V [49]. Avi@v on
the validation of the 3D model can be found in [22]

Engine 1 | Engine 2
Engine type HSDI 4-S Diesel
Number of cylinders 4
Total displacement [cth 1248 2776
Bore [mm] 69.6 94.0
Stroke [mm] 82 100
Compression ratio 17.6:1 17.5:1
Valves per cylinder 4
Injection system Common-ralil
Max. Injection pressure [MPa] 160 160
Injector hole diameter [mm] 0.121 0.153
Number of injector holes 6

Table 3 — Main properties of the two HSDI diesefiaers
investigated.
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Figure 17 — Comparison between predicted and nedere
reduced IMEP values for the two engines considesgéthout
any change in the model constants.

The accuracy of the proposed turbulence model sesaed
through figure 18, where the results in terms oérage
turbulence intensity and dissipation are comparpetie values
provided by KIVA calculations. Considering the pose of
the quasi-dimensional model, the accuracy is mdran t
satisfactory, the only limits arising at low speegbere some
amount of delay can be observed in the dissipatiowes, and
at partial loads, where the turbulence intensitykgeare
slightly overestimated.

In order to compare experimental and simulation ireng
performance, a reduced IMEP has been defined aogptat

RIMEP = = [“9dv 45
=y bV (45)

In figure 17, this parameter is shown at differtodds and
speeds, for both experiments and simulation. Theesmgent is
satisfactory.

A more detailed comparison between simulation and
experiments is presented in figures 19 and 20, evher
cylinder pressure and rate of heat release cumeeplatted at
different operating conditions. It is remarked thanly
pressure traces are really measured, while the astioh
rates are calculated through several simplificatiorin
particular, the standard Rassweiler and Withrow eh¢di2],
has been applied. Therefore, the curves of contudieat



release are intended more for a qualitative detonpof
combustion, than for the assessment of the predicti
capabilities of the simulation.

Focusing on the pressure traces, the agreementedetw
simulation and experiments (or CFD results, for th8L
engine at partial load) is very good, considerimat the main
purpose of a quasi-dimensional combustion modeltois
provide consistent and reliable results in a mimmelapse of
time, more than substitute full CFD calculationdjiah are
obviously more accurate but also more time consgmin
terms of heat release curves, the less satisfactnglation
with the data derived by the experiments can bécedtin
figure 20i, where the heat release rate peak istequi
underestimated by the model. However, the expetiahen
datum appears inconsistent with the other resultsle the
simulation output seems more reasonable.
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Figure 18 — Comparison between average in-cylinaidulence properties for the 1.3l engine, at bothand partial load: turbulent

dissipatione(a) and turbulence intensity(b).
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Figure 20 — In-cylinder validation for the 2.8 HE&ngine (continues on top of the next page.)
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Figure 20 — In-cylinder validation for the 2.8 HE&ngine (continues from previous page.)

7 Concluding remarks

A multi-zone quasi-dimensional combustion model, floe
simulation of high speed, direct injection Diesabmes has
been coded, calibrated and validated by the authors

In order to reduce the model dependence on tuning
parameters, a more physical description of somddorental
in-cylinder processes has been proposed. In phatica
detailed representation of the combustion chambemgtry,
through a set of cylindrical or annular “slabs”,shheen
developed. Furthermore, a zero-dimensional, eneaggade
turbulence sub-model with some original features] &lly
integrated with spray dynamics, has been implendeméking
into account the effects of high-pressure injectod swirling
motion, and including an original, tuning-indepente
initialization procedure. The code also featureseahanced
wall impingement sub-model, which takes into acdotie
detailed piston bowl geometry.

After proper calibration of the spray submodelsyied out
against detailed experimental data from constahimme test
rigs, the code has been validated on both expetahemd
multidimensional CFD simulation data, derived framo
current production HSDI Diesel engines, having ait un
displacement of 312 and 697 cc, respectively. Ttupgsed
model demonstrated to provide accurate resulteimg of
both indicated quantities and in-cylinder thermat &luid-
dynamic parameters, with almost unchanged set-uphef
model constants. Furthermore, the average turbelenc
properties predicted by the proposed model haven bee
compared to 3D-CFD data. Also this comparison gives
satisfactory results.

The reduced dependence on tuning constants achievbs
research activity will allow analyses to be carred changing
not only the operating parameters, such as injedasv and
initial conditions, but also the engine geometrargmeters,
such as bore, stroke, compression ratio and thd basic
features. The enhanced spatial resolution providgdthe
proposed approach, may address the preliminare sthghe
combustion chamber design process. Furthermoraekshto

the limited computational demand, this code appeaastable
tool for carrying on efficient engine optimization.

Further efforts are in progress for the implemeéatatof
predictive models of pollutant emissions, as wallfar the
expansion of the code capability to alternativdsue

APPENDIX — ENGINE FRAMEWORK

All the computations are performed within a siniplif
framework which models engine cycle between IVC and
EVO: basically, it includes the mass and energyseoration
equations for zones and cylinder, and the modelbhgn-
cylinder turbulence and wall heat transfer.

MASS AND ENERGY BALANCES - Each open
thermodynamic system undergoes a rate of changs fatal
mass which is equal to the sum of the mass floesratto and
out of itself [31]:

m=Ym, (46)

k

In the simplified engine framework herein implenmeht
intake and exhaust processes are neglected, and mas
exchange only involves the main air zone, and ghayszones
generated during injection. First of all, air maate for each
spray zone is ruled by air entrainment into theezdself,
which is computed assuming conservation of the zone
momentum at the instant of injection [4], and @nsumption

due to stoichiometric fuel combustion:

_ T MiigVino
a V2

dv

Myl (47)
dt

m «
Moreover, as far as the change in fuel vapour cariteeach
of the zones is concerned, the two contributiong do
evaporation of liquid fuel droplets and combusti@ve been
considered:



m, =m,, —m,. (48)

Finally, the rate of formation of combustion protiubas been
computed assuming stoichiometric combustion of finel
vapour:

rhc = rhb [ﬂ1+ ast) . (49)

As far as energy balance is concerned, the firat &f

thermodynamics has been applied to vyield cylinder

temperatures of the air and spray zones [3]:

mc, T =Y myh, +Q+(v —ch)p—mc¢,¢—mh’ (50)
k

where the energy change rate is given by the sum of

respectively: the net enthalpy rate due to airadminent, fuel
evaporation, combustion products formation; thealtdteat
transfer to the zone; the contributions due to sanes
equivalence ratio, and zone mass ratio. The hdatsed
during combustion doesn’t appear explicitly, buembedded
into the difference between enthalpies of the castibo
products and of the reactants.

The thermodynamic properties of the mixture, ingigd
enthalpy and the specific heats at constant pressur
temperature, equivalence ratio, have been com@aaeatding
to [50,51]:

h=h(T,p.¢) (51)
cp:@ ; _oh ; ca,:aj . (52)
oTl,, opl; , 09,

Finally, as far as in-cylinder pressure is conceéyrassuming
ideal gas behaviour, as well as isentropic congwasand
expansion strokes, it has been assumed that [42]:

Nt S 2y (53)
=7 = -7 _pV
b= Qu = 1P

where

Qtot =LHV DZ mb _QWO _Qrad ’ (54)

i,jip

represents the total instantaneous net heat retatseavithin
the cylinder. Since global wall heat transfer imed the
whole cylinder, in order to be able to apply thergly balance
to each zone, it is then distributed, weightingctenponents
on mass and temperatures:

: : mT* : mT (55)
Q = _Qrad _QWo )
2 Mol T im) 2 Miin) ie)

i,J,ip i,j.ip

EGR - Exhaust gas recirculation has a special itapoe on
Diesel engine operation, and thus it cannot beeuwtgdl for
proper simulation. For this reason, in the modéids been

considered following the definition in terms of mas
percentage:

EGR(%6) =100 ke (56)
Ivlcyl

The exhaust masskgg is then considered as a thermal
capacity which doesn’t interact with neither aieffumixing,
nor combustion within each zone. Instead, it affeéatirectly
these processes, through partial pressures ancmatons
of fuel vapour and fresh air that diminish as tmeoant of
recycled exhaust gas increases..

NOMENCLATURE

LATIN SYMBOLS

A Area [nf]

B Cylinder bore [m]

c Corrective coefficient for thermal exchange
Co Discharge coefficient

C, Jet shape correction constant ( see (9) )

Co Specific heat at constant equivalence ratio [ kg
CL Turbulence length law constant

Cp Specific heat at constant pressure [3]kg

Cr Specific heat at constant temperature [J]kg
cyl Cylinder

C, Number of circumferential zones

dn Nozzle hole diameter [m]

D1, Internal and external annulus diameters [m]

D, Mass diffusivity [nf s7]
E. Activation energy [J kma]]

h Enthalpy [J kg]

he Convective heat transfer coefficient [Wi™]
hy Latent heat of vaporization [J Rp

hwo  Wall exchange convective coefficient [Jkg™]
H Height [m]

I Turbulence intensity [%]

k Thermal conductivity [W mK™]

ke Turbulent kinetic energy [kg 787

K Kinetic energy [kg ms?]

K. Mass transfer coefficient

La Laplace number [-]

I Nozzle hole internal length [m]

m Mass [kg]

m Mass rate [kg§

n(i) Local jet shape correction coefficient

Npr Number of droplets within a zone

Nu Nusselt number [-]

Mgyl Total in-cylinder mass [kg]

M., Molar weight [g mof]

P Turbulence production term [kgf 8]
p Pressure [Pa]

pv Vapour tension [Pa]

o} heat transfer rate [W]

Q Thermal exchange power [W]

r Radial coordinate [m]



lan Zone coordinate along the radial jet direction [m]
Mm Broken up droplets ratio

r, Number of radial zones

R Perfect gas constant [J md{™]
Re Reynolds number [-]

Rs Swirl ratio coefficient [-]

Sh Sherwood number [-]

t Time [s]

ts Break-up time [s]

T Absolute temperature [K]

u' Turbulence intensity [m'$

U Average swirl flow velocity [m g
v velocity [m §']

\Y Volume [nT]

We Weber number [-]

GREEK SYMBOLS

o Air-fuel ratio [-]

g Turbulent kinetic energy dissipation ]
€app Apparent grey-body emissivity [-]
y Isentropic index [-]

o) Angular velocity [8]

n Dynamic viscosity

i Turbulent viscosity

P Density [kg ]

Omax Spray angle [deq]

G4 Standard deviation

o Stefan-Boltzmann constant [WTiK™]
o Surface tension [kg%

do Time integration variable [s]

T Auto-ignition delay [s]

il Total angular momentum [kg’s’]
SUBSCRIPTS

a air

app apparent

ax Along the injection axis direction
b Referring to burned fuel

c Referring to combustion products
d Referring to a single droplet

eng Engine crank

f Fuel

ev Referring to the evaporated fuel
gas Gaseous phase

hit Referring to zone impingement instant
i,ann  Annular cylinder slab index

i,cyl Fully cylindrical slab index

[ Radial zone index

ign Ignition

inj Injection

injo At the zone injection time

i Circumferential zone index

ip Parcel index

I Liquid fuel phase

lig Liquid phase

m Gas mixture average

n Normal direction

(07} Oxygen

r reference

s, sw  Swirling vortex

st stoichiometric

t Turbulence

tot Referring to the global in-cylinder mass
Y Fuel vapour phase

wall Cylinder + piston wall surface

Wo Woschni heat transfer correlation

ZONE COORDINATES (see figure 1)

P, 6,
XY r’
X11r1

z Main cylindrical coordinate system
z 0global cartesian coordinate system
21 1local injection cartesian coordinate system

ABBREVIATIONS

ATDC After top dead centre

BDC Bottom Dead Centre

CA Crank Angle

CFD  Computational fluid-dynamics

DI Direct Injection

EGR  Exhaust gas recirculation

EVO  Exhaust valves opening

GDI Gasoline Direct Injection

HCCI Homogeneous charge compression ignition
HSDI High speed direct injected diesel engine
IMEP Indicated mean effective pressure

IvC Intake valve closure

LHV  Lower heating value [MJ/kg]

NO, Nitrogen oxides

PIV Particle Image Velocimetry

RIMEP Reduced IMEP between —C#nd CA
RMSE root mean squared error

SMD  Sauter Mean Diameter

TDC  Top Dead Centre
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